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Abstract 
 

 
 The laboratory experiments presented in this dissertation investigate a regime of 

instabilities that occur when a highly localized, radial electric field oriented perpendicular to a 

uniform background magnetic field gives rise to an azimuthal velocity shear profile at the 

boundary between two interpenetrating plasmas. This investigation is motivated by theoretical 

predictions which state that plasmas are unstable to transverse and parallel inhomogeneous 

sheared flows over a very broad frequency range. 

Shear driven instabilities are commonly observed in the near-Earth space environment 

when boundary layers, such as the magnetopause and the plasma sheet boundary layer, are 

compressed by intense solar storms. When the shear scale length is much less than the ion gyro-

radius, but greater than the electron gyro-radius, the electrons are magnetized in the shear layer, 

but the ions are effectively un-magnetized. The resulting shear driven instability, the electron-ion 

hybrid instability, is investigated in a new interpenetrating plasma configuration in the Auburn 

Linear EXperiment for Instability Studied (ALEXIS) in the absence of a magnetic field aligned 

current. In order to truly understand the dynamics at magnetospheric boundary layers, the EIH 

instability is studied in the presence of a density gradient located at the boundary layer between 

two plasmas. Theoretical models are used to show that the EIH instability in a uniform density 

plasma cannot be supported by the parameters that are accessible to ALEXIS. 
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As plasma boundary layers begin to relax from a compressed state, the ratio of the ion 

gyro-radius to the shear scale length decreases, and observations of broadband electrostatic 

noise, which extend from well below the ion cyclotron frequency to the electron plasma 

frequency, have been reported. By decreasing the magnetic field strength in the ALEXIS device, 

a continuous variation of the ratio of the ion gyro-radius to the shear scale length is observed. As 

a result, a transition of the shear flow driven instability regime is also observed, which is 

reminiscent of the satellite observations of broadband electrostatic noise. For the first time, a 

laboratory experiment has reproduced the actual space observation of broadband emission, which 

is a characteristic signature of boundary layer crossings by a satellite. 
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Chapter 1: Introduction 
 

 

Plasma, known as the fourth state of matter, is the most prevalent state of matter in the 

universe1,2 – making up the stars in the night sky, including our own sun, and filling the empty 

space in our solar system in the form of the solar wind. When a gas is heated, the atoms or 

molecules that make up the gas can be stripped of one or more electrons, resulting in an ionized 

gas consisting of free electrons and positively charged particles known as ions.1,2 Plasma is 

naturally occurring on earth in the form of lightning1–3, aurora1–3 and high temperature flames. 

Artificially, it is used to make the components that are found in computers and cell phones3, 

fluorescent light bulbs1–3, neon signs1–3, and plasma televisions3. The work presented in this 

dissertation uses a laboratory experiment, the Auburn Linear EXperiment for Instability Studies 

(ALEXIS), to investigate boundary layer processes in the near-Earth space environment. 

Specifically, this work is focused on the generation of plasma instabilities by localized flows in a 

plasma. 

1.1 Sheared plasma flows 

Most plasmas, whether man-made or naturally occurring, are inhomogeneous by nature. 

Spatial variations can occur in plasma parameters such as the density, temperature, and plasma 

potential. In particular, spatial variations in the plasma potential lead to inhomogeneous electric 

fields (E). If the electric field is oriented perpendicular to a uniform background magnetic (B) 

field, a transverse sheared E × B velocity profile (i.e., vflow = E × B) can arise in the plasma. 
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However, if the inhomogeneous electric field is established by a current that is parallel to the 

magnetic field (i.e., a field aligned current), a sheared velocity flow parallel to the background 

magnetic field can form. The importance of sheared flows arises from their ubiquity in fusion, 

space, and laboratory plasmas. In the presence of sheared plasma flows, a range of phenomena, 

such as increased confinement in fusion plasmas4–13 and ion heating in space plasmas14–16 have 

been observed. Shear flows in plasmas can also lead to either the suppression or enhancement of 

electrostatic and electromagnetic fluctuations17–22. 

In magnetically confined fusion plasmas, the presence of sheared flows can lead to an 

increase in confinement of plasmas due to the formation of transport barriers at the plasma 

edge.4–8 This is a signature of the transition from a “low” to a “high” confinement mode, or “H”-

mode. H-mode was first discovered in the Axisymmetric Divertor Experiment (ASDEX) 

tokamak device.4 However, H-mode was not immediately linked to sheared plasma flows. Itoh 

and Itoh23 theorized the role of edge electric fields in the evolution of transport barriers, after 

which Burrell and Groebner5,24,25 were able to experimentally link radial electric fields at the 

edge of the DIII-D tokamak to transport barriers and turbulence suppression. They were the first 

to recognize that the reduction in transport was due to an increase in the sheared flows in the 

plasma.24,25 Experiments in other tokamak devices, such as the Continuous Current Tokamak 

(CCT)6 at UCLA and the Mega-Amp Spherical Tokamak (MAST)26, have also observed that 

sheared flows in the edge regions resulted in a reduction in the turbulence and an improvement in 

the confinement of the plasma. 

Sheared flows have also been observed in other fusion device configurations such as 

stellarators9–11,27,28 and reversed field pinch (RFP) experiments12,13. In the TJ-II stellarator9,10 it 

was observed that as the plasma density increased, a shear flow layer developed in the edge 
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region of the plasma. As a result, there was a decrease in the overall electrostatic fluctuations and 

in the particle transport. These broadband electrostatic fluctuations are believed to drive particle 

and energy transport away from the plasma core.13 Experiments performed in the Compact 

Auburn Torsatron (CAT)27 used a biasing electrode to modify electric fields and drive poloidal 

plasma rotation. The induced rotation resulted in an increase in the plasma density and 

temperature, and indications of improved particle confinement for radially inward electric fields 

were observed. A similar observation was made in experiments in the Compact Toroidal Hybrid 

(CTH)28, which studied the plasma response to sheared flows. Electrostatic fluctuations were 

suppressed when the direction of the edge electric field was switched from radially outward to 

radially inward. RFP experiments such as the Reversed Field Pinch Experiment (RFX)12 and the 

Madison Symmetric Torus (MST)13 also observed that E × B flows led to a reduction of 

electrostatic fluctuations in the shear region, and an overall reduction in the particle flux and 

transport in the plasma. 

A number of fusion related laboratory experiments have been performed on spatially 

inhomogeneous flows, notably zonal flows, which are a phenomenon that are closely related to E 

× B flows.29 Zonal flows emerge from a turbulent state in the plasma and act to regulate and 

suppress turbulence and transport via shearing.29 Experiments in the H-1 Heliac30 at the 

Australian National University were the first to provide evidence that zonal flows are spatially 

correlated with transport barrier regions in an H-mode plasma. Extensive work on the generation 

of zonal flows and the induced energy transfer has been done on the linear Controlled Shear 

Decorrelation Experiment (CSDX)31–33 at the University of California at San Diego. Shear flow 

is not only a mechanism that occurs in fusion plasmas, but also in space and laboratory plasmas. 
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Plasma flows, both along and across Earth’s magnetic field lines, are common in the 

space environment.  Observations show that Earth’s magnetopause34,35 and the plasma sheet 

boundary layer (PSBL)36–38 can exhibit strong shear flows caused by localized electric fields. 

Velocity shear is also generated in active experiments in space. For example, a region of electron 

depletion is created in the local plasma in the ionosphere by the release of electron capturing 

agents such as SF6, Ni(CO)4, etc. At the boundary of the depletion, highly sheared electron flows 

can develop and shear driven instabilities are excited.39–41 Sheared plasma flows have also been 

observed in the magnetoshere of Mars by the Mars Express Spacecraft42, in the ionosphere of 

Venus by the Pioneer Venus Orbiter42, and at the comet Halley by the Giotto and VEGA 

spacecrafts43. 

Plasma flows have been suggested as a source of free energy to drive instabilities in the 

ion acoustic, ion cyclotron, and lower hybrid frequency regimes.15 The instabilities that can arise 

from shear flows are considered to be an important mechanism in ion heating14–16,44,45, 

acceleration46,47, and transport48–50. However, interpreting the in-situ measurements made with 

satellites or sounding rockets can be challenging because the motion of these measurement 

platforms makes separating temporal and spatial effects difficult. As a result, a number of 

laboratory experiments have been built in order to gain a better understanding of shear flows and 

the resulting instabilities. 

A number of groups have done laboratory experiments on shear driven instabilities that 

are found in the space environment. For example, at the University of Iowa, Merlino and co-

workers51–56 have studied parallel shear driven instabilities in Cesium ion plasmas in a Q-

machine. Agrimson et al.51,52,54 and Kim et al.55,56 excited both the current driven ion-acoustic 

and the current driven electrostatic ion cyclotron (CDEIC) instabilities by forming a magnetic 
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field aligned ion flow and biasing concentric ring electrodes to drive a parallel velocity shear. 

Merlino et al.53 also showed that parallel shear velocity can lead to the excitement of ion 

cyclotron-like modes in the presence of a density gradient. At West Virginia University (WVU), 

Teodorescu et al.57 also used a Q-machine to excite multi-harmonic ion cyclotron waves driven 

by a parallel velocity shear, and showed that this was related to the observations of strong in-

homogeneities in the Earth’s auroral region. Also at WVU, Scime et al.58 and Spangler et al.59 

showed that parallel shear and ion temperature anisotropy are required for the growth of shear-

modified ion acoustic waves. 

Instabilities driven by both parallel and perpendicular shear has also been studied in 

laboratory experiments. Koepke and co-workers60 were the first to provide experimental 

verification of an instability driven by the inhomogeneity in the wave energy density. This 

inhomogeneity is caused by velocity shear oriented transverse to the background magnetic field. 

The resulting instability is called the Inhomogeneous Energy Density Driven (IEDD) Instability 

and was theoretically predicted by Ganguli et al.61,62 The transverse shear was driven by 

applying a voltage to a segmented electrode, which produced dc electric fields localized to the 

region of a field aligned current. Other experiments involved studying the transition between the 

CDEIC instability and the IEDD instability.63–65 The co-location of parallel and perpendicular 

velocity shear has also been shown to suppress low frequency instabilities, such as drift waves.66 

Finally, transverse shear driven instabilities have been studied with negligible field 

aligned current. For example, Kent et al.67 and Jassby et al.68 both showed that a large transverse 

shear in a Q-machine can excite a low frequency instability known as the Kelvin-Helmholtz 

instability. At the Naval Research Laboratory (NRL), Amatucci et al.69 reported the first 

observation of the IEDD instability driven exclusively by a transverse sheared flow (no field 
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aligned current). Amatucci and co-workers44,45 later showed that significant perpendicular ion 

heating can result from transverse shear driven waves in the ion cyclotron frequency range. At 

Tohoku University, Hatakeyama et al.70 used a potassium ion plasma in a Q-machine to show 

that transverse sheared flows stabilize ion cyclotron instabilities. Finally, Tejero et al.21 used 

localized transverse dc electric fields with minimal magnetic field aligned current to 

spontaneously generate electromagnetic ion cyclotron (EMIC) waves. This showed that 

transverse electric fields can behave as a radiation source for electromagnetic waves, which can 

transport energy away from the region of wave generation. This phenomenon suggests that not 

all energy reaching the ionosphere is dissipated as local heating, but rather can be radiated back 

into the magnetosphere, which would be consistent with satellite observations.21 

1.2 Experiment motivation 

Previous work on the Auburn Linear EXperiment for Instability Studies (ALEXIS) has 

focused on studying shear driven instabilities in the ion cyclotron frequency range. ALEXIS is a 

170 cm long, 10 cm diameter linear magnetized plasma column. The early ALEXIS 

configuration71 made use of three filaments to produce helium plasmas. The plasma potential 

profile was modified using electrode rings in order to drive transverse sheared flows. Thomas et 

al.17,19 showed that a radially inward electric field produced a transverse sheared flow that 

resulted in a shear driven instability, which was later shown to be consistent with the IEDD 

mechanism72 modified by the presence of a small field aligned current. It was also shown that 

when the direction of the electric field was changed to radially outward, the sheared flow had a 

stabilizing influence on the plasma, and the observed instability was suppressed. The ALEXIS 

device was upgraded to replace the filament source with an rf plasma source73  and studies then 

focused on the CDEIC instability72. It was found that when a negative voltage was applied to 
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electrode rings, low frequency waves that were identified as drift waves were supported in the 

plasma.18 However, with a positive voltage, a significant field aligned current was established in 

the plasma which led to the suppression of the drift waves18 and excited the CDEIC instability72. 

All of the previous experiments performed in the ALEXIS device studied shear driven 

ion cyclotron-like instabilities. In this regime, the shear scale length (LE) is considered to be 

comparable to the ion gyro-radius (ρi). It was desired to study a different mechanism that can 

occur when the electric field becomes extremely localized so that the shear scale length is less 

than the ion gyro-radius; a regime in which electrons are magnetized in the shear layer, but the 

ions are effectively un-magnetized. The resulting transverse shear driven instability occurs at a 

frequency well above the ion cyclotron frequency and closer to the lower hybrid frequency. This 

mode is known as the electron-ion hybrid (EIH) instability, which was first proposed by Ganguli 

et al.74 and Romero et al.48,75,76 

Several laboratory experiments have studied the EIH instability. For example, in the 

String Plasma Device (SPD)77 at Tokai University, the effect of transverse velocity shear on 

plasma transport was studied in a steady state, filamentary plasma where the plasma radius was 

smaller than the ion gyro-radius, but larger than the electron gyro-radius so that the electrons are 

magnetized in the shear layer, but the ions are effectively un-magnetized. In this experiment, an 

electric field oriented perpendicular to a uniform background magnetic field was created by 

applying a large voltage to a disk electrode, which resulted in a transverse shear driven instability 

in the lower hybrid frequency range. While the instability characteristics were indicative of the 

EIH mechanism, the setup contained a significant field aligned current that increased with 

increasing transverse shear, which makes it difficult to determine the true source of the 

fluctuations. Kumar et al.78 studied plasma diffusion across inhomogeneous magnetic fields and 
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observed large electrostatic fluctuations in the lower hybrid frequency range in the greatest 

region of E × B shear. The fluctuations were proposed to be the EIH instability, but were never 

fully characterized and compared to theoretical models. Amatucci et al.50 was the first to 

experimentally verify the EIH instability in a transverse sheared plasma flow with negligible 

field aligned current. The experimental configuration made use of two plasma sources, which 

allowed for the independent control of the plasma potential and the density profile at the plasma 

boundary. The instability was fully characterized in a uniform density configuration in order to 

uniquely determine the source of the oscillations. The experiment showed that by adding a 

density gradient between the plasmas, the frequency of the instability dropped below the lower 

hybrid frequency, but the density gradient effects were not fully explored in this work. Because 

lower hybrid instabilities like the EIH instability are commonly observed at space plasma 

boundary layers in the presence of density gradients, it is important to study such instabilities 

with density gradients in the plasma in order to truly understand the dynamics of highly localized 

magnetospheric boundary layers. 

Lower hybrid instabilities like the EIH instability are commonly observed in the near-

Earth space environment at boundaries such as the magnetopause, the plasma sheet boundary 

layer35 and in chemical release experiments in the ionosphere39–41. Figure 1-1 shows an example 

of such an observation by the four Cluster satellites at the dusk-side crossing of the 

magnetopause. The spacecraft potential (Vps) shown in Figure 1-1(a) is directly correlated to the 

plasma density, so that a high potential corresponds to a high density, and a low potential 

corresponds to a low plasma density. Panels (b) through (e) display electrostatic fluctuations (0 

to 10 Hz) observed from all four satellites, and panel (f) shows the wave activity for higher 

frequencies (10 to 50 Hz). The electromagnetic wave activity is shown in panel (g). Panels (h) 
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and (i) show the magnitude and the elevation angle of the magnetic field respectively, where 90 

degrees corresponds to a northward field. Note that in panel (i), the abrupt change in the 

elevation angle is indicative of the spacecraft crossing the magnetopause and entering 

(decreasing angle)/leaving (increasing angle) the magnetosheath. 
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Figure 1-1: Observations of heavy electrostatic wave emission at the dusk-side crossing of the magnetopause from the 

four Cluster satellites. The spacecraft potential (a) is directly correlated to the plasma density. Panels (b) to (e) show the 
electrostatic wave activity from 0 to 10 Hz and panel (f) shows the electrostatic wave activity from 10 to 50 Hz. The 

electromagnetic wave activity is shown in panel (g). Panels (h) and (i) show the magnitude and the elevation angle of the 
magnetic field, respectively. An elevation angle of 90 degrees corresponds to a northward magnetic field [Figure 3 from 

reference 35.] 
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 The Cluster satellite data presented in Figure 1-1 shows that at roughly the same time as 

the decrease in the elevation angle (vertical blue line), there is a sharp increase in the spacecraft 

potential. This indicates that the spacecraft has crossed the magnetopause and enters the 

magnetosheath. There is a large density gradient across this boundary, and the electric field scale 

length is said to be less than or equal to the ion gyro-radius.35 Panels (b) through (f) show that 

there are broadband waves observed by each spacecraft at the boundary crossing. For reference, 

the ion cyclotron frequency is 0.3 Hz and the lower hybrid frequency is 10 Hz.35 The broadband 

electrostatic fluctuations occur near the lower hybrid frequency, indicating that the observed 

spectra are lower hybrid waves. 

 Intense solar storms can compress and steepen boundary layers like the one discussed 

above. As such boundary layers begin to relax from a compressed state and the ratio of the ion 

gyro-radius to the shear scale length decreases, observations of broadband electrostatic noise 

have been reported48,49,75,79–81 in which the frequency range extends from below the ion cyclotron 

frequency up to the electron plasma frequency. Simulations performed by Romero et al.48 have 

confirmed that the free energy available in sheared electron flows can give rise to broadband 

wave spectra and can excite Kelvin-Helmholtz, ion cyclotron-like, and lower hybrid modes22,62,74 

at magnetospheric boundary layers.  

Kinetic theory described by Ganguli et al.15,62,74 discusses the three distinct instability 

regimes in the context of the ion gyro-radius and the shear scale length, as is shown in Figure 1-

2. The ratio of the ion gyro-radius to the shear scale length acts as a surrogate for the magnitude 

of stress that a plasma layer is subjected to80 and determines which mode is dominant. For 

example, when ρi / LE << 1, the Kelvin-Helmholtz instability appears in the plasma with a 

characteristic frequency that is below the ion cyclotron frequency. As the shear scale length 
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becomes comparable to the ion gyro-radius, the IEDD instability, which is distinct from the 

Kelvin-Helmholtz instability, arises in the plasma. The EIH instability, as was discussed above, 

is excited when the ion gyro-radius becomes much larger than the shear scale length so that the 

ions are considered to be un-magnetized and the electrons remain magnetized. All of these 

instability regimes have a single free energy source, a transverse shear flow, but the physics of 

the energy extraction to support wave growth are different. The ratio of the ion gyro-radius to the 

shear scale length is a convenient tunable experimental parameter that can be exploited in order 

to transition between the modes. As discussed in detail above, each of these modes has been 

studied separately in a variety of plasma configurations. However, no single experiment has 

shown the continuous transition from one mode to another to test how these different modes are 

linked with one another, which is the basis of the relaxation process.15 
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Figure 1-2: A hierarchy of microinstabilities that can be triggered by velocity shear. [Figure 2 from reference 15.] 

The experiments presented in this dissertation focus on instabilities in the lower hybrid 

frequency range. Specifically, the results discussed in the following chapters will show that a 

localized transverse sheared plasma flow has been successfully produced in a new dual plasma 

configuration in the ALEXIS device. This transverse shear flow excites the EIH instability in the 

absence of a field aligned current in the plasma. In order to truly understand the dynamics at 

magnetospheric boundary layers, the goal of the experiment is to drive the EIH instability in the 

presence of a density gradient that is co-located with the region of greatest shear. It was also 
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desired to study the transition of the EIH instability characteristics going from a uniform density 

configuration to a plasma with a density gradient. However, it will be shown that the EIH 

instability wavelength in a uniform density plasma is larger than the axial length of the 

experimental device, and therefore cannot be supported by the parameters that are accessible to 

ALEXIS. The second part of the experiment will, for the first time, show a continuous variation 

of the ratio of the ion gyro-radius to the shear scale length – and the associated transition of the 

instability regimes driven by the shear flow mechanism – in a single laboratory experiment. This 

final experiment is a demonstration of the relaxation mechanism of compressed plasma layers in 

a collisionless plasma. 

1.3 Dissertation outline 

This dissertation is organized into 5 chapters and 2 appendices. Chapter 2 begins by 

discussing lower hybrid instabilities and illustrates how the EIH instability is related to this class 

of instabilities. Section 2.2 presents the theoretical framework for the EIH instability dispersion 

relation. The dispersion relation is derived for both a uniform and a non-uniform density profile. 

The shooting code that is used to numerically solve the dispersion relation is presented in Section 

2.2.4.  Finally, the whistler wave, which is the electromagnetic branch of the electron-ion hybrid 

instability, is briefly discussed in Section 2.3. 

In Chapter 3, a description of the experimental setup is presented. The vacuum vessel, 

electromagnet configuration, vacuum system and gas regulation system are discussed in Sections 

3.1 through 3.4.  A description of the plasma sources and the plasma modification hardware is 

given in Section 3.5. Finally, the in situ diagnostics used in the experiment are presented in 

Section 3.6. 
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Chapter 4 is divided into three experiments. Section 4.1 discusses the plasma parameters 

measured for each plasma source to illustrate that the addition of the secondary source was 

necessary in order to drive lower hybrid waves. The second section discusses the characterization 

of the EIH instability in a plasma with density gradient. The results of the EIH instability in a 

plasma with a uniform density are also discussed. Finally, Section 4.3 presents the results of an 

ion gyro-radius modification experiment. 

A summary of the theoretical framework and experiments is given in Chapter 5. The 

implications of the experiments and future work are also presented in this chapter. 

Finally, the appendix is comprised of two parts. Appendix A discusses a project on the 

identification and suppression of drift waves that was performed using the initial configuration of 

ALEXIS. Appendix B lists the Mathematica shooting codes used to generate the theoretical 

models, as well as the LabVIEW VI’s used to acquire and analyze data. 
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Chapter 2: Theory 
 

 

In Chapter 1, it was shown that a broad range of sheared flow driven plasma instabilities 

can arise in both space and laboratory plasma environments. These instabilities exist in 

frequency regimes that extend from well below the ion cyclotron frequency up to the lower 

hybrid frequency. In particular, a central goal of this work has been to investigate the physical 

properties of the electron-ion hybrid (EIH) instability. This chapter introduces the dispersion 

relation derivations for the EIH instability, presented in slab geometry. It is appropriate to briefly 

discuss the EIH instability in the context of lower hybrid instabilities because the EIH instability 

is so closely related (Section 2.1). The theory presented in Section 2.2 focuses on the derivation 

of the EIH instability with and without a density gradient in the plasma. The shooting code used 

to numerically solve the dispersion relation is also discussed. Finally, in the interest of 

completeness, a brief discussion of the electromagnetic component of the EIH instability, the 

whistler wave, is presented in Section 2.3. 

2.1 Lower hybrid instabilities 

A lower hybrid instability is described as an electrostatic wave with a frequency near the 

lower hybrid frequency (Equation 2-1) that travels nearly transverse to a background magnetic 

field1,82,
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where Ωci is the ion cyclotron frequency, Ωce is the electron cyclotron frequency, ωpi is the ion 

plasma frequency and ωpe is the electron plasma frequency which are defined as, 
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An equally important characteristic of lower hybrid waves is the difference between the ion and 

electron motion. Since the lower hybrid frequency is between the ion cyclotron and electron 

cyclotron resonances2,83, the mass difference governs the motion of the ions and electrons around 

the magnetic field. Consider a background magnetic field (𝑩��⃑ ) in the z-direction with a transverse 

dc electric field (𝑬��⃑ ). The electrons experience a drift in the direction of 𝑬��⃑ × 𝑩��⃑ . The ions 

however, are much more massive than the electrons so the motion is not seriously affected by the 

magnetic field and will move principally in the direction of the electric field.83 For lower hybrid 

instabilities, the ions are effectively un-magnetized compared to the electrons. 

For cold plasmas, the lower hybrid dispersion relation (Equation 2-3) is derived from the 

electrostatic dispersion relation (ESDR)2,82. Instead of obeying the Boltzmann relation, the 
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electrons are governed by the full equation of motion.1 This derivation has been discussed in 

detail by Gurnett and Bhattacharjee2 and Swanson82. 
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In the lower hybrid dispersion relation, 𝑘∥ is the parallel wavenumber, 𝑘⊥ is the perpendicular 

wavenumber, and θ is the angle of propagation with respect to the magnetic field (i.e., θ = 0 

corresponds to propagation parallel to the magnetic field).  

Equation 2-3 shows that the frequency of the lower hybrid instability is not explicitly 

dependent on the wavenumber82, but instead on the angle of propagation. Figure 2-1 shows the 

lower hybrid dispersion relation as a function of (a) the ratio of 𝑘∥ to 𝑘⊥and (b) the angle of 

propagation with respect to the magnetic field. In the limit where the propagation angle becomes 

more oblique (i.e., the instability begins to propagate along the magnetic field line), the ratio of 

the wavenumbers increases, the second term in the dispersion relation becomes more dominant 

and the frequency becomes much larger than the lower hybrid frequency. However, in the limit 

where the propagation angle approaches π/2 and the instability begins to propagate nearly 

perpendicular to the magnetic field line, the wavenumber ratio approaches zero and the second 

term in the dispersion relation is finite so that the lower hybrid frequency dominates the 

expression. Therefore, lower hybrid oscillations are observed only when 𝑘⊥ >> 𝑘∥ and 𝜃 ~ 𝜋/2. 
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Figure 2-1: The lower hybrid frequency is plotted as a function of (a) the ratio of the parallel wavenumber to the 

perpendicular wavenumber squared, and (b) the angle of propagation with respect to the magnetic field line. When θ = 0, 
the instability propagates along the magnetic field line and θ = π/2 corresponds to a motion that is perpendicular to the 
magnetic field line. Lower hybrid oscillations are only observed for small values of the wavenumber ratio and when the 

instability motion is nearly perpendicular to the magnetic field line. 

Lower hybrid waves are commonly studied in the terrestrial space environment, such as 

the auroral region46,84–86, magnetosphere87, magnetotail38,88,89, the plasma sheet boundary layer90, 

the neutral sheet boundary layer37,91 and chemical release experiments39–41,92. These instabilities 

have also been observed at comets43, in the magnetospheres of other planets42 such as Venus and 

Mars and in laboratory experiments16,50,77,78,93,94. Lower hybrid waves in a magnetized plasma 

can be driven by a number of free energy sources such as electron or ion beams and diamagnetic 

drifts that are associated with density gradients.95 Examples of lower hybrid waves include the 

electron-ion hybrid (EIH) instability, lower hybrid drift (LHD) instabilities and the Farley-

Buneman streaming instability. The EIH instability has a frequency in the lower hybrid 

frequency range and is driven by strong sheared plasma flows when the shear frequency is less 

than the electron cyclotron frequency, but larger than the ion cyclotron frequency. Since the 

shear frequency is inversely proportional to the shear scale length, it can also be said that the EIH 

instability arises when the shear scale length is much larger than the electron gyro-radius, but 

less than the ion gyro-radius. This mechanism is responsible for magnetized electrons and un-

magnetized ions.41,74,75 The LHD instability, much like the EIH instability, has a frequency near 
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the lower hybrid frequency and has been observed in both the space plasma environment37,87–90 

and in laboratory experiments16,93. However, unlike the EIH instability, the LHD instability is 

driven by the diamagnetic drift93,95,96, or a large density gradient. The LHD instability prefers 

perpendicular wavelengths that are of the same order as the electron gyro-radius so that kyρe ~ 

1.89,93 Finally, additional instabilities in the lower hybrid frequency range with transverse motion 

include a collisional streaming instability called the Farley-Buneman instability. Amateur radio 

operators first observed the strong echoes associated with this instability,85,97 while Farley85 and 

Buneman86 were the first to explain the origin of these echoes. In the E region of the ionosphere, 

charged particles mirror bounce back and forth on magnetic field lines. In this region, the ion-

neutral collision rate substantially exceeds the ion cyclotron frequency, causing the ions to de-

magnetize relative to the electrons.84–86,97 When the electron velocity exceeds a critical amplitude 

relative to the un-magnetized ions, the Farley-Buneman streaming instability develops.94,97 The 

electrons are essentially streaming along the magnetic field lines through the un-magnetized 

ions. The common relation between all of the instabilities described, and all lower hybrid 

instabilities in general, is having un-magnetized ions relative to magnetized electrons, as well as 

propagating at frequencies near the lower hybrid frequency. The EIH instability mechanism is 

discussed in detail in Section 2.2. In Chapter 4 the EIH mechanism will be discussed in the 

context of experimental data, and the difference between the EIH instability and other lower 

hybrid instabilities, such as the LHD instability and Farley-Buneman streaming instability, will 

be examined. 

2.2 Electron-ion hybrid instability 

The main focus of this work is to understand the properties of the EIH mechanism. 

Because of the sensitivity of this instability to the plasma density, the following derivation will 
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consider cases where the plasma density is uniform and where there is a density gradient. Both of 

these regimes will be investigated in the experimental studies that will be described in Chapter 4. 

Consider a dc electric field (𝑬��⃗ = 𝐸𝒙�) in a plasma that is oriented transverse to a background 

magnetic field (𝑩��⃗ = 𝐵0𝒛�). The combination of these crossed electric and magnetic fields give 

rise to a plasma flow in the direction 𝑽��⃗ 𝐸 = 𝑬��⃑ × 𝑩��⃑ . If this electric field is allowed to have a 

spatial variation, e.g., 𝑬��⃑ = 𝐸(𝑥)𝒙�, then the resulting flow will be spatially non-uniform and the 

resulting velocity shear can excite a variety of plasma instabilities – notably in the ion cyclotron 

range of frequencies74. However, if the dc electric field is localized over a distance such that the 

half width-half maximum (HWHM) of the electric field region, or the shear scale length 

(LE ~𝐸(𝑥)[𝑑𝐸(𝑥) 𝑑𝑥⁄ ]−1), is much greater than the electron gyro-radius, but less than the ion 

gyro-radius, the electrons will be magnetized and the ions will be effectively un-magnetized. 

This gives rise to conditions that are favorable for the generation of instabilities that are in the 

lower hybrid range of frequency74. This mode is called the electron-ion hybrid (EIH) instability. 

The EIH dispersion relation is derived using kinetic theory in slab geometry and follows 

the formalism of Ganguli, Lee, and Palmadesso74. As described above, we consider a plasma 

with a uniform background magnetic field in the z-direction and with a localized dc electric field 

in the x-direction. This creates an 𝑬��⃗ × 𝑩��⃗   drift in the y-direction. Starting with the generalized 

perturbed density given in Ganguli et al.62 (see Equation 26 of Ref. 4),  
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𝑛1𝛼(𝑥) = −

𝑞𝛼β𝛼
𝑚𝛼

� 𝑑𝑘𝑥𝑒𝑖𝑘𝑥𝑥
+∞

−∞
� 𝑑𝜉
+∞

−∞
� 𝑑𝜔⊥𝜔⊥

+∞

0
� 𝑑𝑣𝑧
+∞

−∞
 

× � 𝑑𝑘𝑥′ ϕ𝑘(𝑘𝑥′ )𝑁𝛼(𝜉)
+∞

−∞
𝑒𝑖�𝑘𝑥′−𝑘𝑥�𝜉 𝑒

−𝛽𝛼
2 �𝜔⊥

2+𝑣𝑧2� 

× �1 −�
(𝜔1 + 𝜔2𝛼 − 𝜔𝛼∗ ) 𝐽𝑛2(𝜎𝛼)
𝜔1 − 𝜔2𝛼 − 𝑛Ω𝛼 − 𝑘𝑧𝑣𝑧

𝑛=∞

𝑛=−∞
� 

(2-4) 

where, 

 𝛽𝛼 =
1
𝑉𝛼2

 

𝜔⊥
2 = 𝑣𝑥2 + 𝜂(𝜉)𝑢𝑦2 + [𝑉𝐸′′(𝜉)/Ω𝛼2 ]�𝑢𝑦〈𝑢𝑦2〉 − 𝑢𝑦3/3� 

𝑢𝑦 = 𝑣𝑦 − 〈𝑣𝑦〉 

𝑁𝛼(𝜉) = 𝑛𝑜𝛼𝑦(𝜉/𝐿𝐸) �
𝛽𝛼
2𝜋
�
3/2

 

𝜔1 = 𝜔 − 𝑘𝑦𝑉𝐸(𝜉) 

𝑉𝐸(𝜉) = −
𝑐𝐸𝑜(𝜉)
𝐵𝑜

 

𝜔2𝛼 =
𝑘𝑦𝑉𝐸′′(𝜉)𝜌𝛼2

2
 

𝜔𝛼∗ = 𝑘𝑦𝜖𝑛𝛼𝜌𝛼Ω𝛼 

𝜖𝑛𝛼 =
𝜌𝛼
𝐿𝑛

 

𝜎 =
𝑘⊥𝜔⊥

Ω𝛼
 

(2-5) 

and α denotes the species, k is the wavenumber, ξ is the guiding center position62, vx, vy, and vz 

are the equilibrium drift velocities in the x, y, and z-directions respectively, Jn(σ) is a Bessel 
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function of the first kind, Vα is the thermal velocity, η is a parameterization of the magnitude of 

the velocity shear62, < > represents a time average62, n0α is a constant density y(ξ/LE) is a 

generalized radial density profile, LE is the velocity shear scale length, ω1 is the Doppler shifted 

frequency, ρα is the gyro-radius, and Ln is the density gradient scale length. Since the electric 

field is a function of position, both 𝑉𝐸′(𝜉) and 𝑉𝐸′′(𝜉) are non-zero. The second derivative of the 

velocity shear, 𝑉𝐸′′(𝜉), controls the key physics in this derivation. 

To proceed, consider only the case of perpendicular propagation (kz = 0). Equation 2-4 is 

integrated over vz and 𝜔⊥, which reduces the generalized perturbed density equation to 

 
𝑛1𝛼(𝑥) = −

𝑞𝛼𝑛0𝛼
𝑚𝛼

�
𝛽𝛼
2𝜋
�� 𝑑𝑘𝑥𝑒𝑖𝑘𝑥𝑥

+∞

−∞
� 𝑑𝜉
+∞

−∞
𝑦(𝜉/𝐿𝐸) 

× � 𝑑𝑘𝑥′ ϕ𝑘(𝑘𝑥′ )𝑒𝑖�𝑘𝑥′−𝑘𝑥�𝜉
+∞

−∞
 

× �1 −�
(𝜔1 + 𝜔2𝛼 − 𝜔𝛼∗ )
𝜔1 − 𝜔2𝛼 − 𝑛Ω𝛼

Γ𝑛(𝑏𝛼)
+∞

𝑛=−∞
� 

(2-6) 

where, 

 𝑏𝛼 = 𝑘⊥2𝜌𝛼2 

Γ𝑛(𝑏𝛼) = 𝐼𝑛(𝑏𝛼)𝑒−𝑏𝛼 
(2-7) 

and In(bα) is a modified Bessel function. 

The following sections derive the perturbed density for the ions (2.2.1) and the electrons 

(2.2.2) starting with Equation 2-6. The resulting equations from Sections 2.2.1 and 2.2.2 are used 

in conjunction with Poisson’s equation to derive a dispersion relation in Section 2.2.3. The 
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shooting code that is used to numerically solve the dispersion relation is then discussed in 

Section 2.2.4.  

2.2.1 Perturbed ion density 

In order to derive the dispersion relation, the perturbed ion density term is solved for 

starting with Equation 2-6 where α → i. Consider a localized electric field so that the shear scale 

length is much smaller than the ion gyro-radius. Since the electric field is localized over a short 

distance, the ions will experience the electric field over a short region during a single gyro-orbit. 

The influence of the dc electric field is then assumed to be negligible and 𝑉𝐸(𝜉) = 0 for ions. 

The influence of the density gradient is also assumed to be negligible for ions (ωi* = 0) because 

any density gradient present in the plasma will have a scale length much smaller than the ion 

gyro-radius. However, assuming that the plasma is quasi-neutral, the ions and electrons have the 

same zero-order density profile and 𝑦(𝜉/𝐿𝐸) remains in Equation 2-6. Equation 2-6 is reduced 

to a new form that is given by 

 
𝑛1𝑖(𝑥) = −

𝑞𝑖𝑛0𝑖
𝑚𝑖

�
𝛽𝑖
2𝜋
�� 𝑑𝑘𝑥𝑒𝑖𝑘𝑥𝑥

+∞

−∞
� 𝑑𝜉
+∞

−∞
𝑦(𝜉/𝐿𝐸) 

× � 𝑑𝑘𝑥′ ϕ𝑘(𝑘𝑥′ )𝑒𝑖�𝑘𝑥′−𝑘𝑥�𝜉
+∞

−∞
 

× �1 −�
𝜔

𝜔 − 𝑛Ω𝑖
Γ𝑛(𝑏𝑖)

+∞

𝑛=−∞
�. 

(2-8) 

The variable bi is the product of the perpendicular wavenumber and the ion-gyro-radius. 

In the limit where the ions are effectively un-magnetized (i.e., for a large ion gyro-radius 

compared to a shear scale length) and considering a short perpendicular wavelength so that ky >> 

1, it is reasonable to assume bi >> 1. The modified Bessel function, In(bi) (Equation 2-7), can be 

simplified using an asymptotic expansion98 so that 
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𝐼𝑛(𝑏𝑖) ≈

1
√2𝜋𝑛

𝑒𝑞𝑛

�𝑏𝑖 𝑛⁄ [1 + (𝑛 𝑏𝑖⁄ )2]1/4
 (2-9) 

where, 

 
𝑞 = �1 + �

𝑏𝑖
𝑛
�
2

+ ln �
𝑏𝑖 𝑛⁄

1 + �1 + (𝑏𝑖 𝑛⁄ )2
�. (2-10) 

Then Γn(bi) reduces to 

 
Γ𝑛(𝑏𝑖) =

𝑒−𝑏𝑖

�2𝜋𝑏𝑖

𝑒𝑞𝑛

[1 + (𝑛 𝑏𝑖⁄ )2]1/4. (2-11) 

For bi >> n, a Taylor Series Expansion is used and Equation 2-11 can be simplified to 

 
Γ𝑛(𝑏𝑖) =

𝑒−
𝑛2

2𝑏𝑖�

�2𝜋𝑏𝑖
 (2-12) 

where higher order terms are assumed to be negligible. 

For an instability where the growth rate is greater than or equal to the ion cyclotron 

frequency, the resonances of the perturbed density are smoothed out and the summation over n in 

Equation 2-8 is replaced by an integral74, 

 
𝑛1𝑖(𝑥) = −

𝑞𝑖𝑛0𝑖
𝑚𝑖
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+∞

−∞
�. 

(2-13) 

The assumption that the growth rate is greater than or equal to the ion cyclotron frequency will 

be examined in the context of experimental results in Chapter 4. Focusing on the integral over n 
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in Equation 2-13, a new term is defined, 𝑡̃ = 𝑛Ω𝑖
√2𝑘⊥𝑉𝑖

. Substituting 𝑡̃ and Γn(bi) (Equation 2-12) 

into the integral gives us 

 
� 𝑑𝑛

𝜔
𝜔 − 𝑛Ω𝑖

Γ𝑛(𝑏𝑖)
∞

−∞
=

𝜁
√𝜋

� 𝑑𝑡̃
𝑒−𝑡̃2

𝜁 − 𝑡̃

+∞

−∞
 (2-14) 

where 𝜁 = 𝜔
√2𝑘⊥𝑉𝑖

. Equation 2-14 is related to the plasma dispersion function, Z(ζ)82: 

 
𝑍(𝜁) = −

1
√𝜋

� 𝑑𝑡̃  
𝑒−𝑡̃2

𝜁 − 𝑡̃

+∞

−∞
. (2-15) 

The integral in Equation 2-15 is then reduced to 

 𝜁
√𝜋

� 𝑑𝑡̃
𝑒−𝑡̃2

𝜁 − 𝑡̃

+∞

−∞
= −𝜁𝑍(𝜁) (2-16) 

and the perturbed ion density in Equation 2-13 becomes 

 
𝑛1𝑖(𝑥) = −

𝑞𝑖𝑛0𝑖
𝑚𝑖

�
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� 𝑑𝜉
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−∞
[1 + 𝜁𝑍(𝜁)]. 

(2-17) 

The final term in Equation 2-17 is dependent on the plasma dispersion function, and can be 

reduced using the derivative of the plasma dispersion function, where Swanson82 shows that 

 𝑍′(𝜁) = −2[1 + 𝜁 𝑍(𝜁)]. (2-18) 

Assuming that ζ  >> 1, the asymptotic expansion for the plasma dispersion function derivative 

(Equation 2-18) is82, 
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 𝑍′(𝜁) ∼ −2𝑖√𝜋𝜎𝜁 𝑒−𝜁2 +
1
𝜁2

 (2-19) 

where, 

 
𝜎 = �

0
1
2
�  𝑓𝑜𝑟 𝐼𝑚(𝜁) �

> 0
= 0
< 0

�. (2-20) 

As previously stated above, the growth rate of the instability is greater than or equal to the ion 

cyclotron frequency, which is greater than zero. Since ζ is proportional to the mode frequency, ω, 

it can be said that Im(ζ) is proportional to the growth rate. As previously assumed, the growth 

rate is greater than or equal to the ion cyclotron frequency, and Ω𝑐𝑖 ≠ 0. Therefore Im(ζ) > 0 and 

σ = 0. As a result, only the second term in Equation 2-19 remains so that 

 [1 + 𝜁𝑍(𝜁)]~ − 1 (2𝜁2)⁄ . (2-21) 

The perturbed ion density in Equation 2-17 then becomes 

 
𝑛1𝑖(𝑥) =
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(2-22) 

where 𝑘⊥2 = − 𝜕2

𝜕𝑥2
+ 𝑘𝑦2. 

The remaining integrals in Equation 2-22 are carried out using the following Fourier 

Transformation identity99,  

 
� 𝑑𝑥𝑒𝑖𝑥𝑦𝑍(𝑦) = 2𝜋𝑍(𝑥)
+∞

−∞
. (2-23) 
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The second derivative of the density profile [nʺ(x)] is negligible and assumed to be zero so that 

the perturbed ion density becomes, 

 
𝑛1𝑖(𝑥) =

𝜔𝑝𝑖
2 (𝑥)

4𝜋𝑞𝑖𝜔2 �𝑘𝑦
2 −

𝜕2

𝜕𝑥2
�𝜙1(𝑥) (2-24) 

where 𝜔𝑝𝑖
2 (𝑥) = 4𝜋𝑛𝑜𝑖𝑦(𝑥/𝐿𝐸)𝑞𝑖

2

𝑚𝑖
 is the ion plasma frequency. Equation 2-24 is the perturbed ion 

density, which will be used in Poisson’s equation to derive the dispersion relation (Section 

2.2.3). In the next section, the perturbed electron density will be derived, which will also be used 

in Section 2.2.3. 

2.2.2 Perturbed electron density 

Following a similar procedure as in the previous section, Equation 2-6 is used to calculate 

the perturbed electron density term (α → e), 
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(2-25) 

Since the instability frequency is much less than the electron cyclotron frequency, only the n = 0 

harmonic is kept, and Γ𝑛(𝑏𝑒) → Γ0(𝑏𝑒). The modified Bessel function, In(be), in Equation 2-7 

becomes100, 

 
𝐼𝑛(𝑏𝑒) →

1
Γ(𝑛 + 1) �

𝑏𝑒
2
�
𝑛

=
1

Γ(1) (2-26) 
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where, 

 Γ(1) = lim
𝑛→∞

1
(𝑛 + 1)𝑛 ~1. (2-27) 

Recalling the definition of Γn(be) in Equation 2-7 and using Equations 2-26 and 2-27, Γ0(be) 

reduces to 𝑒−𝑏𝑒, and assuming small gyro-orbits for electrons (𝑏𝑒 ≪ 1) a Taylor series expansion 

is performed, keeping only small order terms, 

 Γ0(𝑏𝑒) = 𝑒−𝑏𝑒~(1 + 𝑏𝑒)−1~1 − 𝑏𝑒 . (2-28) 

With this result, Equation 2-28 then simplifies to 
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(2-29) 

The final term in brackets in Equation 2-29 is written as, 

 
1 −

𝜔1 + 𝜔2𝑒 − 𝜔𝑒∗

𝜔1 − 𝜔2𝑒
(1 − 𝑘⊥2𝜌𝑒2) =

−2𝜔2𝑒 + 𝜔𝑒∗ + 𝑏𝑒(𝜔1 + 𝜔2𝑒 − 𝜔𝑒∗)
𝜔1 − 𝜔2𝑒

. (2-30) 

Since the ratio of the electron gyro-radius to the shear scale length is much less than 1, it is 

assumed that ω2e and ωe* are small compared to ω1 (see Equation 2-5) and Equation 2-30 

becomes, 

 
1 −

𝜔1 + 𝜔2𝑒 − 𝜔𝑒∗

𝜔1 − 𝜔2𝑒
(1 − 𝑘⊥2𝜌𝑒2) =

−2𝜔2𝑒 + 𝜔𝑒∗

𝜔1
+ 𝑏𝑒 . (2-31) 

Substituting Equation 2-31 back into Equation 2-29 and using variables defined in Equation 2-5, 

Equation 2-29 is reduced to, 
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𝑛1𝑒(𝑥) = −

𝑞𝑒𝑛0𝑒
𝑚𝑒

�
𝛽𝑒
2𝜋
�� 𝑑𝑘𝑥𝑒𝑖𝑘𝑥𝑥

+∞

−∞
� 𝑑𝜉
+∞

−∞
𝑦(𝜉/𝐿𝐸) 

× � 𝑑𝑘𝑥′ ϕ𝑘(𝑘𝑥′ )𝑒𝑖�𝑘𝑥′−𝑘𝑥�𝜉
+∞

−∞
𝜌𝑒 

× �
−𝑘𝑦𝑉𝐸′′(𝜉) + �𝑘𝑦Ω𝑐𝑒�/𝐿𝑛

𝜔 − 𝑘𝑦𝑉𝐸(𝜉) +
𝜕2

𝜕𝑥2
+ 𝑘𝑦2�. 

(2-32) 

The remaining integrals are evaluated using Equation 2-23 in the same way they were for the ion 

perturbed density, and the electron perturbed density is, 

 
𝑛1𝑒(𝑥) = −

𝜔𝑝𝑒2 (𝑥)
4𝜋 𝑞𝑒Ω𝑐𝑒2

�𝑘𝑦
2 − 𝑘𝑦

𝑉𝐸′′(𝑥) − Ω𝑐𝑒 𝐿𝑛⁄
𝜔 − 𝑘𝑦𝑉𝐸(𝑥)

−
𝜕2

𝜕𝑥2
�𝜙1(𝑥) (2-33) 

where, again, it is assumed that the second derivative of the density profile is small so that nʺ(x) 

is zero and 𝜔𝑝𝑒2 (𝑥) = 4𝜋𝑛𝑜𝑒𝑦(𝑥/𝐿𝐸)𝑞𝑒2

𝑚𝑒
 is the electron plasma frequency. In the following section, 

the perturbed ion and electron densities will be used in conjunction with Poisson’s equation to 

calculate the EIH instability dispersion relation. 

2.2.3 Dispersion relation 

Given the perturbed ion (Equation 2-24) and electron (Equation 2-33) densities derived 

above, the EIH instability dispersion relation is calculated using Poisson’s equation (Equation 2-

34a) and the gradient of the electrostatic potential (Equation 2-34b). 

 ∇ ⋅ 𝑬��⃑ 1(𝑥) = 4𝜋�𝑞𝛼𝑛1𝛼
𝛼

 (2-34a) 

 𝑬��⃑ 𝟏(𝑥) = −∇Φ1(𝑥). (2-34b) 

The gradient of the electrostatic potential (Equation 2-34b) is substituted into Poisson’s equation 

(Equation 2-34a) and, after summation over the species, this becomes, 
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 −∇2Φ1(𝑥) = 4𝜋(𝑞𝑒𝑛1𝑒 + 𝑞𝑖𝑛1𝑖) (2-35) 

where −∇2→ − 𝜕2

𝜕𝑥2
− 𝜕2

𝜕𝑦2
= − 𝜕2

𝜕𝑥2
+ 𝑘𝑦2. Substituting the perturbed ion (Equation 2-24) and 

electron (Equation 2-33) densities into Equation 2-35 leads to the dispersion relation for the EIH 

instability, 

 
�−𝑘𝑦

2 +
𝜕2

𝜕𝑥2
+ 𝐹(𝜔, 𝑥)

𝑘𝑦[𝑉𝐸′′(𝑥) − Ω𝑐𝑒 𝐿𝑛⁄ ]
𝜔 − 𝑘𝑦𝑉𝐸(𝑥) �𝜙1(𝑥) = 0 (2-36) 

where, 

 
𝐹(𝜔, 𝑥) =

𝛿2(𝑥)

�(𝛿2(𝑥) + 1) �1 − 𝜔𝐿𝐻
2(𝑥)
𝜔2 ��

 

𝛿2(𝑥) =
𝜔𝑝𝑒2(𝑥)
Ω𝑐𝑒2

. 

(2-37) 

The dispersion relation in Equation 2-36 is generalized such that a specific plasma frequency has 

not been defined. In the limit where a localized density gradient is present in the plasma, then the 

plasma frequency corresponding to the region of higher density is used48,76 because this is where 

the bulk of the plasma resides and hence the instability will be more prevalent here. The 

dispersion relation for the EIH instability present in a plasma with a density gradient then 

becomes, 

 
�−𝑘𝑦

2 +
𝜕2

𝜕𝑥2
+ 𝐹(𝜔)

𝑘𝑦[𝑉𝐸′′(𝑥) −Ω𝑐𝑒 𝐿𝑛⁄ ]
𝜔 − 𝑘𝑦𝑉𝐸(𝑥) �𝜙1(𝑥) = 0 (2-38) 

where F(ω) and δ (Equation 2-37) are no longer dependent on position (x). For a plasma with a 

uniform density (in the limit where Ln becomes large), then the plasma frequency is no longer 

dependent on position (x) because y(x/LE) → 1, and the dispersion relation is simplified to, 
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�−𝑘𝑦

2 +
𝜕2

𝜕𝑥2
+ 𝐹(𝜔)

𝑘𝑦𝑉𝐸′′(𝑥)
𝜔 − 𝑘𝑦𝑉𝐸(𝑥)�𝜙1(𝑥) = 0. (2-39) 

Equation 2-39 is the dispersion relation for the EIH instability in a plasma with a uniform 

density. Equations 2-38 and 2-39 show that the second derivative of the drift velocity is essential 

for driving the instability, so in order for the EIH instability to be observed experimentally, there 

must be a large potential gradient in the plasma (assuming a uniform magnetic field). 

In order to use the shooting code that is described in Section 2.2.4 to numerically solve 

the EIH instability dispersion relation, the parameters in Equations 2-38 and 2-39 are normalized 

using the following definitions, 

 𝑘�𝑦 = 𝑘𝑦𝐿𝐸 

𝑥� =
𝑥
𝐿𝐸

 

𝜔� =
𝜔

𝑘𝑦𝑉𝐸𝑜
 

𝑉𝐸(𝑥) = 𝑉𝐸𝑜𝑓(𝑥�) 

(2-40) 

where the “twiddle” represents the normalized quantity, VEo is the equilibrium velocity in the y-

direction due to the 𝑬��⃑ × 𝑩��⃑  drift, and 𝑓(𝑥�) is the velocity shear profile. Using these normalized 

quantities, 𝜕2 𝜕𝑥2⁄  becomes (1 𝐿𝐸2⁄ )(𝜕2 𝜕𝑥�2⁄ ) and 𝑘𝑦2 becomes 𝑘�𝑦2 𝐿𝐸2⁄ , and Equations 2-38 and 

2-39 reduce to, 

 
�

1
𝐿𝐸2

𝜕2

𝜕𝑥�2
−
𝑘�𝑦2

𝐿𝐸2
+ 𝐹(𝜔)

𝑘𝑦[𝑉𝐸′′(𝑥) − Ω𝑐𝑒 𝐿𝑛⁄ ]
𝜔 − 𝑘𝑦𝑉𝐸(𝑥) �𝜙1(𝑥) = 0 (2-41a) 
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�

1
𝐿𝐸2

𝜕2

𝜕𝑥�2
−
𝑘�𝑦2

𝐿𝐸2
+ 𝐹(𝜔)

𝑘𝑦𝑉𝐸′′(𝑥)
𝜔 − 𝑘𝑦𝑉𝐸(𝑥)� 𝜙1

(𝑥) = 0. (2-41b) 

Concentrating on the lower hybrid frequency term in F(ω) in Equations 2-41a and 2-41b, the 

ratio of the ion plasma frequency to the electron plasma frequency squared can be reduced to 

approximately the ratio of the electron mass to the ion mass (assuming quasi-neutrality), or 1/μ, 

where μ is the mass ratio. Using the normalized quantities in Equation 2-40 and the mass ratio, 

the normalized equation for F(ω) is, 

 
𝐹(𝜔�) =

𝛿2

𝛿2 + 1
1

�1 − 𝛽2
𝜔�2�

 (2-42) 

where, 

 𝛽2 =
1

𝜇𝛼2𝑘�𝑦2 �1 + 1
𝛿2�

 

𝛼2 =
𝑉𝐸𝑜2

Ω𝑐𝑒2 𝐿𝐸2
. 

(2-43) 

Substituting Equation 2-42 and the normalized quantities defined in Equation 2-40 into 

Equations 2-41a and 2-41b gives the normalized dispersions relations for the EIH instability in 

the presence of a density gradient (Equation 2-44a) and for a uniform density (Equation 2-44b), 

 
�
𝜕2

𝜕𝑥�2
− 𝑘�𝑦2 + 𝐹(𝜔�)

𝑓′′(𝑥�) − 𝑅𝐿 𝛼⁄
𝜔� − 𝑓(𝑥�)

� 𝜙1(𝑥�) = 0 (2-44a) 

 
�
𝜕2

𝜕𝑥�2
− 𝑘�𝑦2 + 𝐹(𝜔�)

𝑓′′(𝑥�)
𝜔� − 𝑓(𝑥�)

�𝜙1(𝑥�) = 0 (2-44b) 
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where RL = LE/Ln. These normalized equations will be used in a shooting code to solve for the 

real and imaginary components of the dispersion relation. The shooting code and theoretical 

model results will be discussed in Section 2.2.4. 

2.2.4 Shooting code 

To solve the normalized dispersion relations derived in Section 2.2.3 above (Equations 2-

44a and 2-44b) for the real and imaginary parts of the frequency, it was necessary to use a 

shooting code74, which can be found in Appendix B. The shooting code numerically solves the 

differential equation by guessing a solution at large values of 𝑥� (s) and integrating from –s to +s 

for given parameters and boundary conditions of the differential equation, where the boundary 

conditions are assumed to be 𝜙(−𝑠) = 0.1 and 𝜙′(−𝑠) = 0.1 ∗ 𝑘𝑦. Assuming that as x 

approaches infinity, the solution follows WKB theory so that the solution is required to 

asymptotically approach zero at the boundaries (±s).62 Given the solution of the differential 

equation, the dispersion relation can be obtained by solving for different values of ω given 

various values of normalized quantities (such as 𝑘�𝑦, α, δ, or RL) or experimental parameters 

(such as electron density, density gradient scale length, magnetic field strength, electric field or 

shear scale length).  
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Table 2-1: Typical parameters measured in ALEXIS used to calculate the real and imaginary parts of the frequency as a 
function of ky for a uniform density. 

Experimental Parameter Value 

Gas Argon 
Magnetic field strength (Gauss) 100 
Electron density (m-3) 1×1015 
Electric field (V/cm) 20 
Shear scale length (cm) 0.40 
Ion gyro-radius (cm) 1.0 

Shooting Code Parameter Value 

𝛿 = 𝜔𝑝𝑒 Ω𝑐𝑒⁄  1.0 
𝛼 = 𝑉𝐸𝑜 (Ω𝑐𝑒𝐿𝐸)⁄  0.028 

 

In the following figures, the theoretical dispersion and growth rates are plotted using the 

values in Table 2-1 and a velocity shear profile of Sech2(x). The parameter values listed in Table 

2-1 are typical values that have been measured in the interpenetrating plasma configuration in 

ALEXIS. The figures presented in this section are meant to show that the theoretical model 

provides us with solutions that exist for typical measurements of electron density and electric 

field strengths and to illustrate that it is important to consider the effect of a density gradient on 

the dispersion relation by showing that the frequency shifts with the addition of a localized 

density gradient. 
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Figure 2-2 shows frequency and growth rate for the EIH instability in a plasma with a 

uniform density. There exists an instability whose frequency is close to the lower hybrid 

frequency and increases with increasing wavenumber. The growth rate is non-zero for the range 

of wavenumbers, and peaks for perpendicular wavenumbers near 100 m-1. This suggests that 

there is positive growth in the range of the plasma parameters that can be measured in ALEXIS.  

 
Figure 2-2: The real (solid line) and imaginary (dashed line) parts of the electron-ion hybrid frequency as a function of 

the perpendicular wavenumber. The frequency and growth rate are normalized to the lower hybrid frequency. This 
dispersion relation was calculated assuming a uniform density. 

It was found that as the ratio of the electron plasma frequency to the electron cyclotron 

frequency (δ) increases, the frequency decreases exponentially closer to the lower hybrid 

frequency. The growth rate was found to be constant for large values of δ, but when the ratio 

grows small (less than 0.3) the growth rate is zero. The EIH instability is not supported for small 

values of δ, i.e., when the electron cyclotron frequency becomes much larger than the electron 

plasma frequency. The velocity shear was also found to vary the dispersion relation. Assuming a 

constant magnetic field strength, it was found that as the electric field increases, both the 

frequency and the growth rate increase linearly. For small electric field strengths, both the 

frequency and growth rate drop below the lower hybrid frequency and approach zero. This 
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suggests that the dc electric field is essential for driving the EIH instability in a uniform density. 

The next figure will show how the effects of the density gradient change the dispersion relation, 

and will compare how the frequency and growth rate differ from the uniform density model. 

Using the values listed in Table 2-1 and a perpendicular wavenumber of 70 m-1, the 

frequency and growth rate as a function of the ratio of the shear scale length to the density 

gradient scale length are shown in Figure 2-3. It is assumed that LE remains constant and Ln is 

varied. As Ln becomes large (i.e., the density becomes more uniform), the ratio of the two scale 

lengths (LE/Ln) becomes small and the predicted frequency and growth rate approach that of a 

uniform density. The growth rate is highest for LE/Ln ~ 0.4. It will be shown in Chapter 4 that this 

is a typically measured value in ALEXIS, and so there exists a regime where there is a stable 

solution for the EIH instability in a density gradient when the shear profile is more localized than 

the density gradient profile. As the density gradient becomes more localized than the velocity 

shear, the values for the frequency and the growth rate asymptotically approach zero. The 

frequency decreases well below the lower hybrid frequency as a density gradient is introduced, 

and it is shown that the growth rate is non-zero, so the EIH instability can be supported. 
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Figure 2-3: The EIH frequency (solid line) and growth rate (dashed line) as a function of the ratio of the shear scale length 

to the density gradient scale length (RL) for ky = 70 m-1. When the ratio is zero, there is a uniform density present in the 
plasma. As the ratio grows, a sharp density gradient appears in the plasma and the frequency and growth rate both 

decrease below the lower hybrid frequency. 

 Figure 2-3 showed that the addition of a density gradient term decreased the mode 

frequency and growth rate significantly. The dispersion relation as a function of the 

perpendicular wavenumber for a plasma with a density gradient is shown in Figure 2-4. The 

dispersion relation is calculated using the parameters listed in Table 2-1 and with LE/Ln = 0.33 so 

that the velocity shear profile is more localized than the density gradient. The mode frequency 

decreases asymptotically to 0.1ωLH for an increasing perpendicular wavenumber. The growth 

rate is positive, but much less than the lower hybrid frequency, and also decreases for increasing 

perpendicular wavenumbers. This suggests that the instability can be supported for a wide range 

of perpendicular wavelengths in a plasma with a density gradient in the ALEXIS device. In 

Chapter 4, the experimental data will be compared to the theoretical dispersion relation using the 

shooting code results. 
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Figure 2-4: The frequency (solid line) and growth rate (dashed line) are plotted as a function of the perpendicular wave 
number when there is a density gradient present in the plasma (RL = 0.33). Notice that the density gradient significantly 

lowers the frequency and growth rate values compared to the uniform density dispersion relation. 

 

2.3 Whistler wave 

In 1918, Heinrich Barkhausen heard whistling tones while listening to signals from an 

antenna.2 In World War II, German troops that were using radios to intercept allied radio 

transmissions reported hearing the same kinds of tones.82 In 1953, 35 years after the whistling 

tones were first reportedly heard, L.R.O. Storey explained that when lightning occurs in one of 

Earth’s hemispheres, audio frequency waves are generated in the ionosphere1,2,82. These waves, 

which are highly dispersed, travel along the magnetic field lines to the opposite hemisphere with 

the highest frequencies arriving first.1 This results in a distinct whistling tone. 

The whistler wave is the electromagnetic branch of the electron-ion hybrid instability. 

Although the whistler wave is not the focus of this dissertation, a brief explanation of the 

dispersion relation is included for completeness. For a wave propagating along a magnetic field 

line, the dispersion relation, which is discussed in detail in Swanson82, Chen1, and Gurnett and 
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Bhattacharjee2, is equal to n2 (the index of refraction), which is calculated from the elements of 

the cold plasma dielectric tensor82, where Ωci << ω << Ωce, so that, 

 
𝑛2 = 𝐾1 + 𝑖𝐾2 = 1 −

𝜔𝑝𝑖
2

𝜔(𝜔 + Ω𝑐𝑖)
−

𝜔𝑝𝑒2

𝜔(𝜔 − Ω𝑐𝑒) ~
𝜔𝑝𝑒2

𝜔Ω𝑐𝑒
. (2-45) 

The index of refraction is related to the frequency and wavenumber, 

 𝑘 =
𝜔 𝑛
𝑐

. (2-46) 

Substituting Equation 2-45 into Equation 2-46 and solving for the frequency, ω, gives the 

Whistler wave dispersion relation, 

 
𝜔 =

𝑐2𝑘2Ω𝑐𝑒
𝜔𝑝𝑒2

. (2-47) 

The dispersion relation can be used to calculate the phase and group velocities, which are both 

dependent on ω. This leads to the high frequencies traveling faster than the lower frequencies 

along the magnetic field lines, causing the distinct whistling tone. Because of the close 

relationship between the EIH mode and the Whistler wave, it may be possible for future 

researchers to investigate the electromagnetic branch of the EIH instability in a future ALEXIS 

experiment. 

2.4 Summary 

To summarize, this chapter introduces the theoretical dispersion relation for the electron-

ion hybrid instability. Because of the close relationship between the EIH instability and other 

lower hybrid instabilities, the shared mechanism was discussed in Section 2.1. Examples of 

electrostatic lower hybrid instabilities were also briefly examined in this section. In Section 2.2, 
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the derivation of the EIH instability dispersion relation for a plasma with a density gradient 

(Equation 2-44a) and a uniform density (Equation 2-44b), as well as the shooting code that is 

used to numerically solve the dispersion relations are discussed in depth. In Chapter 4, 

experimental data will be compared to the theoretical dispersion relations that are numerically 

solved using this shooting code. Finally, the electromagnetic branch of the EIH instability, the 

whistler wave, is briefly described in Section 2.3. In future works, the electrostatic to 

electromagnetic branch transition can be studied. 
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Chapter 3: Experimental Design and Hardware 
 

 

The experiments described in this dissertation were performed in the Auburn Linear 

EXperiment for Instability Studies (ALEXIS). ALEXIS is a magnetized cylindrical plasma 

column designed to study different types of instabilities that are caused by sheared plasma flows. 

Both electrostatic17–19,72 and electromagnetic101 instabilities are studied in the device using a 

variety of in-situ diagnostics. This chapter describes the experimental hardware used in this 

study, including the vacuum vessel, plasma generation and modification, and plasma diagnostics. 

3.1. Vacuum vessel 

ALEXIS is a 170 cm long, stainless steel vacuum vessel which is based on the ISO-100 

(100 mm diameter) flange configuration. Figure 3-1 shows the five components of the device 

consisting of:  (A) the antenna, (B) a standard 6-way cross, (C) the main chamber, (D) a custom 

box used for optical access, and (E) the double-walled, water-cooled section. The ports are 

labeled using numbers 1 through 7 and the electromagnets are labeled a through i.  
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Figure 3-1: The Auburn Linear Experiment for Instability Studies has 5 main components – The antenna (A), a standard 
6-way cross (B), the main chamber (C), a custom box that can be used for optical access (D), and a double-walled water-
cooled section with a tee attached (E). The ports are numbered 1 (closest to the antenna) to 7 (farthest from the antenna). 

The magnets are lettered a through i. 

Section A is the primary plasma generation region.  The rf antenna is a single turn loop 

made of copper and fitted to the outside of a 5 cm diameter, 25 cm long glass dome. The glass 

dome is fitted to an ISO-100 glass to metal flange that connects it to the rest of the vacuum 

chamber. Plasmas are generated using a radio frequency (f = 13.56 MHz) generator that is 

discussed in detail within Section 3.5. A faraday cage surrounds the antenna in order to reduce 

the RF noise in the room. 

The antenna section is connected to a standard 6-way cross (section B in Figure 3-1), 

which has a 10 cm inner diameter and a length of 26 cm. The side ports can be fitted with ISO-

100 windows, for viewing the plasma, or ISO-100 flanges for in situ diagnostics. The 6-way 

cross is then connected to the main chamber. 

The main chamber (section C in Figure 3-1) is 91 cm long with a diameter of 10 cm. The 

cylindrical sides are fitted with QF40 (40 mm diameter) ports separated by 18.3 cm axially and 

located every 90 degrees azimuthally. There are 20 ports located on the main chamber that can 

be used to attach gas inlets, vacuum equipment, or in situ diagnostics. The ends of the main 

chamber are fitted with ISO-100 flanges which are used to connect sections B and D.  
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A custom box, section D in Figure 3-1, is used for optical access. The custom box has 

three polycarbonate windows with dimensions of 30 by 50 cm, or a viewing area of 150 cm2. 

This large viewing area allows for excellent optical access over the entire cross sectional area of 

the plasma. The other three sides of the custom box are fitted with ISO-100 flanges in order to 

connect it to the main chamber (D), the water-cooled section (E), and a high-speed diffusion 

pump, which attaches to the bottom port. 

Finally, section E consists of an ISO-100 double-walled water-cooled section. This 

section houses the thermionically emitting filaments that are used as a secondary plasma source. 

Water lines are attached to this section to prevent overheating while the filaments are in use. The 

filament source is discussed in detail in Section 3.5. An ISO-100 to KF50 adaptor is connected to 

the water cooled section so that a KF50 tee could be added. The tee is needed to connect two 

feed-throughs:  a high current electrical feed-through, which provides the heating source to the 

filament and a high voltage electrical feed-through to provide a biasing voltage to a grid that is in 

front of the filament. 

The high current feed-through has two copper leads that are 0.375 inches in diameter and 

0.625 inches apart. The leads were initially 4 inches long, but were cut down to 1 inch so they 

could be fit into the KF-50 tee. Because the feed-through leads are so thick, custom-made fittings 

are required to attach a 12 AWG cable. The fittings are made of 1.5 inch long, 0.5 inch diameter 

(outside) copper. Set screws are used to secure the fittings in place. The feed-through with the 

custom fittings attached is seen in Figure 3-2. 
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Figure 3-2: High current feed-through used to power the filament source. Copper fittings were made for each lead to 
connect cables. 

 
3.2. Electromagnet configuration 

ALEXIS uses nine electromagnet coils (Figure 3-1) to produce the axial magnetic field that 

confines the plasma column. The electromagnets were designed and manufactured by Everson Electric 

Company, which is now Everson Tesla Incorporated. In order to compensate for the uneven spacing of 

some magnets, and to reduce the “ripple” of the magnetic field, three coil configurations are used. Table 

3-1 lists the coil configuration type and the axial locations of all nine electromagnets. Coil type 1 has 48 

turns, type 2 has 50 turns, and type 3 has 59 turns.73 

Table 3-1: The axial locations of each magnet with respect to the antenna, and the different configurations of each coil. 

Magnet a b c d e f g h i 

Axial Location (m) 0 0.183 0.443 0.626 0.809 0.992 1.175 1.358 1.618 

Configuration Type 1 1 3 1 2 2 1 3 1 

 

Each coil is wound using hollow copper tubing with an inner diameter of 0.36 cm and an 

outer diameter of 0.71 cm. It is necessary to use copper tubing so the electromagnets can be 

water-cooled. Fiberglass tape insulates the copper, and then the magnet is potted in epoxy resin. 

This leaves all magnets with an inner diameter of 20 cm, an outer diameter of 33 cm, and an 

axial length of 6.4 cm.73 
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There are two power supplies that provide current to the magnet coils. The two coils 

surrounding the antenna region (“a” and “b” in Figure 3-1), or the source magnets, are controlled 

using a Power Ten model P63C-10330, 6.6 kW power supply. The remaining seven coils (“c” 

through “i”) that surround the 6-way cross, main chamber, and custom box, are controlled using 

a Power Ten model P66C-40330, 13 kW power supply. Each power supply can provide a dc 

current up to 330 A. 

3.3. Vacuum pumps 

The ALEXIS device uses a two-stage, vacuum pumping system to maintain a base 

pressure in the 10-5 Torr range. Figure 3-3 shows a diagram of the ALEXIS vacuum and gas 

regulation systems. The first stage uses an Axiden model 2010SD, 2.8 liter per second roughing 

pump (P1 in Figure 3-3). Using the roughing pump, pressures of about 10 mTorr can be 

maintained. The second stage uses an Edwards 100/300c Diffstak, 300 liters per second diffusion 

pump (P2 in Figure 3-3), which lowers the pressure from the mTorr range to the working base 

pressure. The diffusion pump is also backed by the roughing pump. 
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Figure 3-3: A schematic diagram of the ALEXIS vacuum and gas regulation system. P1 is the roughing pump, P2 is the 
diffusion pump and P3 is the adsorption pump. V1 is the roughing valve between the roughing pump and vacuum vessel, 
V2 is the valve between the adsorption pump and main chamber, V3 is the gate valve between the diffusion pump and the 

main chamber, V4 is the pressure release valve on the adsorption pump, V5 is the backing valve between the roughing 
and diffusion pumps and V6 is the up to air valve on the chamber. PG1 and PG2 are the two thermocouple gauges, PG3 is 

the B-A ionization gauge and PG4 is the cold cathode pressure gauge. 

An additional vacuum component is a Varian VPS-630 adsorption pump (P3 in Figure 3-

3). The adsorption pump is not necessary for creating vacuum in the ALEXIS device, but it 

allows for good vacuum conditions to be established in as little as six hours. Instead of 

mechanical parts, the adsorption pump has a high surface area material (zeolite), which is cooled 

to liquid nitrogen temperatures.  When the chamber is at roughing pressure, the roughing valve 

(V1 in Figure 3-3) between the roughing pump and the main chamber is shut, and the valve 

between the main chamber and adsorption pump is opened (V2 in Figure 3-3). Gas molecules 

that still remain in the chamber are then drawn into the adsorption pump and collect on the 

zeolite surface, decreasing the pressure in the chamber.73 When the chamber pressure reaches 

approximately 10-4 Torr, the adsorption pump valve is then shut, and the gate valve (V3 in Figure 

3-3) between the diffusion pump and chamber is opened. A pressure release valve (V4 in Figure 



48 
 

3-3) keeps the adsorption pump from over pressurizing as the temperature rises from liquid 

nitrogen temperatures. 

After repeated uses, the zeolite will eventually become saturated with water vapor, which 

will greatly reduce the efficiency of the adsorption pump. To remove the water vapor and 

regenerate the zeolite, the pump must be baked out at 250 degrees Celsius for 1 to 2 hours. This 

is done while the chamber is under roughing vacuum, and the valve to the adsorption pump is 

opened to the chamber. 

3.4. Gas regulation 

Another important part of the ALEXIS plasma device is the gas regulation system. This 

allows for multiple gas species to be used independently or mixed in different ratios. The two 

components of the gas regulation system are gas flow control and several kinds of gauges to 

measure gas pressures within the vacuum chamber. 

Gas flow into the vacuum chamber is maintained using a MKS instrument model 1179A 

mass flow controllers (MFC in Figure 3-3). The mass flow controllers regulate flows up to 10 

sccm (standard cubic centimeters per minute). The advantage of having multiple mass flow 

controllers is this allows for multiple gas species to be mixed at different ratios, or to switch to 

different gas species without having to switch out gas lines. The mass flow controllers are 

connected to an MKS instrument type 247 controller which is integrated into a data acquisition 

(DAQ) system. This allows for computer control of the system and enables reproducible 

operating conditions to be achieved in ALEXIS.  

The neutral pressure within the vacuum chamber is monitored using several different 

gauges. There are two thermocouple gauges as well as a Bayerd-Alpert (B-A) ionization gauge 
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that are integrated into a Kurt J. Lesker KJL 4500 ionization gauge controller. The first of the 

thermocouple gauges (PG1 in Figure 3-3) is connected to the main chamber at port 4 where the 

roughing pump is connected to the main chamber and is used to monitor the base pressure of the 

vacuum vessel. The second thermocouple (PG2 in Figure 3-3) is mounted between the roughing 

pump and the diffusion pump and is used to monitor the backing pressure between the two 

pumps. The B-A gauge (PG3 in Figure 3-3), which can read pressures as low as 10-8 Torr, is 

mounted on a 61 cm long QF40 nipple that connects to the top of the main chamber at port 6. 

The use of the nipple allows the gauge to be kept out of the magnetic field, which could damage 

the gauge. A Kurt J. Lesker 943 cold cathode pressure gauge (PG4 in Figure 3-3) also allows for 

the reading of pressures down to 10-6 Torr. This gauge is connected to the top of the 6-way cross 

(port 1) and is held out of the magnetic field using a 13 cm long QF40 nipple. The thermocouple 

gauges can only read pressures as low as 10-2 Torr, so the use of the B-A gauge and cold cathode 

gauge are essential. 

3.5. Plasma generation and modification 

In its present configuration, the ALEXIS device uses two plasma sources – one at each 

end of the vacuum chamber.  Each of these sources is described in this section.  The primary 

plasma source for ALEXIS is a radio frequency (rf) plasma source.  The first component of the rf 

plasma source is a Kurt J. Lesker model R601, 600 W power supply that has a fixed frequency of 

13.56 MHz. The rf power supply is a combination of a frequency generator and amplifier and is 

integrated into the DAQ system in order to control and monitor the forward and reflected 

powers.  The power is coupled into the plasma using a matching network and an antenna, which 

was described in Section 3.1. 
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The matching network is based on a modified L network73. A schematic of the matching 

network is shown in Figure 3-4. There are two load capacitors connected in parallel and a tune 

capacitor. The load capacitors used are a Comet CV1C-500 UINN (15-500 pF, 15kV, 79A) 

capacitor (labeled C1 in Figure 3-4) and a Jennings (25-2500 MMFD, 6kV) radio capacitor 

(labeled C2 in Figure 3-4). The tune capacitor is a Comet CV05C-1500 LON/5, 10-1500 pF, 

5kV/3kV capacitor (labeled C3 in Figure 3-4). A Byrd model 4391A power meter is placed 

between the RF power supply and the load capacitors and allows the matching network to be 

tuned so that most of the power is coupled into the plasma rather than being reflected. 

 

Figure 3-4: The matching network consists of an RF power supply, Byrd power meter, two load capacitors (C1 and C2), a 
tune capacitor (C3), and an antenna. The load capacitors are in parallel with each other, and the power meter is 

connected in series between the RF power supply and the load capacitors. 

The second plasma source is located in the water cooled section (section E in Figure 3-1) 

and is designed to have a much smaller diameter than the main rf generated plasma. It is a “hot 

filament” plasma source; i.e., it uses thermionic emission from a heated wire to produce a 

plasma.  The hot filament source (Figure 3-5 and “a” in Figure 3-7) has three separate, parallel 

filaments that are made from 4 inch long, 0.25 mm diameter tungsten. A Sorensen Model XG 

1500 W, 20V-76A DC power supply (PS-3 in Figure 3-6) is used to resistively heat the 

filaments. The filaments are attached to a 3 inch diameter, 0.25 inch thick Macor block. The 

Macor block is then screwed onto a ¾ inch long aluminum ring (“b” in Figure 3-7) with a 3 inch 
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outer diameter and a 2.5 inch inner diameter, which has four set screws that are used to hold the 

assembly in place in the water-cooled section. 

 

Figure 3-5: The filament source in the back of the chamber is shown above. Each filament is made from 4 inch long, 0.25 
mm diameter tungsten. 

In order to perform the wave experiments, it is necessary to create a highly localized 

radial electric field at the boundary between the rf and filament plasmas (Figure 3-6). It is 

possible to control this electric field by changing the plasma potential of the filament plasma 

using a 1.5 inch x 1.5 inch square, stainless steel mesh (100 lines/inch) placed 3.5 inches in front 

of the filament source (Figure 3-6 and “c” in Figure 3-7). A Xantrex XHR 600-1.7 (i.e., 0 to 600 

V, 0 to 1.7 A) DC power supply (PS-2 in Figure 3-6) is used to bias the filament source with 

respect to the mesh, causing the electrons to accelerate away from the filament. The power 

supply is operated in constant current mode to maintain a constant emission current in the range 

of 10 to 100 mA. This ensures a constant flux of electrons into the plasma which helps control 

the density of the plasma. The mesh bias is controlled using a four-quadrant Kepco BOP100-1M 
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(i.e.,  0 to +/- 100 V, 0 to +/- 1 A) bipolar operational power supply/amplifier (PS-1 in Figure 3-

6). This Kepco power supply is also integrated into the DAQ system to allow for computer 

control. Figure 3-6 shows the circuit schematic of the hot filament source, the biasing mesh, the 

blocking disk, grounding mesh, rf antenna and matching network, and the different power 

supplies used to control this portion of the experiment. 

 

Figure 3-6: Schematic interpenetrating plasma experiment. The rf antenna and matching network are shown at the 
bottom of the schematic and the hot filament source circuit is shown at the top, where PS-1 controls the bias on the mesh, 
PS-2 controls the bias voltage on the filament source relative to the biasing mesh, and PS-3 resistively heats the filament 
source. The biasing grid allows the plasma potential of the filament plasma to be controlled independently from the rf 

plasma potential. This allows a localized radial electric field to form near the boundary between the plasmas. The 
blocking disk is electrically connected to the biasing grid, which limits the amount of parallel current in the experiment. 
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The mesh attaches to the back of a 0.25 inch thick Macor disk that has a 3 inch outer 

diameter.  The disk has a 0.94 inch diameter hole at the center to allow the filament plasma to 

pass through into the main chamber. The Macor disk, also keeps the rf plasma electrically 

isolated from the biasing mesh. A 0.25 inch thick aluminum disk (with the same dimensions as 

the Macor) attaches to the front of the Macor in order to terminate the rf plasma (“d” in Figure 3-

7). Threaded rod is used to keep the filament aligned with the hole in the Macor, and ensures that 

the aluminum disk is electrically connected to the aluminum ring stand (and chamber ground). 

 

Figure 3-7: The filament assembly includes: (a) the tungsten filament, (b) the aluminum ring used to hold the assembly in 
place in the water-cooled section, (c) a stainless steel mesh that is used to bias the filament plasma, and (d) an aluminum 

disk to insure the rf plasma remains grounded.  

A blocking disk (Figure 3-6 and Figure 3-8) is used to isolate the center of the rf plasma 

and to terminate the filament plasma. The disk is made from 1 inch diameter, 0.5 inch thick 

Macor, with 1 inch diameter, 0.063 inch thick stainless steel disks attached to either side. The 

Macor is needed between the stainless steel disks to electrically isolate the plasmas from each 

other. The side facing the filament plasma can be biased to the same potential as the stainless 

steel mesh, as is shown in the experimental schematic in Figure 3-6. By biasing the blocking 
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disk, the entire filament plasma can be maintained at a single potential that can be set 

independently of the outer, rf plasma. This helps to avoid drawing any field aligned current in the 

plasma. A threaded rod screws into the side of the Macor and covered in single-bore ceramic 

tubing to keep the blocking disk upright. The blocking disk is inserted into the vacuum vessel 

from the Port 1, bottom flange. 

 

Figure 3-8: A blocking disk is used block out the center of the rf plasma, and to terminate the filament plasma. One side 
of the disk is biased to the same potential as the stainless steel mesh, so that a uniform plasma potential can be set on the 

filament plasma. 

 A high transparency stainless steel mesh is also added to the six-way cross (just behind 

the antenna) to keep the rf plasma electrically connected to chamber ground and ensure that a 

constant electric field between the rf and filament plasmas could be reproduced. The mesh also 

completes the Faraday cage around the rf antenna, thus reducing the amount of rf noise that is 

picked up by the various instruments and diagnostics used in the lab. 

3.6. Diagnostics 

There are several different types of in-situ diagnostics used on ALEXIS. This wide 

variety of diagnostics allows the measurements of plasma potential (3.6.1), electron density and 
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temperature (3.6.2), electrostatic fluctuations and wavenumbers (3.6.3), and electromagnetic 

fluctuations (3.6.4). 

3.6.1. Emissive probe 

In 1923, Irving Langmuir described two ways to measure plasma potential.102 The first 

method uses a cold Langmuir probe (which will be described in 3.6.2) and the second using an 

emissive probe. While both techniques have been proven to give an accurate measurement of the 

plasma potential, it can be more challenging to determine the plasma potential from a Langmuir 

probe trace. Using an emissive probe can overcome many of the difficulties that often 

accompany the Langmuir probe.103 When a probe is inserted into a typical laboratory plasma, the 

probe collects more electrons than ions because of the higher mobility of the electrons. This 

causes the probe to acquire a potential lower than the plasma potential, called the floating 

potential. The floating potential allows the probe to collect additional ions in order to maintain a 

zero net current.103 The purpose of the emissive probe is to heat the tip until the floating potential 

reaches the plasma potential. To achieve this, the tip is heated to a temperature where electrons 

are emitted (thermionic temperature) and this current dominates the ion current.104 When the 

electron emission exceeds the electron saturation current, the probe will float to a potential that is 

approximately the plasma potential.102,103 
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Figure 3-9: Example of the double emissive probe that is used on ALEXIS. Both loops are made from 0.1 mm diameter 
tungsten wire that has been set in a 3 mm diameter loop. 

An electrically floating double emissive probe is used in ALEXIS (Figure 3-9). The 

probe tips are made from 0.1 mm diameter tungsten wire set in a 3 mm diameter loop. The 

emissive probe only has tungsten at the tip, with 18 AWG copper running through the ceramic in 

order to reduce the power requirements. Only one tip on the probe is used at a time, with the 

other tip serving as a backup. Using a GW Instek model GPR-3060D (30 A, 6 V) dc power 

supply, the tips are heated to thermionic temperatures (T > 2000 K).105 This probe setup is 

mounted on a linear probe drives so that the probe position can be controlled via computer. 

The emissive probe is calibrated to find the correct heating current that must be applied to 

get an accurate reading of the plasma potential. When the probe is inserted into the plasma 

column, a bias voltage applied to the tip is swept from -60 V to +60 V using a Keithley 2400 

source meter. The current collected by the probe tip is recorded for different applied voltages 

(called an I-V characteristic trace). This was repeated for several different heating currents. 

Figure 3-10 shows the floating potential as a function of the heating current. As the heating 

current is increased, the floating potential increases asymptotically to the plasma potential. The 

calibration process is performed in the rf plasma (black curve) and filament plasma (red curve) 

independently, and again when both plasmas are on (blue curve). The vertical dashed lines show 

the appropriate heating currents to use in order to measure the plasma potential accurately in 
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each case. For the rf plasma, an appropriate heating current is 1.73 A (black dashed line), and 

1.60 A (red dashed line) for the filament plasma heating current. When both plasmas are on, a 

heating current of 1.65 A (blue dashed line) is used. 

 

Figure 3-10: The floating potential measured using an emissive probe as a function of the applied heating current for just 
an rf plasma (black), just a filament plasma (red) and both plasmas (blue). The dashed curves indicate the appropriate 

heating currents used to measure the plasma potential. 

The emissive probe measures the floating potential (when cold) or the plasma potential 

(when heated). As the probe moves radially across the plasma column, 10 voltage measurements 

are recorded at each radial position by an Agilent 34401A digital multimeter (DMM). The 

potential is calculated by taking the average of the measurements at each radial position. The 

potential profile is differentiated using the 2nd order central method to calculate the electric field, 

 
𝐸𝑖 =

1
2 𝑑𝑥

�𝑉𝑝 𝑖+1 − 𝑉𝑝 𝑖−1� 𝑓𝑜𝑟 𝑖 = 0,1,2, … ,𝑛 − 1 (3-1) 

where Vp is the plasma potential at a given position, dx is the distance between positions of the 

measurements and n is the number of measurements taken. 

3.6.2. Langmuir probes:  single and double probe 
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Langmuir probes were one of the earliest diagnostics used to measure basic plasma 

parameters such as the floating and plasma potential, electron density, and the electron 

temperature.106 A Langmuir probe can be as simple as a small wire that is placed into the plasma. 

The plasma parameters can be determined from the current-voltage (I-V) characteristic trace, 

which is a plot of the current flowing through the probe as a function of the bias voltage 

(measured relative to ground) that is applied to the probe. The most common interpretation of the 

Langmuir probe I-V trace is based upon the assumption of a quasi-neutral, Maxwellian plasma at 

infinity that has warm electrons with an electron temperature, Te, and cold ions with an ion 

temperature, Ti ≈ 0. An example of a typical Langmuir probe characteristic trace is shown in 

Figure 3-11.  It is noted that a typical Langmuir probe I-V trace is oriented such that a net ion 

current is negative and a net electron current is positive. 

As noted above, the Langmuir probe trace represents the current collected by the probe as 

a function of the applied bias voltage.  The total current collected at any bias voltage (V) is the 

sum of ion and electron currents to the probe.  This result is well established in plasma physics 

and is discussed widely in the literature.107–109 The total current is given by103,108: 

 
𝐼 = 𝐼𝑖 + 𝐼𝑒(𝑉) = 𝑒𝑛𝑜𝐴�
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𝜋𝑚𝑒
𝑒𝑥𝑝 �

𝑒�𝑉 − 𝑉𝑝�
𝑇𝑒

�� (3-2) 

where mi is the ion mass, me is the electron mass, A is the surface area of the probe, n0 is the 

plasma density, Vp is the plasma potential, and e is the fundamental electron charge (1.6 × 10-19 

C).  The first term (Ii), which is independent of the bias voltage, represents the ion saturation 

current.  The second term (Ie), which is dependent on the bias voltage, represents the electron 

current. 
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When plotted, there are several important features to note on the Langmuir probe I-V 

trace (Figure 3-11). First, the ion saturation current (lower dashed line) is the maximum negative 

current the probe can draw and is independent of voltage, as indicated in Equation 3-2.  The 

electron saturation current (upper dashed line) is the maximum positive current the probe can 

draw. The blue dot represents the floating potential, which occurs where there is no net current. 

The dashed green lines in Figure 3-11 show the linear fits to the electron saturation and transition 

regions. The plasma potential, represented by the red dot, is taken as the point where the two fits 

cross. The single tipped Langmuir probe traces are often difficult to interpret in rf-generated 

plasmas due to the rapid oscillations of the plasma potential. An alternative method is the double 

probe. 

 
Figure 3-11: A typical I-V characteristic trace taken with a single tipped Langmuir probe. The horizontal dashed lines 

represent the electron saturation current (upper) and the ion saturation current (lower). The blue dot shows the location 
of the floating potential, where the net current is zero. The green dashed lines represent the linear fits to the electron 

saturation and transition regions. The point where the linear fits meet is the plasma potential, which is represented by the 
red dot. 

A double probe, as seen in Figure 3-12, has two identical Langmuir probe tips. The pair 

of probes are configured to electrically float so that there is no net current collected by the two 

probes.109 Instead, as the two probe tips are biased relative to each other, current flows from one 
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tip to the other.  As a result, the largest double probe current is limited to the ion saturation 

current.  

 

Figure 3-12: An example of a double probe used in ALEXIS. The probe tips are made of 2 mm diameter stainless steel 
and are inserted into ceramic tubing. The probe tips protrude 2 mm out of the ceramic tubing, and are separated by 2.5 

mm. The surface area of each probe tip is 0.157 cm2. 

For the experiments on ALEXIS, the double probe has 2 mm diameter stainless steel tips. 

The tips protrude 2 mm out of ceramic tubing (4 mm outer diameter, 2.4 mm inner diameter) into 

the plasma. The probe tips are separated by 2.5 mm and each tip has a surface area of 0.157 cm2.  

The probe tips are biased relative to each other using a Keithley 2400 Sourcemeter. 

The electron density and temperature can be derived from the characteristic current-

voltage (I-V) trace of the double probe. A typical double probe characteristic trace for the 

ALEXS double probe is shown in Figure 3-12. Assuming two identical probe tips, then the trace 

can be fitted using 

 𝐼 = 𝐼𝑠𝑖 tanh �
𝑒𝑉
2𝑇𝑒

� (3-3) 
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where I is the current collected, Isi is the ion saturation current, e is the electron charge, V is the 

voltage difference between the two tips, and Te is the electron temperature.103 Modifications to 

Equation 3-3 are made to account for geometric and plasma sheath effects110 so that, 

 𝐼(𝑉) = 𝑎0(𝑉 − 𝑎1) + 𝑎2 tanh �
𝑉 − 𝑎1
𝑎3

� + 𝑎4 (3-4) 

where ao is the slope of the ion saturation region (due to sheath effects), a1 is the current offset, 

a2 is the ion saturation current, a3 is the slope of the transition region about zero volts (dI/dVV=0) 

and a4 is the voltage offset. The current and voltage offsets are due to differences between the 

tips of the double probe. Figure 3-13 shows typical double probe data (black) and the modified 

hyperbolic tangent fit in Equation 3-4 (green). The electron temperature (Te) and electron density 

(ne) are calculated using, 

 𝑇𝑒 =
𝐼𝑠𝑖

2𝑑𝐼 𝑑𝑉𝑉=0⁄ =
𝑎2

2𝑎3
 (3-5) 
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where the electron temperature is in electron volts (eV), A is the surface area of the probe tips 

and mi is the ion mass.109 
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Figure 3-13: An example of a typical characteristic trace from a double probe (black) and the hyperbolic tangent fit 
(green). The electron temperature can be calculated using the slope when there is zero bias between the probe tips. The 

electron density can be calculated using the electron temperature and the ion saturation current. 
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3.6.3. “k” – probe 

A “k” - probe, which is shown in Figure 3-14, is an electrically floating pair of single 

tipped Langmuir probes that is used to determine the wavenumber (i.e., “k”) of electrostatic 

fluctuations in the plasma.  This is accomplished by simultaneously recording the potential 

fluctuations in the plasma from each tip. By measuring potential fluctuations, it is possible to 

calculate the frequency and relative amplitude of instabilities in the plasma, as well as 

determining the wavelength and wavenumbers of the fluctuations. The probe tips are made from 

2.7 mm diameter tungsten that protrude 2 mm out of double bore ceramic and have a separation 

distance of 3 mm. The probe, which is rotated to different angles by hand, is mounted on a linear 

probe drive which is computer controlled. 

 
Figure 3-14: An example of a “k”-probe that is used in ALEXIS to calculate the wave number and wavelength of 

electrostatic fluctuations. It is made from 2.7 mm diameter tungsten that extends 2 mm from 2-bore ceramic tubing. The 
probe tips are separated by 3 mm. 

To calculate the frequency and relative amplitude of the instability, the potential 

fluctuations are measured on one probe tip at different radial positions in the plasma. In order to 

minimize noise in the signal, 5 data sets are taken at each radial position and are averaged 
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together. A Fast Fourier Transform (FFT) is performed on the signal which yields a frequency 

spectrum like the one shown in Figure 3-15. 

 

Figure 3-15: Example of a frequency spectrum. The frequency of the instability is 73.31 KHz. 

The frequency of the instability (73.31 KHz in the example spectrum) is calculated at the 

same radial position as the largest amplitude fluctuations occur. The peak wave power is 

calculated at each radial position for a given frequency range around the peak amplitude of the 

instability and is then plotted as a function of the radial position, as is shown in Figure 3-16. In 

this example, the largest amplitude fluctuations occur at roughly 0.4 cm. This becomes important 

when measuring the wavenumber and wavelength of the instability. 
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Figure 3-16: Example of the peak wave power plotted as a function of the radial position. This shows that the largest 
amplitude fluctuation occurs near 0.4 cm. 

The magnitude and phase difference of the signal between the two probe tips are needed 

to calculate the wavenumber and wavelength of the wave. If the phase difference between the 

two probe tips is zero, then the wave reaches the tips at the same time. However, if the wave 

reaches them at different times, then there is a phase difference between the time signals 

recorded by the probe tips. An example of this is shown in Figure 3-17. 

 
Figure 3-17: The red and black circles represent the probe tips of the “k”-probe. When a wave front hits the probe tips 
simultaneously (top) there is no phase difference in the recorded time signals. However, when the wave hits the tips at 

different times (bottom), the phase difference between the signals is maximum. 
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The “k”-probe is set to the same radial location as the peak wave power (where the 

largest amplitude fluctuations occur). The probe is then rotated through different angles, which 

changes the orientation of the probe tips with respect to the background magnetic field. At each 

angle, the voltage fluctuations are measured simultaneously from each probe tip. A cross power 

spectrum is used to calculate the magnitude and phase difference between the two time domain 

signals.111 The cross power spectrum is calculated using, 

 𝐶𝑃𝑆 =
𝐹𝐹𝑇(2) × 𝐹𝐹𝑇∗(1)

𝑁2  (3-7) 

where N is the common number of data points between the two signals, FFT(2) is the Fast 

Fourier Transform of the signal from one probe tip, and FFT*(1) is the complex conjugate of the 

fast Fourier transform of the signal from the other probe tip. The magnitude yielded by the cross 

power spectrum is fit with a Lorentzian curve, 

 
𝑦 =

𝑎 × ℎ2

ℎ2 + (𝑥 − 𝑓)2
+ 𝑐 (3-8) 

where a is the maximum amplitude, h is the frequency value at the half-width and half-

maximum, f is the frequency at which the maximum amplitude occurs, and c is the background 

noise of the signal. Figure 3-18 shows the cross power spectrum and the corresponding 

Lorentzian curve fit. 
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Figure 3-18: Example of the Lorentzian curve (red) fit to the cross power spectrum (black). 

The half-maximum is calculated on both sides of the curve, and the average phase difference110 

between those two points is calculated for each angular position, as shown in Figure 3-18. 

 

Figure 3-19: The average phase difference is calculated from the phase difference array (blue) between the half maximum 
points (black dashed lines) on the Lorentzian fit (red) of the cross power spectrum.  

The phase difference is plotted as a function of probe rotation angle and fit with a 

sinusoidal curve. If several wavelengths fit between the probe tips, then a sinusoidal curve would 

not fit the data and the phase could not be accurately measured. On the other hand, if the 

wavelength of the instability is much larger than the probe tip separation, it can also become 
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difficult to make an accurate measurement of the phase difference. Figure 3-20 shows a typical 

data set that has been fit with a sinusoidal curve, where at zero degrees, the probe tips are parallel 

to the background magnetic field, and at 90 degrees they are perpendicular to the magnetic field. 

 
Figure 3-20: Example of phase data plotted as a function of angle with respect to the magnetic field. The data (circles) is 

fit with a sinusoidal curve (solid line) which indicates that the probe tip separation is an appropriate distance. The 
maximum phase occurs at the angle of propagation. 

The maximum phase difference occurs at the propagation angle of the instability, and can be 

used to calculate the magnitudes of the wavenumber and wavelength of the instability,  

 𝑘 =
Δ𝜙
Δ𝑥

 (3-9a) 

 𝜆 =
2𝜋
𝑘

 (3-9b) 

where k is the wavenumber, Δɸ is the phase difference, Δx is the probe tip separation, and λ is 

the wavelength. 

To extract out the parallel and perpendicular components of the wavenumber, the 

wavenumber is calculated from the phase difference at each probe angle and this data is also fit 

with a sinusoidal curve. The parallel wavenumber is calculated from the averages of the 
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wavenumbers at 0, 180 and 360 degrees. The perpendicular wavenumber is calculated from the 

average of the wavenumber at 90 and 270 degrees. This is assuming that kx is small so that the 

perpendicular wavenumber can be approximated as ky.  

3.6.4. Magnetic Loop (B-dot) probe 

The original intent of this research was to study the transition between electrostatic and 

electromagnetic modes. A magnetic loop probe, or a “B-dot” probe, is a diagnostic probe that is 

used to measure electromagnetic fluctuations.  The operating principle of a magnetic loop probe 

is relatively straight-forward.  According to Faraday’s law, a time-changing magnetic field will 

induce a voltage in a coil. The integral form of Faraday’s law can be written as: 

 
� 𝑬��⃑ ⋅ 𝑑𝒍���⃑
𝑪𝒐𝒊𝒍

= �
𝑑𝑩��⃑
𝑑𝑡

⋅ 𝑑𝒔�⃑
𝒔

 (3-10) 

On the left hand side of Equation 3-10, the voltage induced is determined by integrating the 

electric field around the coil. If the magnetic fluctuations can be represented by the harmonic 

form103, 𝑩��⃑ ~𝑩��⃑ 𝑒−𝑖𝜔𝑡, then the derivative, 𝑑𝑩
��⃑

𝑑𝑡
→ −𝑖𝜔𝑩��⃑ .  Therefore, Faraday’s law can then be re-

written as: 

 𝑉 = 𝑖𝜔𝐴𝐵�⃑ ⋅ 𝑛� (3-11) 

where A is the area of the coil and 𝑛� is the unit vector perpendicular to the plane of the coil. So if 

the area of the coil is known, and the frequency and voltage across the coil are measured, then 

the amplitude of the fluctuating magnetic field can be calculated. 

The magnetic loop probe uses a three-axis configuration to make simultaneous 

measurements of the magnetic field fluctuations both parallel and perpendicular to the magnetic 
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field.  The probe is made of three 8.2 μH inductor coils that have a loop cross sectional area of 

2.54 x 3.05 mm2 and are made from 50 turns of wire. An example of one of these inductors can 

be seen in Figure 3-21a. A twisted pair of wires is soldered to each end of the inductor to reduce 

the noise seen in the signal and inserted into a single bore ceramic tube. The inductors are then 

coated with Ceramabond 569 to electrically insulate and hold them in place at the end of the 

ceramic tubing, which is placed in stainless steel tubing for shielding purposes. To eliminate any 

capacitive pickup, tin foil is placed over the probe tips and is coated with another layer of 

Ceramabond 569 to ensure that the probe is insulated from electrostatic fluctuations in the 

plasma and to keep it securely connected to the stainless steel tubing. The stainless steel tubing is 

then covered with heat shrink tubing to keep the probe shaft electrically isolated from the 

plasma, and grounded to the ALEXIS chamber to create an electrostatic shield. The probe 

assembly is mounted on a motor driven linear feed-through and is controlled via computer. The 

designs for the magnetic loop probe shown in Figure 3-21b are based on designs from the Naval 

Research Laboratory (NRL). 
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Figure 3-21: a) An example of an 8.2 μH inductor used for the magnetic loop probes prior to being insulated (left) and b) 

a three axis magnetic loop probe after being insulated with Ceramabond 569 (right). 

A differential amplifying circuit is used to subtract out the common mode noise to reduce 

capacitive pickup and amplify the remaining signal from the magnetic loop probe. The inverting 

branch of the circuit makes use of an NE5534P operational amplifier and has a gain of 33 with a 

common mode rejection ratio of 33. The non-inverting branch of the circuit makes use of a 

LT1028 low noise operational amplifier that further amplifies the signal by 34. Various 

capacitors were included to decrease the rf noise in the circuit.112 Table 3-2 lists the values of the 

capacitors and resistors, and the operational amplifiers used in the circuit. 

(a) 

(b) 
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Table 3-2: Component list for the differential amplifying circuit. 

Printed Circuit Board code Component 

R1, R2 10 Ω 

R3, R4 330 Ω 

R5 3.3 kΩ 

R6 100 Ω 

R7 50 Ω 

C1, C2 10 μF Tantalum 

C5 – C8 10 μF ceramic 

U1 NE5534P 

U2 LT1028 

 

Figure 3-22 shows (a) a schematic of the amplifying circuit used and (b) the layout of the printed 

circuit board used in the experiment. 



73 
 

 

 
Figure 3-22: (a) The inverting to non-inverting differential amplifying circuit used to amplify the signal from the 

magnetic loop probe. The inverting circuit is the first stage (the first op-amp) and the non-inverting circuit is the second 
stage (the second op-amp). (b) The printed circuit board, where the traces on the bottom layer are shown in green. The 
traces on the top layer are shown in red. The component outlines are shown in yellow. The circuit has an overall gain of 

1000. 

In order to calculate the amplitude of the fluctuating magnetic field in the plasma, the 

effective inductor area must be calculated as a function of frequency. To calibrate the probe tips, 

a HP33120A, 15MHz function/arbitrary waveform generator was used to put a 10 volt amplitude 

sinusoidal wave on a 9 cm diameter Helmholtz coil with 10 turns. The current in the Helmholtz 

coil creates a fluctuating magnetic field that is calculated by110, 

(a) 

(b) 
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𝐵 = �

4
5
�
3/2 𝜇𝑜𝑁 𝐼

𝑅
 (3-12) 

where N is the number of turns on the Helmholtz coil, R is the radius of the coil, and I is the 

current. A 0.1 V/A Pearson coil was used to read the current in the Helmholtz coil. A HP54600B 

100 MHz oscilloscope was used to display the current from the Pearson coil, and the signal from 

the magnetic loop probe. Using Equations 3-11 and 3-12, the effective area of each inductor is 

calculated while each inductor was both parallel and perpendicular to the magnetic field of the 

Helmholtz coil. In Figure 3-23, the solid lines represent the effective area when the inductors 

were parallel to the field, and the signal was at a maximum, and the dashed lines represent the 

area when the signal was at a minimum (inductors being perpendicular to the field). Each color 

represents a different inductor. A resonant frequency is seen near 500 kHz. The “B-dot” probe 

that was built for use in the ALEXIS device was not used in the research presented in the 

chapters that proceed. However, it is important to discuss this diagnostic, as future experiments 

in ALEXIS can make use of it. 
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Figure 3-23: Magnetic loop probe inductor area as a function of frequency. The solid lines show the area when the 
inductor was parallel to the magnetic field, and the dashed lines show the area when the inductor was perpendicular to 

the field. Each color corresponds to an individual inductor. 
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Chapter 4: Experimental Results 
 

 

As discussed in Chapter 1, previous experiments performed in the ALEXIS device 

focused on electrostatic instabilities driven by sheared flows when the ion gyro-radius was of the 

same order as the shear scale length.17–19,72 These instabilities are found in the ion cyclotron 

frequency range and can be driven by both perpendicular and parallel velocity shear. The goal of 

this project was to study a different regime of transverse shear driven instabilities that can arise 

when the ion gyro-radius (ρi) is larger than the shear scale length (LE). In this regime, the 

electrons are magnetized in the shear layer, but the ions are effectively un-magnetized. The 

resulting shear driven instability occurs at a frequency well above the ion cyclotron frequency 

(Ωci) and closer to the lower hybrid frequency (ωLH). This mode is known as the electron-ion 

hybrid (EIH) instability.74  

The EIH instability has been studied both theoretically and experimentally, as was 

discussed in Chapter 1. To better simulate the conditions of magnetospheric boundary layers 

where the EIH instability occurs naturally, this experiment investigates the EIH instability in the 

presence of a density gradient. In order to the create highly localized electric fields and density 

gradients that are often observed at plasma boundary layers, ALEXIS was redesigned to include 

a secondary plasma source.113 Section 4.1 will discuss the plasma parameters of each, and show 

that the addition of the secondary plasma source was necessary in order to drive an instability in 
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the lower hybrid frequency range. The impact of having two different plasma sources on the 

cylindrical symmetry of the experiment will also be discussed. 

Section 4.2 of this chapter is divided into two parts. The first part begins by presenting an 

electrostatic instability observed in the interpenetrating plasma configuration of ALEXIS. The 

instability driving mechanism and experimental results will be discussed in the context of the 

theoretical models presented in Section 2.2. An original goal of this experiment was to not only 

study the effect of a density gradient on the EIH instability, but to also study the instability as the 

plasma density is varied from a spatially uniform profile to a profile with a density gradient. 

However, in the presence of a uniform density profile, the EIH instability was not observed. This 

result will be explained as a theoretically consistent consequence of the finite length of ALEXIS. 

Finally, Section 4.3 presents the results of an ion gyro-radius modification experiment 

performed by varying the magnetic field strength. This experiment will show the transition 

between three transverse shear driven modes in a single experiment for the first time. The 

mechanism responsible for the mode transition will be discussed. 

4.1 Dual plasma parameter measurements  

As discussed in Chapter 3, ALEXIS was completely reconfigured for these experiments.  

With the addition of the filament plasma source, ALEXIS now has three possible experimental 

configurations when the blocking disk is in place; the rf plasma with a void in the center, the 

filament plasma only, and the interpenetrating plasma (both the rf plasma and the filament 

plasma). The difference in the plasma parameters in the three configurations will be examined 

and it will be shown that in order to excite electrostatic instabilities in a region of intense sheared 

plasma flow, the interpenetrating plasma configuration is essential to the experiment. In the 
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figures presented in this section, the rf plasma data is shown in black (circles) and the filament 

plasma data is shown in red (squares). The interpenetrating plasma configuration measurements 

are represented by blue (diamonds). The experimental operating conditions for the data presented 

in this section are listed in Table 4-1. The radial profiles for the (a) plasma potential, (b) electric 

field, (c) electron density and (d) electron temperature are shown in Figure 4-1, where the shaded 

region marks the radial location of the blocking disk. The edge of the shaded region represents 

the approximate location of the boundary between the rf and filament plasmas. In these plots, r = 

0 cm denotes the center of the plasma column and r = 5 cm corresponds to the vacuum vessel 

wall. These experiments were all performed using argon plasmas. 

Table 4-1: The operating conditions used for the plasma parameter comparison experiment. 

 rf Plasma Filament Plasma Dual Plasma 
Neutral Gas Argon Argon Argon 
Magnetic Field (Gauss) 146 146 146 
Neutral Pressure (mTorr) 0.26 0.26 0.26 
rf Power (W) 30 Off 30 
Emission Current (mA) Off 60 60 
Grid Bias (V) 85 85 85 
Filament Bias (V) Off -15 -15 
Electron Cyclotron Frequency (GHz) 2.57 2.57 2.57 
Ion Cyclotron Frequency (kHz) 35 35 35 
Electron Plasma Frequency (MHz) 284.7 900.2 636.6 
Ion Plasma Frequency (MHz) 1.05 3.32 2.34 
Lower Hybrid Frequency (MHz) 1.04 3.13 2.28 

 

The plasma potential profiles shown in Figure 4-1(a) are generated using an emissive 

probe mounted at Port 3 that is scanned radially across the plasma starting from the outermost 

edge (r = 5 cm) to the center of the column (r = 0 cm) in 2 mm steps. When the rf plasma is on 

and the blocking disk is biased to 85 V, the spatial structure of the plasma potential varies little, 

indicating that the bias voltage applied to the blocking disk and biasing grid do not modify the 
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spatial structure of plasma potential. As discussed in Section 3.5, the potential of the filament 

plasma is controlled by varying the bias applied to the mesh and blocking disk. In the case of the 

filament plasma, the magnitude of the plasma potential is approximately equal to the bias applied 

to the biasing mesh. The spatial structure of the plasma potential is significantly modified, 

decreasing sharply in the center of the plasma. In the interpenetrating plasma configuration, the 

magnitude of the plasma potential (~ 60 V) is less than the bias voltage applied to the mesh (85 

V), and the spatial structure is again significantly modified near the boundary between the 

plasmas, indicating that a transverse electric field is generated in this region. 

The electric field profiles shown in Figure 4-1(b) are calculated from the negative 

gradient of the plasma potential profiles. Note that a positive electric field indicates that a 

radially outward electric field is present, while a negative electric field corresponds to a radially 

inward electric field in the plasma.  With a large bias voltage applied to the blocking disk, a 

small radially outward electric field (~ 4 V/cm) is generated in the rf plasma void configuration. 

There is a large electric field with a peak strength of approximately 45 V/cm produced near the 

center of the filament plasma. In this configuration, the shear scale length, which is calculated 

from the half-width at half-maximum of the radial electric field profile, is approximately 0.3 cm. 

An electric field with LE = 0.45 cm and a peak magnitude between 20 and 30 V/cm is observed 

at r = 0.4 cm in the interpenetrating plasma configuration. Note that with a magnetic field 

strength of 146 Gauss and assuming an ion temperature of 0.02 eV, the ion gyro-radius is 

calculated to be 0.88 cm. Therefore, the electric fields generated in both the filament and dual 

plasma configurations have shear scale lengths that are 2 to 3 times smaller than the ion gyro-
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radius, creating conditions that are favorable for the generation of shear driven instabilities in the 

lower hybrid frequency range. 

 

Figure 4-1: The measured plasma parameters for the rf plasma with the blocking disk in the center (circles, black), the 
filament plasma only (squares, red), and the interpenetrating plasma configuration (diamonds, blue). The radial profiles 

for (a) plasma potential, (b) electric field, (c) electron density, and (d) electron temperature are shown for each 
configuration. 

To measure electron density profiles, a double tipped Langmuir probe at Port 4 is 

scanned radially across the plasma column from r = 5 cm to r = 0 cm in 0.2 cm steps. At each 

radial position, the voltage across the probe tips is swept from -120 V to +40 V, creating a 

current-voltage characteristic trace similar to the one shown in Figure 3-12. Using the methods 

discussed in Section 3.6.2, the electron density is then calculated at each radial position. Figure 

4-1(c) shows the resulting electron density profiles. The maximum rf plasma density is 

approximately 0.2 × 1015 m-3 and is observed to near r = 2.6 cm. The electron density decreases 
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in the central region of the blocking disk, creating a density depletion region in the center of the 

plasma. The rf antenna edge is located at r = 2.5 cm, which accounts for the peak in density near 

this location. The peak filament plasma density is approximately 0.9 × 1015 m-3 and is almost an 

order of magnitude greater than the rf plasma density in the center of the plasma column. In the 

dual plasma configuration, there is an increase in the density near the rf antenna edge, after 

which the density decreases. However, instead of a region of density depletion, the electron 

density is observed to increase again in the filament plasma region. It appears that the plasmas 

are coupled to each other, in that their individual densities do not combine to create a higher 

density plasma, but instead appear to create a plasma with a density greater than the rf plasma, 

but less than the filament plasma density. By adjusting the emission current, the filament plasma 

density can be increased or decreased to create a uniform density plasma or a plasma with a large 

density gradient. This will be illustrated in Section 4.2. 

Finally, Figure 4-1(d) shows the radial electron temperature profiles, which are measured 

in the same manner as described for the electron density profiles. For all configurations, the 

electron temperatures outside of the blocking disk edge are relatively constant between 4 and 7 

eV. Note that large temperatures are often calculated at radial positions outside of 4.5 cm. These 

measurements are somewhat unreliable due to the low plasma densities (ne < 1013 m-3) measured 

at the edge of the chamber. However, inside the perimeter of the blocking disk, the temperatures 

differ greatly between the three configurations. The rf plasma has an electron temperature that 

remains constant across the plasma column (~ 5 eV), but the filament electron temperature 

increases to approximately 20 eV in the center of the chamber. The large increase in the filament 
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electron temperature is believed to be from primary electrons that are accelerated away from the 

filaments. 

It is noted that in earlier configurations of ALEXIS, a filament source was the primary 

plasma source.71 In this configuration, a secondary grid was placed in front of the filaments in 

order to decelerate electrons and to reduce the number of primary electrons entering the main 

experimental section. Typical electron temperatures were measured using double tipped 

Langmuir probes to be between 3 and 8 eV. However, for these experiments, there is no grid in 

place to decelerate the electrons, which may lead to a larger population of the primary electrons. 

To measure floating potential fluctuations that may be driven by the radial electric field 

generated in the plasma, a single tipped Langmuir probe located at Port 5 was placed in the same 

region as the radial electric field (r = 0.8 cm). Figure 4-2(a) shows the fluctuations in the floating 

potential for the three different configurations. The frequency spectra shown in Figure 4-2(b) are 

calculated by taking a Fast Fourier Transform (FFT) of the floating potential fluctuations. The 

spectra plot shows that there are no instability signatures in the rf or the filament plasma 

configurations, in spite of a large radial electric field that was measured in the filament plasma. 

However, in the interpenetrating plasma configuration, an instability with a harmonic is observed 

at a frequency of approximately 42 kHz, or 0.12fLH. There were no instabilities observed in any 

of the configurations below 20 kHz or above 100 kHz. In order to excite a high frequency 

instability in the region of a large transverse electric field, the dual plasma configuration is 

crucial. 
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Figure 4-2: The (a) floating potential fluctuations and (b) the corresponding FFT spectra are shown for the rf plasma with 
the blocking disk in the plasma (black), the filament plasma (red), and for the interpenetrating plasma configuration 

(blue). 

There was a concern about the impact of the addition of the secondary plasma source on 

the cylindrical symmetry of the experiment. The following data was taken under the same 

conditions listed in Table 4-1 in the interpenetrating plasma configuration. The floating potential 

was measured from both sides of the vacuum vessel using two different probes at two different 

axial port locations. Each probe was moved radially into the chamber in 0.2 cm steps from 5 cm 

to the center of the plasma column (0 cm). In Figure 4-3, the data plotted from -5 to 0 cm was 

measured using a Langmuir probe tip located on the left side of the vacuum vessel at Port 5. The 

data plotted from 0 to +5 cm was measured using a cold emissive probe located on the right side 

of the vacuum vessel at Port 3. This figure shows that there is cylindrical symmetry in the dual 

plasma configuration. As a result, radial profiles for the experiments discussed in the following 

sections are only taken from one side of the chamber. 
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Figure 4-3: This plot shows the floating potential measured from both sides of the vacuum vessel. The data from -5 cm to 
0 cm was measured using an electrically floating Langmuir probe on the left side of ALEXIS at port 5. The data from 0 

cm to 5 cm was measured using the emissive probe located on the right side of ALEXIS at port 3. 

In summary, it has been established that a void was successfully created in the primary rf 

plasma by placing a blocking disk in the center, and by doing so, the blocking disk did not 

significantly modify the spatial structure of the plasma potential. The filament plasma was 

observed to fill in the density depletion region, creating conditions where the density gradient 

between the plasmas can be controlled by varying the parameters of the filament plasma. A 

localized electric field with typical shear scale length measured of approximately 0.45 cm, was 

successfully created by biasing the filament plasma to a high voltage relative to the rf plasma, 

and it was shown that this double plasma configuration is necessary in order to drive an 

instability in the same region as the peak electric field. Finally, the azimuthal symmetry of the 

experiment was shown to hold, permitting the measurement of radial profiles from one side of 

the experiment. 
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4.2 Electron-ion hybrid instability experiments 

A previous study using the Naval Research Laboratory’s Space Physics Simulation 

Chamber (SPSC) was conducted to simulate the dynamics of highly localized magnetospheric 

boundary layers and study the EIH instability for the case of a uniform density profile in order to 

isolate the effects of the localized electric field.50 In these experiments, it was shown that if a 

density gradient was introduced into the plasma, the characteristic frequency of the EIH 

instability dropped well below the lower hybrid frequency. However, the EIH instability was 

never fully characterized and studied in the density gradient configuration. 

This experiment serves to study the EIH instability in the case of a density gradient and 

as the spatial structure of the density is transitioned from a large density gradient to no density 

gradient (uniform density). In this section, the discovery of a high frequency electrostatic 

instability and the associated plasma parameters is discussed. The identification of the instability 

driving mechanism is studied, and the experimental results will show the instability is the EIH 

instability, albeit modified by a density gradient. Finally, the results of EIH instability in a 

plasma with no density gradient are presented. 

4.2.1 Density gradient modified electron-ion hybrid instability 

The previous section showed that a localized region of highly sheared plasma flow could 

be created near the boundary of two interpenetrating plasmas. From measurements of radial 

electric field profiles, a typical shear scale length was calculated to be approximately 0.45 cm. 

To excite the EIH instability, the ion gyro-radius, which can be controlled via the magnetic field 

strength, must be larger than the shear scale length. Figure 4-4 shows the calculated electron 

(red) and ion (black) gyro-radii as a function of magnetic field strength. The average calculated 
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shear scale length is indicated by the horizontal dashed line (blue), and the vertical dashed line 

(blue) represents the magnetic field strength where the ion gyro-radius becomes larger than the 

shear scale length. Therefore, in order to run the experiment in the correct regime, the magnetic 

field strength must be less than 300 Gauss. 

 

Figure 4-4: The calculated ion (black) and electron (red) gyro-radii are shown as a function of the magnetic field. The 
horizontal dashed line (blue) indicates a typical measurement of the shear scale length, LE. The vertical dashed line (blue) 
indicates that the ion gyro-radius becomes larger than the shear scale length for magnetic field strengths less than 290 G. 

The EIH instability is found in the lower hybrid frequency range, where the lower hybrid 

frequency, 𝜔𝐿𝐻
2 = 1 �(Ω𝑐𝑖Ω𝑐𝑒)−1 + 𝜔𝑝𝑒−2�⁄ , is dependent on the magnetic field strength and the 

electron density. To pinpoint the correct frequency range in which to find the EIH instability, the 

lower hybrid frequency can be calculated for different magnetic field strengths and electron 

densities. Figure 4-5(a) shows the calculated lower hybrid frequency as a function of the 

magnetic field strength for densities of approximately 4 × 1014 m-3. Under conditions when the 

ion gyro-radius is larger than the shear scale length, the lower hybrid frequency is less than 400 

kHz, and is constant until very low field strengths are reached. 
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Figure 4-5: The calculated lower hybrid frequency (fci) is plotted as a function of (a) the magnetic field strength and (b) 
the electron density. The shaded region in (b) highlights typical electron densities measured in ALEXIS. 

Figure 4-5(b) shows the lower hybrid frequency as a function of the electron density for a 

magnetic field strength of 95 Gauss. From Equation 2-1, the lower hybrid frequency is dependent 

on the density through the ion plasma frequency. The sensitivity of the lower hybrid frequency as 

a function of density is explained by the difference in the values of the plasma and cyclotron 

frequencies from which the lower hybrid frequency is derived. In the high density limit, because 

the inverse of the ion plasma frequency (ωpi) approaches zero, the lower hybrid frequency is 

proportional to �Ω𝑐𝑖Ω𝑐𝑒, where Ωce and Ωci are the electron and ion cyclotron frequencies, 

respectively.2,83 By contrast, in the low density limit, ωLH ~ ωpi.2,83 The lower hybrid frequency 

decreases with decreasing density because the electron cyclotron frequency (high density limit) 

is much larger than the ion plasma frequency (low density limit). The shaded region highlights 

the lower hybrid frequency for the range of densities that can be achieved in ALEXIS. For 

typical conditions in ALEXIS with a low magnetic field strength, the lower hybrid frequency 

(and thus the EIH instability frequency) will be less than 400 KHz. 
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Table 4-2: Operating Conditions for the EIH experiment in ALEXIS. 

Parameter Value 
Neutral Gas Argon 
Magnetic Field (B) 95 Gauss 
Neutral Gas Pressure 0.29 mTorr 
rf Power 40 W 
Filament Emission Current (Ie) 60 mA 
Filament Bias (Vfil) -20 V 
Grid Bias (Vgrid) 80 V 
Ion Temperature (Ti) 0.02 eV 
Ion cyclotron frequency (fci) 3.6 kHz 
Lower hybrid frequency (fLH) 350 kHz 

 

The experiments discussed in this section were performed using the operating conditions 

listed in Table 4-2. The first evidence of a high frequency instability in ALEXIS is shown in 

Figure 4-6. The 3D plot shows the wave power profile and frequency spectrum as a function of 

the radial position for a highly localized electrostatic instability observed in ALEXIS. The FFT 

amplitude is shown on the vertical axis (z-axis), the frequency on the left axis (y-axis), and the 

radial position on the right axis (x-axis), where r = 5 cm represents the edge of the vacuum vessel 

and 0 cm denotes center of the chamber. The colors indicate the FFT amplitude, where red 

corresponds to a large amplitude (3 × 10-5) while dark blue indicates the noise floor of the 

spectrum (5 × 10-6), plotted on a logarithmic scale. On the x-z panel, the wave power profile 

(radial profile of the peak FFT amplitude) shows that the instability amplitude peaks close to r = 

0.6 cm, near the approximate boundary of the rf and filament plasmas. The y-z panel shows that 

the instability is localized in frequency space near 70 kHz (f ~ 0.2fLH). The x-y panel shows the 

FFT amplitude in both frequency space and as a function of the radial position. 
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Figure 4-6: A 3D plot showing the Fourier spectrum of floating potential fluctuations in the presence of a localized electric 
field. The vertical axis and color represent the amplitude of the signal (a.u.), where red indicates a large amplitude and 
blue indicates a small amplitude. The left axis (y-axis) is the frequency (in Hz) and the right axis (x-axis) is the radial 

position (cm). 

The measured plasma parameters are shown in Figure 4-7, where the shaded region in 

each figure represents the blocking disk region. The boundary between the interpenetrating 

plasmas is approximated as the edge of the shaded region. The plasma potential profile is shown 

in Figure 4-7(a). Outside of the blocking disk region, the plasma potential is measured to be 

approximately 60 V and the spatial structure is constant. However, at the blocking disk 

boundary, the plasma potential decreases. The radial electric field profile in Figure 4-7(b) shows 

that outside of the blocking disk region, the electric field is approximately zero and a peak 

electric field of 40 V/cm is located at r = 0.6 cm. As before, a negative electric field indicates 

there is a radially inward electric field in the plasma. The shear scale length is calculated to be 

approximately 0.4 cm and, with a magnetic field strength of 95 Gauss, the ion gyro-radius is 

calculated to be 1.4 cm, so the ion gyro-radius is about 3 times larger than the shear scale length. 
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Figure 4-7: The measured plasma parameters for the observed instability. (a) shows the radial plasma potential profile 
and (b) shows the radial electric field profile as calculated from the plasma potential. (c) shows the electron density and 

(d) shows the electron density gradient profile as calculated from the electron density profile. 

The electron density profile in Figure 4-7(c) shows that there is an increase in the density 

in the shaded region. The corresponding density gradient profile, shown in Figure 4-7(d), shows 

that there is a non-zero density gradient (∇𝑛(𝑥) ~ 3 × 1016 m-4) at the same radial location as the 

peak electric field. Figure 4-6 showed that the peak amplitude of the instability is located at 0.6 

cm, in the same region as both the electric field and the density gradient. 

Since there is both an electric field and a density gradient in the same proximity as the 

observed instability, the driving mechanism of the instability must be identified. This is an 

important point because there are many instabilities than can exist in the presence of both a 

density gradient and a transverse electric field. Instabilities in the lower hybrid frequency range 
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can also be excited by parallel shear in the presence of density gradients. So, it is also important 

to rule out a parallel current as the driving mechanism. 

4.2.1.1 Modification of the electric field profile 

Many known instabilities are found in the lower hybrid frequency range in the presence 

of sheared plasma flows and density gradients. For instance, the lower hybrid drift (LHD) 

instability, which is driven by a large density gradient, has often been observed in plasmas with 

large parallel and perpendicular sheared flows.89,114–116 Shear driven instabilities, such as 

streaming instabilities15,50 and the EIH instability39–41,49,80,92 can exist at magnetospheric 

boundaries where large density gradients are known to exist. These gradients are not the driving 

mechanism of the instabilities, but can substantially modify their properties. Additionally, the 

Farley-Buneman84–86,97 streaming instability, which is often found in the ionosphere, is driven by 

electron beams and can be found in the presence of large electric fields. In this section, the 

mechanism responsible for exciting the electrostatic instability observed in the interpenetrating 

plasma configuration in ALEXIS is determined. 

To determine the driving mechanism, the plasma potential of the filament plasma is 

varied by changing the bias on the grid and blocking disk. A large, positive grid bias corresponds 

to an electric field with a magnitude greater than 15 V/cm. A small positive grid bias 

corresponds to an electric field with a magnitude that is close to zero. In this experiment, the grid 

bias is varied from 100 V to 0 V in 5 V steps. The objective is to find conditions where either the 

density gradient profile or the electric field profile remains constant, and the other parameter 

changes. If the properties of the instability (such as frequency, amplitude, and wave power 

profile) respond to the changing parameter, we can infer that to be the driving mechanism. 
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Figure 4-8 shows the (a) density and (b) density gradient profiles for grid bias voltages of 

75 V (circles, orange), 65 V (squares, green), 55 V (diamonds, blue) and 45 V (triangles, purple) 

as a function of the radial position. As the bias voltage is decreased, the density is observed to 

increase but the spatial structure remains constant and the location of the peak density is always 

localized to r = 0.4 cm. The spatial structure of the density gradient is consistent for each bias 

voltage and the peak density gradient (in the region of interest) is located at r = 0.6 cm for each 

case. The density gradient does not change significantly as the bias voltage applied to the plasma 

is varied. 

 

Figure 4-8: The (a) electron density profiles and (b) electron density gradient profiles as a function of the radial position 
for four grid bias values. 

Since the bias voltage does not appear to modify the density gradient, it is necessary to 

determine if varying the grid bias has an influence on the electric field and instability amplitude. 

Figure 4-9 and Figure 4-10 show the instability amplitude and spectra, respectively, for different 

bias voltages. The spectra are measured at the same radial location as the peak wave power for 

each bias voltage. Figure 4-9 shows the evolution of the instability wave power (blue) and the 

electric field (red) as the grid bias is decreased. The wave power is calculated from the sum of 

the spectrum amplitude between 50 kHz and 100 kHz for each radial position. With a bias 
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voltage of 75 V applied to the grid bias, the filament plasma generates an electric field that is 

localized around 0.8 cm, with a peak electric field strength of 30 V/cm. There is a large 

amplitude wave that is localized to the same region as the electric field.  
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Figure 4-9: The wave power profile (blue) and radial electric field profile (red) are shown for different grid bias values. The profiles are shown for grid bias values of (a) 

75 V, (b) 65 V, (c) 55 V and (d) 45 V (decreasing from left to right). The shaded regions represents where the blocking disk and filament plasma are approximately 
located. The boundary between the rf and filament plasmas is located at the edge of the shaded region. 
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As the grid bias is decreased to 65 V (b), the magnitude of the electric field decreases to 

near 20 V/cm, and as a result, the wave amplitude also decreases. The peak electric field moves 

toward the center of the chamber, and the wave packet follows the electric field, also moving 

inward. With the grid bias decreasing further to 55 V in frame (c), the peak electric field 

decreases and is now localized to the center of the plasma column. The peak wave power also 

moves to 0 cm, with the amplitude dropping significantly. Finally, as the grid bias reaches 45 V 

(d), the electric field drops below 10 V/cm and the peak wave power has now reached the level 

of the noise and there is no longer an instability in the plasma. 

The variation of the bias voltage also has a large impact on the spectra of the instability. 

In Figure 4-10, the spectra acquired at the same radial location as the peak wave power are 

shown, where the spectra for a grid bias of 75 V and 65 V were acquired at r = 0.4 cm, and at r = 

0 cm for grid biases of 55 V and 45 V. The spectra are arranged so that the magnitude of the 

electric field decreases going from the top of the plot to the bottom. The top spectrum (orange) 

corresponds to Figure 4-9(a) when a bias of 75 V is applied to the filament plasma. The bottom 

spectrum (purple) corresponds to Figure 4-9(d), when there was a bias of 45 V applied to the 

plasma. At the 75 V bias, when there is a peak electric field of approximately 30 V/cm, there is a 

large peak in the Fourier spectrum localized in frequency space near 70 kHz. As the electric field 

decreases, the peak amplitude of the spectra also decreases. For a 45 V grid bias, where the peak 

electric field is less than 10 V/cm and the wave power profile reaches the noise level, the 

spectrum shows that there is no instability present. 
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Figure 4-10: The Fourier spectra for grid bias values of 75 V (orange), 65 V (green), 55 V (blue) and 45 V (purple). The 

spectra were measured at r = 0.4 cm, 0.4 cm, 0 cm and 0 cm respectively. 

Given that the density gradient remains constant and the amplitude of both the wave 

power and the spectra react to the changing electric field, it appears that the instability is driven 

by a sheared flow in the plasma. If the instability were driven by a density gradient instead of the 

electric field, the diamagnetic drift frequency (ω*) would be much larger than the shear 

frequency (ωs) where, 

 
𝜔∗ = −

𝑘𝑦𝑇𝑒
𝐵𝑛𝑒

𝜕𝑛𝑒
𝜕𝑥

 (4-1) 

 𝜔𝑠 = 𝐸
𝐵𝐿𝐸 .�  (4-2) 

The ratio of the diamagnetic drift frequency to the shear frequency is plotted in Figure 4-11 as a 

function of the radial position. To calculate this ratio, the electric field, density, and density 

gradient profiles when a 75 V grid bias is applied to the filament plasma are used. 
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Figure 4-11: The radial profile of the diamagnetic drift frequency divided by the shear frequency. The shaded region 
indicates where the blocking disk and filament plasma are approximately located. The boundary between the rf and 

filament plasmas is located at the edge of the shaded region. 

The electric field and the density gradient are both localized to the shaded region where 

the peak wave power is collocated. Figure 4-11 shows that outside of the region of interest, the 

diamagnetic drift frequency dominates and any instabilities localized to this region would be 

driven by a density gradient. However, in the region of greatest shear, the diamagnetic drift 

frequency is much less than the shear frequency, and the shear mechanism dominates. Since the 

instability is localized to this region, it is concluded that the observed instability is driven by the 

transverse velocity shear that is induced by the radial electric field, and not the density gradient. 

In Figure 4-12, scatter plots of the diamagnetic drift frequency divided by the shear 

frequency as a function of the (a) peak electric field and (b) peak density gradient are shown. It 

must be noted that the data presented in the plots is for bias voltages where there was an 

instability observed in the plasma. For large magnitude electric fields, the ratio of the two 

frequencies is very small. But as the peak electric field decreases (which also corresponds to the 

wave amplitude decreasing), the ratio of the frequencies begins to rise. The ratio of the 
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frequencies is also very small for low density gradients, but as the density gradient increases, the 

frequency ratio also increases. For both plots, the shear frequency is always much greater than 

the diamagnetic drift frequency. 

 

Figure 4-12: The ratio of the diamagnetic drift frequency to the shear frequency as a function of (a) the peak radial 
electric field and (b) the electron density gradient measured at the same location as the peak wave power. 

As was discussed in Section 2-1, the Farley-Buneman streaming instability is also found 

near the lower hybrid frequency with un-magnetized ions and magnetized electrons. Because of 

the similarity between this streaming instability and the EIH instability, it is appropriate to rule 

out the mechanism that is responsible for driving the Farley-Buneman instability. In the E region 

of the ionosphere, charged particles mirror bounce back and forth along magnetic field lines. 

When the ion-neutral collision frequency (𝜈𝑖𝑛) substantially exceeds the ion cyclotron frequency, 

the ions can become un-magnetized relative to the electrons and the Farley-Buneman instability 

can develop. The ion-neutral collision frequency is, 

 
𝜈𝑖𝑛 = 𝜎 𝑛𝑛𝑒𝑢𝑡𝑟𝑎𝑙�

𝑘𝐵𝑇𝑖
𝑚𝑖

 (4-3) 
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where σ is the cross sectional area, which for weakly ionized plasmas like those in ALEXIS is 

considered to be117 ~ 5 × 10-19 m2, kB is the Boltzmann constant, Ti is the ion temperature (K), mi 

is the ion mass, and nneutral is the neutral density where, 

 𝑛𝑛𝑒𝑢𝑡𝑟𝑎𝑙 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑘𝐵𝑇𝑖

. (4-4) 

For the observed instability, the ion-neutral collision frequency is 1.16 kHz compared to an ion 

cyclotron frequency of 22.75 kHz. For reference, the electron cyclotron frequency is 167 MHz 

and the shear frequency is 80 MHz. Ions are usually considered to be de-magnetized by 

collisions have a ratio of νin / Ωci >> 1. In this case, νin / Ωci << 1, so collisions with neutrals do 

not de-magnetize the ions, reducing the likelihood of the Farley-Buneman mechanism. However, 

within the shear layer, the ions can be considered to be un-magnetized if two criteria are 

satisfied: ωs / Ωce << 1 and ωs / Ωci >> 1. It is this second case that is satisfied by the 

experimental conditions. Therefore, it can again be concluded that it is the shear flow 

characteristics that are responsible for the observed instability. 

 

 

 

 

The data presented thus far demonstrates that the instability driving mechanism is related 

to the transverse electric field as opposed to a density gradient or streaming electrons. To further 

prove this point, the parallel current was measured on the filament side of the blocking disk (r = 

1.27 cm). The biasing grid is electrically connected to the blocking disk in order to prevent any 

parallel current from arising in the system113 (and thus preventing parallel shear driven 

instabilities). It is essential that a parallel current be ruled out for the driving mechanism. The 

parallel current is measured to be near zero (~ -3 mA), and is nearly constant for all grid bias 
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values. The parallel drift velocity (𝑉∥𝑑𝑟𝑖𝑓𝑡) is calculated from the parallel current in the system 

and is compared to the electron thermal speed (Vthe), 

 𝑉∥𝑑𝑟𝑖𝑓𝑡 =
𝐼

𝑒𝑛𝑒𝐴
 (4-5a) 

 
𝑉𝑡ℎ𝑒 = �

2𝑒𝑇𝑒
𝑚𝑒

 (4-5b) 

where e is the electron charge, ne is the electron density, A is the area of the blocking disk face, 

Te is the electron temperature in electron-volts, and me is the electron mass. Figure 4-13 shows 

the parallel drift velocity normalized to the electron thermal speed, where 𝑉∥𝑑𝑟𝑖𝑓𝑡 ~ 0.1𝑉𝑡ℎ𝑒 is the 

threshold for the onset of current driven ion cyclotron instabilities (red dashed line). The shaded 

region indicates the bias voltage range where the waves were observed in the plasma. 

 
Figure 4-13: The current measured on the face of the blocking disk (facing the filament plasma) is used to calculate the 

parallel drift velocity in the experiment. The parallel drift velocity is normalized to the electron thermal speed for 
different grid bias values. For the bias voltages where a wave is observed (shaded region), the parallel drift velocity is 

below the threshold for the onset of parallel shear driven instabilities (horizontal dashed line). 
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Recall that as the bias voltage decreases, both the magnitude of the transverse electric 

field and the instability amplitude decrease. However, the parallel drift velocity increases as the 

bias voltage decreases, and 𝑉∥𝑑𝑟𝑖𝑓𝑡 < 0.1𝑉𝑡ℎ𝑒 for conditions where the wave was observed in the 

plasma. The parallel drift velocity reaches the parallel shear driven instability threshold for bias 

voltages where no wave was observed in the plasma, which indicates that the instability is not a 

parallel shear driven instability. Thus, it can be concluded that parallel current is not the 

mechanism responsible for the observed instability. Having eliminated the density gradient, 

streaming electrons, and axial current, it is concluded that the transverse electric field is the 

primary driving mechanism of the instability. 

4.2.1.2 Electrostatic instability characterization 

In the previous section, the driving mechanism of the electrostatic instability observed in 

ALEXIS was determined to be the electric field. As the electric field decreases, the frequency of 

the instability should also decrease. A threshold should exist so that below a certain electric field 

magnitude, the wave amplitude goes to zero and the instability is no longer excited, as was 

shown in Amatucci et al.50. A series of spectra observed as the electric field is decreased (by 

varying the grid bias) is shown in Figure 4-14, where the magnitude of the electric field 

decreases from 31 V/cm to 8 V/cm from top to bottom. For large electric fields, there is a large 

amplitude instability at a frequency of approximately 70 kHz. As the peak electric field 

decreases, the peak FFT amplitude also decreases and the instability shifts to lower frequencies. 

The spectrum associated with the disappearance of the instability is indicated by the thick black 

line, which occurs for an electric field strength of approximately 10 V/cm. The maximum FFT 
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amplitude as a function of the transverse electric field strength is shown in Figure 4-15. As the 

electric field strength decreases, the instability amplitude also decreases, and below 10 V/cm, the 

instability amplitude reaches the noise level (indicated by the dashed horizontal line) and there is 

no longer an instability. The dashed vertical line indicates the threshold electric field, below 

which there is no instability present in the plasma. 

 

Figure 4-14: Fourier spectra for a varying radial electric field, where the electric field magnitude decreases from 31 V/cm 
to 8 V/cm from top to bottom. As the electric field magnitude decreases, the FFT frequency shifts down and the FFT 
amplitude decreases. The spectrum associated with the disappearance of the instability is indicated by the thick black 

line. 
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Figure 4-15: The maximum FFT amplitude is plotted as a function of the peak radial electric field. The dashed horizontal 

line (red) represents the noise floor of the FFT spectra and the dashed vertical line (red) represents the threshold of the 
electric field for which the instability disappears. 

In addition to the correlation between the instability amplitude and the electric field 

strength, the components of the wavenumber vector, 𝑘�⃗ = 𝑘�⃗ ∥ + 𝑘�⃗ ⊥, (where the parallel and 

perpendicular directions are defined with respect to the axial magnetic field direction) are used to 

reveal characteristics that are indicative of the EIH instability.  In this experiment, the parallel 

and perpendicular wavenumbers are calculated using a double tipped Langmuir probe referred to 

as the “k”-probe. The “k”-probe is moved to the same radial position as the peak wave power 

and is rotated from 0 to 360 degrees in 10 degree steps. A phase difference measurement is taken 

at each rotated position and the wavenumber is calculated using 𝑘 = Δ𝜙 Δ𝑥⁄  (Equation 3-9(a)). 

The analysis for this diagnostic is discussed in Section 3.6.3. 

The perpendicular wavenumber corresponds to the measurement acquired at 90 degrees, 

and the parallel wavenumber is computed from the average of the measurements at 0 and 360 

degrees. In this experiment, the perpendicular wavenumber (ky) was measured to be 87 m-1, but 

can range anywhere from 60 m-1 to 100 m-1. The parallel wavenumber (kz) ranges from 1 m-1 to 
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29 m-1, but was generally measured to be close to 10 m-1. In spite of the experimentally observed 

variation of the parallel and perpendicular wavenumber values, the ratio kz / ky was consistently 

measured to be less than 0.2 with an average value of ~ 0.14 +/- 0.03. The EIH instability has 

perpendicular wavenumbers that are much larger than the parallel wavenumbers so that kz / ky is 

much less than 1. Simulations by Romero et al.76 showed this ratio to be approximately 0.18 for 

the EIH mode. Amatucci et al.50 showed that in a uniform density configuration, kθ was typically 

measured to be 63 m-1 with very small kz values. 

The relationship between the wave packet and the Doppler shifted frequency is also a 

signature of the EIH instability. The wave packet should be localized around the position where 

the Doppler shifted frequency (𝜔1) is at a minimum. The Doppler shifted frequency is defined 

as, 

 𝜔1 = 𝜔 − 𝑘𝑦𝑉𝐸𝑜 (4-6) 

where ω is the EIH mode frequency and VEo is the magnitude of the velocity shear. Figure 4-16 

shows the wave power (blue) and Doppler shifted frequency (red) as a function of the radial 

position. The shaded region represents the radius of the blocking disk. The wave packet (peak 

wave power) is localized to the region of the greatest Doppler shift, which is very indicative of 

the EIH instability. 
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Figure 4-16: The wave power profile (blue) and Doppler shifted frequency profile (red) are plotted as a function of the 

radial position. The shaded region represents the filament plasma, with the edge of the shaded region indicating the 
approximate radial position of the boundary between the plasmas. 

Kinetic theory described by Ganguli et al.15,62,74 and Romero et al.48,49,75,76 discuss the 

perpendicular wavelength with respect to both the electron gyro-radius and the shear scale 

length. For the EIH instability, the perpendicular wavelength is larger than ρe (ky ρe < 1) and is of 

the same order as the shear scale length (ky LE ~ 1). For measurements in this experiment, Figure 

4-17 shows ky ρe (x-axis) and ky LE (y-axis). These measurements show that the wavelength is of 

the same order as the shear scale length (ky LE ~ 0.39) and not the electron gyro-radius (ky ρe ~ 

0.093). These results are consistent with the EIH instability and also help rule out instabilities 

such as the lower hybrid drift (LHD) instability50,118 and the modified two-stream instability50, 

which both prefer shorter wavelengths so that ky ρe ~ 1. 
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Figure 4-17: Measurements of ky LE (y-axis) and ky ρe (x-axis) are shown. For all measurements, ky ρe was observed to be 
much less than 1 meaning the perpendicular wavelength is greater than the electron gyro-radius. ky LE was measured to 

be of the same order as 1 meaning the perpendicular wavelength is of the same order as the shear scale length. 

In the next series of plots, the experimental data is discussed in the context of the 

theoretical dispersion curves discussed in Section 2.2. The shooting code described in Section 

2.2.4 is used to numerically solve the differential dispersion relations in Equation 2-44. The 

shooting code requires the normalized input parameters, 𝛼 = 𝑉𝐸𝑜 (Ω𝑐𝑒𝐿𝐸)⁄  (Equation 2-43), 

𝛿 = 𝜔𝑝𝑒 Ω𝑐𝑒⁄  (Equation 2-37) and 𝑅𝐿 = 𝐿𝐸 𝐿𝑛⁄ . The normalized parameters are calculated from 

average measurements in ALEXIS. For example, when computing a value of δ from a data set 

that includes 5 measurements of the electron density, δ is calculated from the mean electron 

density. To plot the dispersion relation against the electron density, the equation for δ is solved 

for the electron density to get, 

 𝑛𝑒(𝛿) =
𝜖𝑜𝑚𝑒

𝑒2
Ω𝑒2𝛿2 (4-7) 

where ϵo is the constant of permittivity of free space, me is the electron mass, and e is the electron 

charge. Assuming that the magnetic field strength does not vary, (𝜖𝑜𝑚𝑒Ω𝑒2)/𝑒2 is constant and 
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the electron density is proportional to δ2. The figures discussed below all show the theoretical 

dispersion relations as a function of measureable parameters. Table 4-3 lists the average values 

for the plasma parameters and the normalized parameters used in the shooting code. 

Table 4-3: Average values for plasma and normalized theoretical parameters that are used in the shooting code to 
numerically solve the EIH dispersion relations and growth rates. 

Parameter Figure 4-19 Figure 4-20 Figure 4-21 Figure 4-22 
Bo (Gauss) 95 95 95 95 
Ex (V/cm) 40 20 22 25 
LE (cm) N/A 0.52 0.44 Plotted 
ne (1014 m-3) 4.04 2.85 Plotted 3.58 
Ln (cm) N/A Plotted 1.19 1.33 
ky (m-1) 71 80 87 79 
𝜶 = 𝑽𝑬𝒐 (𝛀𝒄𝒆𝑳𝑬)⁄  0.063 0.029 0.032 N/A 
𝜹 = 𝝎𝒑𝒆 𝛀𝒄𝒆⁄  0.38 0.32 N/A 0.36 
𝑹𝑳 = 𝑳𝑬/𝑳𝒏 Plotted N/A 0.38 0.35 
𝒌�𝒚 = 𝒌𝒚𝑳𝑬 0.32 0.41 0.39 0.37 

 

For typical ALEXIS parameters, Figure 2-3 showed that as the ratio of LE / Ln increases 

(or as the density gradient becomes increasingly more localized) the mode frequency drops 

below the lower hybrid frequency. Figure 4-18 shows the ratios of the frequency (solid line) and 

growth rate (dashed line) to the lower hybrid frequency as a function of RL. The experimentally 

measured frequencies and growth rates (as compared to the lower hybrid frequency) are shown 

in red and blue respectively. These data were taken as the current on the source magnets 

(magnets surrounding the rf antenna) was varied. By varying the source magnet current, the 

magnetic field is changed only slightly from 99 to 95 Gauss. The theoretical frequency curve 

shows that as the density gradient becomes more localized in the plasma, the frequency drops 

well below the lower hybrid frequency. In the limit where the density gradient is more localized 

than the electric field, the theoretical growth rate was observed to approach zero and the 
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frequency becomes increasingly smaller. The measured data shows that when the electric field is 

more localized than the density gradient (LE / Ln ~ 0.4), the measured frequencies are in good 

experimental agreement with the theoretical predictions. The measured growth rates (γ / 2π) were 

between 8 kHz (γ / ωLH ~ 0.027) and 20 kHz (γ / ωLH ~ 0.06), but were typically closer to 12 kHz 

(γ / ωLH ~ 0.036). The theoretical model shows that ratio of the growth rate to the lower hybrid 

frequency is between 0.03 and 0.1. For reference, the ion cyclotron frequency (fci) corresponding 

to this data is ~ 3.6 kHz so that γ / Ωci ~ 3.75 +/- 1.1. The growth rates presented here validate the 

assumption made in Section 2.2.1 that the instability growth rate is larger than or equal to the ion 

cyclotron frequency. Therefore, it is shown that the experimentally measured growth rates are in 

good agreement with the theoretically predicted values.  

 
Figure 4-18: The theoretical curves for the frequency (solid line) and growth rate (dashed line) are plotted as a function of 

the ratio of the shear scale length to the density gradient scale length (LE/Ln). The experimentally measured frequencies 
(red) and growth rates (blue) are plotted against the theoretical model. 

An alternate approach to show the effect of the density gradient on the dispersion relation 

is to assume the shear scale length is constant and then plot the frequency as a function of the 

density gradient scale length. An experiment was performed to measure the frequency as the bias 

voltage on the grid was varied from 100 V to 55 V. In Figure 4-19, the ratios of the EIH 
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frequency to the lower hybrid frequency (solid line) and the growth rate to the lower hybrid 

frequency (dashed line) are plotted as a function of the density gradient scale length, assuming a 

constant shear scale length. For these conditions, LE = 0.52 +/- 0.07 cm. The theoretical curves 

show that as the density gradient scale length, Ln, increases (i.e., the density gradient profile 

becomes broader), the plasma density profile becomes more uniform and the mode frequency 

increases towards the lower hybrid frequency. As the density gradient becomes more localized 

and the density gradient scale length approaches the shear scale length, the growth rate 

approaches zero. This indicates that once the density gradient becomes more localized than the 

electric field, the EIH instability cannot be supported. Typically, the density gradient scale length 

was measured to be greater than 0.9 cm, indicating that the electric field profile is twice as 

localized as the density gradient. The experimental measurements show that as Ln increases, the 

frequency also increases in a manner that is generally in good agreement with the theoretical 

predictions. 

 
Figure 4-19: The theoretical curves for the frequency (solid line) and growth rate (dashed line) are plotted as a function of 
the density gradient scale length. The experimentally measured frequency values (red) are plotted against the theoretical 

dispersion curve. 
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The data shown in Figure 4-20 was taken as the filament emission current was varied 

from 120 to 30 mA. The emission current is directly correlated to the electron density of the 

filament plasma, so that as the emission current increases, there is a corresponding increase in 

the plasma density. The dispersion relation and experimental measurements of the instability 

frequency are plotted as a function of the electron density. For these experimental measurements, 

a radial electron density profile and a radial profile of the instability amplitude were measured 

for each emission current. From this data, the electron density and instability frequency at the 

location of the maximum instability amplitude is recorded. The theoretical model shows that as 

the electron density increases, the ratio of the mode frequency to the lower hybrid frequency 

should decrease exponentially. Figure 4-20 shows that the experimentally measured frequencies 

not only decrease as the measured density increases, but the measured values closely match the 

theoretically predicted values. 

 

Figure 4-20: The frequency values are plotted as a function of the electron density. The experimentally measured data 
(red) shows excellent agreement with the computational frequency model (solid line). The theoretical growth rate curve is 

represented by the dashed line. 
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The final test performed on the instability characteristics is the scaling with the shear 

scale length, LE. The measurements shown in Figure 4-21 were taken as the bias on the grid and 

the blocking disk was varied. The numerical solution for the frequency dispersion relation is 

plotted with the assumption that the density gradient scale length is fixed at Ln = 1.33 cm. As the 

shear scale length increases and the electric field profile broadens, the ratio of the EIH instability 

frequency to the lower hybrid frequency decreases from 0.26 to 0.22. The measured values of the 

instability frequency match the predicted EIH instability frequencies for localized electric field 

profiles. 

 

Figure 4-21: The measured mode frequencies (red) are plotted as a function of the shear scale length. The theoretical 
frequency curve is shown as the solid line and the computational growth rate is represented by the dashed line. 

In summary, a series of experiments have been performed to characterize the observed 

instability in ALEXIS. The data presented here shows that the experimental measurements are 

consistent with the EIH instability in the presence of a density gradient. The ALEXIS 

measurements show that the instability shows the same characteristics and signatures that have 

previously been observed in experiments in the SPSC at the Naval Research Laboratory50 and in 



112 
 
 
 

space plasmas40,41,92 where density gradients in the presence of strong localized electric fields 

often occur. The instability behavior is also analogous to simulations performed by Romero et 

al.49,75,80 and Peñano et al.119. 

4.2.2 Electron-ion hybrid instability in a uniform density 

An important goal of this work was to study the EIH instability as the electron density is 

transitioned from a plasma with a uniform density to a non-uniform density. As was shown in 

Section 4.3.1, the EIH instability was successfully driven with a density gradient in the plasma. 

However, numerous attempts to drive the instability under uniform plasma conditions proved to 

be unsuccessful. This section will provide theoretical evidence that the EIH instability is not 

supported in a plasma with a uniform density in the ALEXIS device. Table 4-4 lists the 

parameters used for the theoretical models that are discussed in this section. 

Table 4-4: The experimental (top) and theoretical (bottom) parameters for the uniform density configuration are listed. 

Experimental Parameter Value 
Bo 127.5 Gauss 
Ex 7 V/cm 
LE 0.4 cm 
ne 6×1014 m-3 
Ln ∞ 

Shooting Code Parameter Value 
α=VEo/(Ωce LE) 0.006 

δ=ωpe/Ωce 0.67 
RL=LE/Ln 0 

 

Both theory74 and experimental measurements50,77,78,120 have shown that the EIH 

instability frequency is very close to the lower hybrid frequency for a plasma with a uniform 

density. To find the correct EIH instability frequency range, the theoretical model in Equation 2-

39, �−𝑘𝑦2 + 𝜕2

𝜕𝑥2
+ 𝐹(𝜔) 𝑘𝑦𝑉𝐸

′′(𝑥)

𝜔−𝑘𝑦𝑉𝐸(𝑥)� 𝜙1(𝑥) = 0, provides the ratio of the mode frequency to the 
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lower hybrid frequency, where the lower hybrid frequency is calculated for typical plasma 

parameters measured in ALEXIS in the uniform density configuration (Table 4-4). The 

dispersion relation for the EIH instability in a uniform density is shown in Figure 4-22. The solid 

line shows the frequency ratio and the dashed line denotes the growth rate. The shaded region 

represents typical perpendicular wavenumber values that were measured in the density gradient 

case. The dispersion relation shows that in the region of possible ky values, the mode frequency 

should be between 0.7ωLH and 0.9ωLH. It is also important to note that in this region the growth 

rate is positive, indicating that the EIH instability should be supported in the conditions listed in 

Table 4-4.  

 

Figure 4-22: The theoretical dispersion relation as a function of the perpendicular wave number for a plasma with a 
uniform density. Typical values of ALEXIS were used in this computation. The frequency is shown as the solid line and 

the dashed line represents the theoretical growth rate. The shaded region highlights typical ky values that were measured 
in the density gradient configuration. 

The lower hybrid frequency (fLH) was shown to not vary significantly as a function of the 

magnetic field strength in Figure 4-5(a). However, the lower hybrid frequency is highly 

dependent on the electron density. Figure 4-23 shows that the lower hybrid frequency decreases 
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for a decreasing electron density (for a magnetic field of 127.5 Gauss). The shaded region shows 

the range of typical electron densities that can be achieved in a plasma with a uniform density in 

ALEXIS. The lower hybrid frequency in this region ranges from 350 kHz for a density of 4 × 

1014 m-3 to 450 kHz for a density of 7 × 1014 m-3. It was shown above that the theoretical model 

predicted the ratio of the EIH instability frequency to the lower hybrid frequency to range 

anywhere between 0.7ωLH and 0.9ωLH, so the EIH instability frequency (fEIH) should be between 

200 and 400 kHz. 

 

Figure 4-23: The lower hybrid frequency, fLH, is plotted as a function of the electron density for a magnetic field of 127.5 
Gauss. The shaded region highlights typical density values measured in ALEXIS, which indicates that the lower hybrid 

frequency will range from 350 kHz to 450 kHz. 

For this experiment, the gas pressure was fixed to 0.26 mTorr, the grid bias was 85 V and 

the filament bias was -15 V. In order to make a uniform density profile, the densities of the rf 

and filament plasmas had to be matched. The rf power was increased to 100 W and the emission 

current was decreased to 40 mA. Figure 4-24 shows (a) the density profile and (b) the radial 

electric field profile where the shaded region represents the inner plasma and the edge of the 

shaded region indicates the approximate location of the boundary between the filament and rf 
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plasmas. Recall that in the previous section (see for example, Figure 4-7 or Figure 4-8), a density 

gradient was localized in the same region as the greatest sheared plasma flow occurred. In the 

region of the peak radial electric field strength, the density profile is significantly more uniform 

than in the density gradient case. There is a density gradient outside the greatest shear flow, but 

this region is of no interest to us since the wave packet will be localized around the peak electric 

field, as was shown in Section 4.3.1.  

 

Figure 4-24: In (a) the electron density profile is shown and (b) shows the radial electric field profile. The electron density 
profile shows that a relatively uniform density has been achieved in the region of the peak electric field. The shaded 

region shows the blocking disk and filament plasma region, where the boundary between the rf and filament plasmas is 
represented by the edge of the shaded region. 

A spectrum was measured at the same radial position as the peak electric field using the 

single tipped Langmuir probe located at Port 5. The theoretical model shown in Figure 4-22 

predicts that the EIH instability will be located in frequency space between 200 kHz and 400 

kHz. The spectrum in Figure 4-25 shows a very quiescent plasma, with no instabilities present in 

the stated frequency range. Note that the spikey peaks are due to electronic noise. These spikes 

are also observed in the signal in the absence of a plasma. 



116 
 
 
 

 
Figure 4-25: A typical Fourier spectrum for the uniform density case. The spikes are noise in the circuit. No instability is 

observed in the spectrum. 

Parameter space was explored exhaustively to find the EIH instability in a uniform 

density plasma in ALEXIS. However, no instability was observed for frequencies greater than 

100 kHz. So, it was asked why the EIH instability was not found in the uniform density 

configuration? 

The answer to this question required a careful re-evaluation of the assumptions made to 

derive the EIH dispersion relation. Consider the theoretical model for the EIH instability in a 

uniform density. A key assumption in this derivation is that the instability has an infinitely long 

parallel wavelength such that kz = 0. Obviously, the ALEXIS device, at a length of 1.7 m is 

somewhat less than “infinitely long”, which limits kz to a finite value. In the density gradient 

case, measured kz values were typically between 1 and 29 m-1, so clearly kz is not zero; but the 

ratio kz / ky remained small. For the strong shear regime, Ganguli et al.15 derived the EIH 

instability dispersion relation for a plasma with a uniform density with the kz term included, 
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where F(ω) is defined in Equation 2-37, 𝑉𝐸′′(𝑥) is the second derivative of the velocity shear, 

𝑉𝑑′(𝑥) is the derivative of the magnetic field-aligned flow velocity, and 

 𝜔� = 𝜔 − 𝑘𝑦𝑉𝐸(𝑥) − 𝑘𝑧𝑉𝑑(𝑥). (4-9) 

The magnetic field-aligned flow velocity is derived from a parallel current, and in Section 4.2.1.1 

it was shown that the parallel drift velocity in the interpenetrating plasma configuration is below 

the threshold for the onset of parallel current driven instabilities, so Vd(x) is neglected. If the 

dispersion relation in Equation 4-7 is simplified so that kz = 0, the original dispersion relation for 

the EIH instability in a uniform density is recovered (Equation 2-39). The dispersion relation is 

normalized using the definitions in Equation 2-40 

(𝑘�𝑦 = 𝑘𝑦𝐿𝐸 , 𝑥� = 𝑥 𝐿𝐸⁄ , 𝜔� = 𝜔 �𝑘𝑦𝑉𝐸𝑜�⁄  and 𝑉𝐸(𝑥) = 𝑉𝐸𝑜𝑓(𝑥�)), as well as the new 

normalization parameter, 

 𝑘�𝑧 = 𝑘𝑧𝐿𝐸 . (4-10) 

 The normalized kz dispersion relation is given as, 
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The shooting code discussed in Section 2.2.4 was rewritten to include kz so that the dispersion 

relation and growth rate could be plotted as a function of kz and the axial wavelength. 
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Figure 4-26(a) shows the dispersion relation (solid line) and growth rate (dashed line) as 

a function of the parallel wavenumber. These results are for the same parameters listed in Table 

4-4, and for a ky = 87 m-1. The addition of kz into the dispersion relation significantly increases 

the instability frequency as much as five times greater than the lower hybrid frequency. More 

importantly, this shows that the growth rate for the EIH instability in a uniform density plasma 

maximizes as kz approaches zero. The growth rate is zero for kz values greater than 1.6 m-1. In 

Figure 4-26(b), the dispersion relation (solid line) and growth rate (dashed line, black) are plotted 

as a function of the axial wavelength. The vertical dashed line (red) indicates the axial length of 

ALEXIS. This clearly shows that the growth rate is zero for wavelengths less than 4 meters. 

Therefore, it is concluded that under typical conditions in ALEXIS, the EIH instability cannot be 

supported in a uniform density because the required axial wavelengths (λz) are longer than the 

axial length of the experimental device. 

 
Figure 4-26: The theoretical model for a uniform density with kz included shows (a) the frequency (solid line) and growth 
rate (black dashed line) as a function of the axial wavenumber and (b) the frequency (solid line) and growth rate (black 
dashed line) as a function of the axial wavelength. The red dashed line in (b) indicates the axial length of ALEXIS. The 

growth rate is zero for wavelengths less than 4 meters, which indicates that the EIH instability in a uniform density 
plasma cannot fit in the ALEXIS device in typical conditions. 

The axial length of ALEXIS cannot be changed without effectively rebuilding the entire 

experiment. Therefore, an alternate question is: how could the operating conditions in ALEXIS 



119 
 
 
 

be modified to sustain the EIH instability? To address this question, the normalized shooting 

code parameters, δ and α, were varied individually to find a solution to the dispersion relation 

that could fit in ALEXIS. Figure 4-27 shows the dispersion relation and growth rate for α = 

0.006 and a δ value of 0.20. Note that the maximum growth rate of the EIH instability in a 

uniform density plasma is predicted74 to fall off sharply for value of δ < 0.5. For δ < 0.20, the 

EIH mode is not supported at all, and for δ > 0.20, the growth rate is zero for axial wavelengths 

close to the axial length of ALEXIS. 

 

Figure 4-27: The computational data plotted here shows the frequency and growth rate as a function of the axial 
wavelength for δ = 0.20. The red dashed vertical line represents the axial length of ALEXIS. Here the growth rate is non-

zero and the instability could be supported in ALEXIS. To achieve a value of δ this small, the density would have to be 
decreased to the mid 1013 m-3 range. 

Since the normalized parameter δ is proportional to the square root of the electron 

density, decreasing the electron density while keeping the magnetic field strength constant will 

allow us to reach this value of δ. However, for this value of δ, the electron density would have to 

decrease by an order of magnitude to the mid 1013 m-3 range. Since the wavelengths are 

constrained to such a small window where the growth rate is positive in these conditions, it 
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would be impractical to strive to decrease the density in the hope that the EIH instability would 

be supported. 

The other scenario that leads to a positive, non-zero growth rate for wavelengths that can 

fit in ALEXIS is to increase α to 0.09 while leaving δ = 0.67. Since the shear scale length was 

observed to be more or less constant near 0.4 cm in these experiments, α is then exclusively 

proportional to the electric field strength. In order to reach such high values of α, the electric 

field must be increased to at least 100 V/cm. Figure 4-28 shows the dispersion relation (solid 

line) and growth rate (dashed line, black) as a function of the parallel wavelength for α = 0.09, 

where the dashed vertical line (red) indicates the axial length of ALEXIS. The growth rate is 

clearly positive for wavelengths that can fit in ALEXIS. However, the largest value of the 

electric field that was measured in the dual plasma configuration was 42 V/cm (in the density 

gradient case), but were more typically between 20 and 30 V/cm. When there was a uniform 

density plasma, the measured values were usually near 10 – 15 V/cm. While this scenario is 

perhaps more attainable in ALEXIS, with the hardware available in the laboratory, these high 

electric fields were not able to be produced in the uniform density configuration. 
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Figure 4-28: The computational data plotted here shows the frequency and growth rate as a function of the axial 

wavelength for α = 0.09. The red dashed vertical line represents the axial length of ALEXIS. Here the growth rate is non-
zero and the axial wavelength could fit in ALEXIS. To achieve a value of α this large, the electric field would have to be 

increased to 100 V/cm. 

The data presented in this section shows that the EIH instability was not supported in 

ALEXIS with a uniform density plasma for the experimental conditions that are realistically 

attainable in the device. If the electron density was decreased by an order of magnitude, the 

growth rate would be non-zero for wavelengths that are close to the axial length of ALEXIS. 

Since δ is proportional to the square root of the electron density, lowering the density also 

decreases δ, which causes the maximum growth rate of the EIH mode to fall off sharply. 

Consequently, this limits the non-zero growth rate to a small range of wavelengths that barely fit 

in the experimental device. Alternatively, if the electric field strength was increased to 100 

V/cm, the wavelength could also be decreased to fit in ALEXIS. However, achieving electric 

fields of that magnitude has proven to be inaccessible with the current configuration of ALEXIS. 
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4.3 Ion gyro-radius transition experiments 

4.3.1  Introduction 

For a wide variety of laboratory and space plasma environments, theoretical 

predictions15,62,74 state that plasmas are unstable to transverse and parallel inhomogeneous flows 

over a very broad frequency and wavelength range. The kinetic theory described by Ganguli et 

al.15,62,74 discusses three distinct instability regimes for transverse sheared plasma flows, where 

the instabilities may be characterized by a shear scale length compared to the ion gyro-radius. All 

of these instabilities have a single source of free energy, a transverse shear flow. The ratio of the 

ion gyro-radius to the shear scale length determines which mode is dominant, and is a convenient 

tunable parameter that can be used to induce the transition between the modes. 

In the space plasma environment, sheared plasma flows have been observed by spacecraft 

at boundaries such as the Plasma Sheet Boundary Layer (PSBL)36–38 and magnetopause34,35. 

Intense solar storms can compress and steepen the natural boundary layers. As boundary layers 

begin to relax from a compressed state and the ratio of the ion gyro-radius to the shear scale 

length decreases, observations of broadband electrostatic noise have also been reported35,49,75,79–

81, in which the frequency range extends from below the ion cyclotron frequency up to the 

electron plasma frequency. Simulations performed by Romero et al.48 have confirmed that the 

free energy available in sheared electron flows can give rise to broadband wave spectra that can 

excite Kelvin-Helmholtz, ion cyclotron-like, and lower hybrid modes. As discussed in Chapter 1, 

a number of laboratory experiments have focused on studying these shear driven modes 

separately19,28,50,60,67,69,77,78,121. However, the continuous transition between the three modes has 

not been demonstrated using a single experimental setup, as would be the case in realistic 
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situations. In this section, the demonstration of the continuous variation of the ratio ρi / LE, and 

the associated transition of the instability regimes driven by the shear flow mechanism is 

discussed. 

4.3.2 Impact of the ion gyro-radius on velocity shear driven instabilities 

The goal of this experiment is to create a localized radial electric field and then vary the 

ion gyro-radius with respect to the shear scale length by changing the magnetic field strength to 

access the different instability regimes defined by the magnitude of velocity shear. In this 

experiment, the magnetic field strength is varied from 90 Gauss to 590 Gauss and all other 

experimental parameters remain constant. Table 4-5 lists the operating parameters for this 

experiment. 

Table 4-5: The operating parameters used in the ion gyro-radius transition experiment. 

Parameter Value 
Neutral Gas Argon 
Magnetic Field (B) 90 to 590 Gauss 
Neutral Gas Pressure 0.29 mTorr 
rf Power 40 W 
Filament Emission Current (Ie) 60 mA 
Filament Bias (Vfil) -20 V 
Grid Bias (Vgrid) 80 V 
Ion Temperature (Ti) 0.02 eV 
Ion cyclotron frequency (fci) 3.6 to 22.5 kHz 
Lower hybrid frequency (fLH) ~ 350 kHz 

 
 

An electrically floating heated emissive probe located at Port 3 is used to measure the 

plasma potential as the probe is moved radially across the plasma column. The shear scale length 

is then calculated from the half-width at half-maximum of the radial electric field profile. Figure 

4-29(a) shows the ion gyro-radius (circles, black) and the calculated shear scale lengths (squares, 

pink) as a function of the magnetic field strength. The red arrows indicate the EIH instability 
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data that was discussed in Section 4.2. The dashed horizontal lines (blue) show the minimum and 

maximum shear scale length values. The measured values range from 0.25 cm to 0.6 cm, with an 

average of 0.4 +/- 0.076 cm. For magnetic field strengths less than 160 Gauss, the ion gyro-

radius is larger than the shear scale length. These are the same condition described in Section 4.3 

when the EIH instability was observed. For magnetic field strengths greater than 520 Gauss, the 

ion gyro-radius is less than the shear scale length. Between 160 and 520 Gauss, the ion gyro-

radius is comparable to the measured shear scale length values. 
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Figure 4-29: (a) The ion gyro-radius (circles, black) and the measured shear scale length (squares, pink) as a function of 
the magnetic field strength. The dashed horizontal lines (blue) show the minimum and maximum measured scale length. 

(b) The ratio of the ion gyro-radius to the average shear scale length as a function of the magnetic field strength. The 
vertical dashed lines (red) in both plots indicate the magnetic field strengths for which a transition in the mode frequency 
occurs. The horizontal dashed lines (blue) in (b) indicate the ratio value for which this transition occurs. The red arrows 

indicate the EIH instability data that was discussed in Section 4.2. 

The response of the plasma was studied as the magnitude of the ratio ρi / LE was varied 

from 0.55 to 3.39. The dashed lines (red) in Figure 4-29 indicate the magnetic field strengths for 

which a transition in the mode frequency occurs. Figure 4-29(b) shows the ratio of the ion gyro-

radius to the average measured shear scale length (LE = 0.4 cm). Here the horizontal dashed lines 
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(blue) show the ratio value for which the transition in the mode frequency occurs. The logarithm 

of the ratio of the mode frequency to the ion cyclotron frequency is plotted as a function of ρi / LE 

in Figure 4-30 to show the three distinct frequency modes observed in the plasma. For reference, 

under these operating conditions, the ion cyclotron frequency (i.e., fci = Ωci / 2π) ranges from 3.6 

kHz to 22.5 kHz as a function of increasing magnetic field strength.  When ρi / LE is between 

0.55 and 0.62 (corresponding to a high magnetic field strength), the mode frequency (~ 2 kHz) is 

much smaller than the ion cyclotron frequency (ω / Ωci ~ 0.1 +/- 0.0035), and when ρi / LE is 

between 2.04 and 3.39 (corresponding to a low magnetic field strength), the mode frequency ( > 

50 kHz) is much higher than the ion cyclotron frequency (ω / Ωci ~ 10.6 +/- 2.8). If ρi / LE is 

between 0.64 and 1.85, the mode frequency (~ 15 kHz) is comparable to the ion cyclotron 

frequency (ω / Ωci ~ 1.2 +/- 0.39). 

 

Figure 4-30: The ratio of the mode frequency to the ion cyclotron frequency is plotted on a Log scale as a function of the 
ratio of the ion gyro-radius to the shear scale length. For a large ρi / LE (low magnetic field strength) there is an instability 
with a frequency less than the ion cyclotron frequency. For a small ρi / LE (large magnetic field) the instability frequency 

is greater than the ion cyclotron frequency. When the ion gyro-radius is comparable to the shear scale length, the 
frequency was near the ion cyclotron frequency. 
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Figure 4-31 shows an example 3D plot for the three frequency ranges in the different ρi / 

LE regimes. Each 3D plot shows the FFT spectrum amplitude (z-axis), frequency (y-axis), and 

the radial position (x-axis). For the radial position axis, 0 cm denotes the center of the plasma 

column and 5 cm corresponds to the edge of the vacuum vessel. In the x-z plane, the peak FFT 

spectrum amplitude is shown as a function of the radial position. The FFT amplitude is shown in 

frequency space in the y-z plane. In the x-y plane, the frequency is shown as a function of the 

radial position. The plot color corresponds to the FFT spectrum amplitude, where red indicates a 

large amplitude and blue indicates a low amplitude. Dark blue indicates the noise floor. 

 

Figure 4-31: The 3D plots showing the FFT amplitude on the vertical axis, frequency on the left axis, and radial position 
on the right axis. The plots show different frequency ranges going from left to right, and show increasing values of ρi / LE 

going from top to bottom. The color scale corresponds to the FFT amplitude where red indicates a high amplitude 
structure, and dark blue represents the noise floor of the FFT spectrum. 
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The first column (plots a, d, g) shows 3D plots for a low frequency range between 0.3 and 

10 kHz. Plots b, e and h in the middle column show plots for the ion cyclotron frequency range 

(10 to 20 kHz), and the right most column (plots c, f, i) shows plots for a high frequency range 

between 30 and 100 kHz. It is important to note that the FFT spectrum amplitude scale in each 

plot is different. The first column has an amplitude that extends from 1 × 10-4 to 5 × 10-3. The 

amplitude range in the second column extends from 1 × 10-5 to 1 × 10-3. And the amplitude in the 

last column ranges from 1 × 10-5 to 1 × 10-4. Each row shows 3D plots for a different ρi / LE 

regime, where the ratio of ρi / LE increases going from the top row to the bottom row. For 

example, Figure 4-31(a) shows the 3D plots for the low frequency range when the ion gyro-

radius is smaller than the shear scale length, and Figure 4-31(g) shows the 3D plot for the low 

frequency range when the ion gyro-radius is larger than the shear scale length. The purpose of 

this plot is to show that for each ρi / LE regime, an instability exists at only one frequency. No 

other instabilities exist in the plasma at the same time, and that only by changing the ρi / LE ratio 

is an instability in a new frequency range introduced. 

In the regime where ρi < LE, there is an instability present below 10 kHz (in plot a), and at 

higher frequencies there are no high amplitude fluctuations present in the plasma (as shown in 

plots b and c). When the ion gyro-radius is comparable to the shear scale length, plot (d) shows 

that there is no longer an instability below 10 kHz, and (f) shows that no instability exists above 

30 kHz in the high frequency range. Plot (e) shows that an instability is now supported only in 

the middle frequency range near the ion cyclotron frequency. Finally, in the regime where the 

ion gyro-radius is greater than the shear scale length (ρi / LE = 3.39), no instabilities are excited at 
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low frequencies, and the EIH instability is observed near 70 kHz. This figure shows that the three 

distinct modes do not exist at the same point in time. 

4.3.3 Transverse shear driven mode characterization 

In the next series of plots, the distinct modes observed in the plasma are discussed. It will 

be shown that every aspect of the instability changes as the ratio ρi / LE varies, not just the 

frequency of the instability. In the interest of completeness, the high frequency mode, which was 

characterized as the EIH instability modified by a density gradient, will also be described briefly. 

4.3.3.1 Low frequency mode 

The data discussed in this section is for the low frequency instability that is observed 

when ρi / LE = 0.56. Figure 4-32 shows the Fourier spectrum of the low frequency instability, 

measured at the same radial location as the peak wave amplitude. The characteristic frequency is 

close to 1 kHz, with the three harmonics near 2 kHz, 3 kHz, and 4 kHz. This spectrum is a very 

typical case of what is observed when the ion gyro-radius is smaller than the shear scale length. 

The instability is located at a low frequency so that ω / Ωci = 0.11. 
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Figure 4-32: Fourier spectrum for when the ion gyro-radius is less than the shear scale length (corresponding to a high 
magnetic field strength). The characteristic frequency is approximately 1 kHz, with three harmonics at higher 

frequencies. For this case, ρi / LE = 0.56. 

Figure 4-33 shows (a) the wave power profile, (b) the radial electric field profile, and (c) 

the radial electron density profile for the low frequency instability. The wave power profile 

shows that the instability extends over the entire plasma column, peaking at r = 1.6 cm. There is 

a radially outward electric field with a peak value of 16 V/cm located at r = 1.8 cm. The electron 

density profile shows that the electron density peaks at r = 2 cm with a density of 5.5 × 1015 m-3. 

This figure shows that the wave packet is localized in the same region as the peak electric field 

and the peak electron density. The parallel and perpendicular wavenumber components (relative 

to the background axial magnetic field), are measured to be 7.99 m-1 and 137.46 m-1 respectively, 

with a ratio of kz / ky = 0.058 and a mode number (m = ky r) of 2.2. The mode characteristics are 

consistent with those exhibited by the Kelvin-Helmholtz instability.76,122 In Romero et al.76, 

simulations showed that for the Kelvin-Helmholtz instability, the ratio kz / ky ~ 0.01, and Peñano 

et al.119 showed that the growth rate for this instability is non-zero for mode numbers greater 

than 1 in a cylindrical device such as ALEXIS. 
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Figure 4-33: The (a) wave power, (b) electric field, and (c) electron density profiles that correspond to the low frequency 

instability are shown. For this case, ρi / LE = 0.56. 
 
 

4.3.3.2 Ion cyclotron frequency mode 

A typical spectrum for the instability found in the regime when the ion gyro-radius is 

close to the shear scale length (ρi / LE = 1.70) is shown in Figure 4-34. The spectrum in this case 

is extremely localized in frequency space and shows that the instability has a much higher 

frequency (ω / Ωci = 1.9) than in the previous case. This spectrum was measured at the same 

radial position as the peak wave amplitude. 
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Figure 4-34: Fourier spectrum for when the ion gyro-radius close to the shear scale length. For this case, ρi / LE = 1.70. 

Figure 4-35 shows the plasma parameter profiles, (a) the wave power, (b) the radial 

electric field, and (c) the electron density, measured for this case. The wave power shows that the 

instability is much more localized in space, peaking at r = 1.6 cm. A radially inward electric 

field, with a peak strength of 10.5 V/cm is measured in the plasma. The electric field is now 

observed to peak in the center of the plasma column so that the peak wave power occurs just 

outside the radial location of the peak electric field. The electron density is an order of 

magnitude less than in the previous example, peaking at 5 × 1014 m-3. The electron density 

profile shows that the density in the filament plasma region is much less than that of the rf 

plasma, creating a density hole in the plasma. The wave power peaks between the peak electric 

field and the peak electron density. The parallel and perpendicular components of the 

wavenumber are measured to be 15.55 m-1 and 112.76 m-1 respectively, with a ratio of kz / ky = 

0.14 and a mode number (m = kyr) of 2.2. These characteristics are indicative of the 

inhomogeneous energy density driven instability (IEDDI) mechanism, which is driven by a 

transverse velocity shear when the ion gyro-radius is comparable to the shear scale length and 

has a mode frequency comparable to the ion cyclotron frequency.19,119 Analysis by Peñano et 
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al.119 show that the growth rate for the IEDDI mode maximizes at m = 1. It is noted that in earlier 

studies of the IEDDI mechanism on ALEXIS gave parameters of kz ~ 8 m-1 and ky ~ 70 m-1, or kz 

/ ky ~ 0.11 with a mode number between 1 and 2.19 Although using quite different plasma 

sources, the axial and radial dimensions of ALEXIS remain the same. Therefore, it is reassuring 

that the wave packet for the current ALEXIS configuration is quite similar to the past results. 

 

Figure 4-35: The (a) wave power, (b) electric field, and (c) electron density profiles that correspond to the ion cyclotron-
like instability are shown. For this case, ρi / LE = 1.70. 
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4.3.3.3 Electron-ion hybrid mode 

The high frequency mode observed in this experiment has already been confirmed as the 

density gradient modified EIH instability, as was discussed in Section 4.2. Under these 

conditions, the ion gyro-radius is larger than the shear scale length (ρi / LE = 3.39) and the 

instability is localized at a frequency much greater than the ion cyclotron frequency (ω / Ωci = 

14.5) but close to the lower hybrid frequency (ω / ωLH = 0.17). The data presented in Section 4.2 

(Figure 4-7 and Figure 4-9) showed that the instability amplitude peaks at r = 0.4 cm and is 

localized near the boundary of the filament and rf plasmas where the velocity shear is localized 

with a peak electric field of 40 V/cm. The electron density is also observed to peak in the same 

region as the peak electric field, which creates a large density gradient at the same radial location 

as the peak wave power. The measured perpendicular and parallel wavenumber components are 

87 m-1 and 10 m-1 respectively, with a ratio of kz / ky = 0.12. Simulations by Romero et al.76 

showed that for the EIH mode, kz / ky ~ 0.18. In this case, the mode number is not important, 

because the cylindrical effects are minimal. 

In summary, this is the first experimental data that demonstrates that a stressed, 

collisionless plasma can relax through wave emission in a very broad frequency range. Three 

distinct modes spread over five orders of magnitude in frequency (normalized by Ωci) arise when 

the ratio of the ion gyro-radius to the shear scale length is varied by a factor of 7. As the ion 

gyro-radius transitions from a value less than the shear scale length to a value comparable to the 

shear scale length, the mode in the system goes from a frequency less than the ion cyclotron 

frequency to near the ion cyclotron frequency. As ρi / LE increases more, the mode frequency 

rises further into the lower hybrid regime. In a small laboratory device like ALEXIS, it is 

difficult to access the ideal regimes defined by 1 << ρi / LE, ρi / LE ~ 1, and ρi / LE << 1 while 
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keeping other parameters nearly unchanged. But within the practical limitations, the transition 

between the modes is quite clear in this experiment. 
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Chapter 5: Conclusions 
 

 

This work was performed using the Auburn Linear EXperiment for Instability Studies 

(ALEXIS) in an argon plasma. To conduct the experiments discussed in this dissertation, 

ALEXIS was upgraded to include a small, secondary plasma source for a dual plasma source 

configuration.113 Biasing the two plasma sources to different potentials allows for highly 

localized electric fields to be generated at the boundary of the two plasmas, inducing a strong E 

× B velocity shear. The advantage of using such an interpenetrating plasma configuration is that 

independent control over both the density gradient and the electric field that appears at the 

boundary layer is possible. This experiment also has the versatility to be used in the dual plasma 

configuration, or the blocking disk can be moved out of the way so that the rf plasma source can 

be used independently from the filament source for basic plasma physics experiments, such as 

spectroscopy or the testing of new plasma diagnostics. 

The work presented in this dissertation involved experimental studies of sheared plasma 

flows in a regime where the ion gyro-radius was larger than the shear scale length. The central 

goal of this work was to investigate the physical properties of the electron-ion hybrid (EIH) 

instability in the case where the plasma density is uniform and where there is a density gradient. 

The impact of varying the ratio of the ion gyro-radius to the shear scale length was also studied, 

which addressed several questions and outstanding theoretical predictions in regards to space 
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plasma physics and the plasma dynamics that occur at boundary layers in the space plasma 

environment. The experiments performed for this dissertation are briefly summarized in Section 

5.1, and possible future experiments are presented in Section 5.2. 

5.1 Summary of experiments 

The theoretical framework discussed in Chapter 2 was a substantial undertaking for this 

project. The kinetic theory for the EIH instability was initially derived by Ganguli et al.74 for a 

plasma with a uniform density. In the case of a density gradient, the differential dispersion 

relations had been discussed by Scales et al.41 in context of chemical release experiments in the 

ionosphere in which electrons and two ion species (positive ions and heavy negative ions) were 

considered. Simulations by Romero et al.75 discussed the effect of a density gradient on mode 

stability using a fluid description consisting of the mass conservation and momentum balance 

equations, in which pressure effects are ignored. The fluid model was generalized to include 

flows both parallel and perpendicular to the magnetic field vector, where the ion motion is 

considered in both the magnetized and un-magnetized limits. Since both of these formalisms 

were extremely generalized, the dispersion relation was re-derived using kinetic theory to 

include only electron and ion flow in a transverse direction in the limit where the ions are 

considered to be un-magnetized. The theoretical model discussed in Chapter 2 was used as a 

benchmark to compare experimental data to, as well as to characterize plasma instabilities and to 

provide evidence as to why the EIH instability was not observed in plasmas with a uniform 

density. 

The interpretation of plasma parameters in the new experimental configuration was 

discussed in Section 4.1. In this experiment, it was established that a void was successfully 

created by placing a blocking disk in the center of the primary rf plasma. Data showed that the 
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blocking disk did not significantly modify the spatial structure of the rf plasma potential. The 

filament plasma was observed to fill the density depletion region, creating conditions where the 

density gradient between the plasmas could be controlled by varying the amount of filament 

plasma that was made. An electric field localized to the boundary between the plasmas was 

achieved by varying the potential of the filament plasma relative to the rf plasma potential. In a 

low magnetic field strength where the ion gyro-radius is greater than 1 cm, the shear scale length, 

which was measured to be approximately 0.45 cm, is less than the ion-gyro radius and it is 

possible to study a frequency regime that is new to the ALEXIS device. Despite having a large 

localized electric field in both the filament plasma configuration and the interpenetrating plasma 

configuration, it was shown that in order to drive an instability in the region of the greatest shear, 

the interpenetrating plasma configuration was essential. Finally, the azimuthal symmetry of the 

experiment was shown to hold for the dual plasma configuration. This preliminary experiment 

was essential to this work in order to show that the addition of the secondary plasma source was 

necessary in order to excite shear driven instabilities in the regime where ρi / LE > 1. 

The main focus of the second experiment was to understand the properties of the EIH 

instability with a uniform density and with a density gradient in the plasma in order to simulate 

the dynamics of plasma boundary layers in the magnetosphere. An instability in the lower hybrid 

frequency range was observed in the plasma in the region of the greatest sheared flow and a 

density gradient. Through varying the potential of the filament plasma and keeping the density 

gradient relatively constant, it was shown that the instability driving mechanism was the spatially 

inhomogeneous radial electric field. The instability was demonstrated to be the density gradient 

modified EIH instability through the comparison of experimental measurements and the 
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theoretical models derived in Chapter 2. The experimental results were shown to agree well with 

the EIH instability dispersion relation. 

Despite exhaustive attempts at locating the EIH instability in a uniform density, no 

instability was observed in the lower hybrid frequency range. The theoretical framework for the 

EIH instability in a uniform density plasma was re-examined, and it was discovered that if the 

axial wavelength is considered to be finite and the axial wavenumber is included in the 

derivation of the dispersion relation, the EIH instability is not supported in a uniform density 

plasma in ALEXIS under the current operating conditions. The axial wavelength of the 

instability was shown to be greater than the length of ALEXIS. Nonetheless, the results of this 

work are unique in that the EIH instability had not previously been fully characterized in an 

experiment with a density gradient and a negligible field aligned current. In order to study the 

dynamics of plasma boundaries in the magnetosphere, the density gradient is an essential part of 

the experiment. 

Finally, in the last experiment discussed in this dissertation, the ratio of the ion gyro-

radius to the shear scale length was shown to be a convenient tunable experimental parameter to 

induce the transition between modes observed in the plasma. As the ratio of ρi / LE is varied, a 

low frequency mode, ion cyclotron-like mode, and a lower hybrid mode were observed. The low 

frequency mode is predicted to be the Kelvin-Helmholtz instability, and the ion cyclotron-like 

mode is thought to be the Inhomogeneous Energy Density Driven Instability (IEDDI). The lower 

hybrid mode had previously been characterized as the EIH instability. Each of these modes has 

been studied individually in different laboratory devices and configurations, but the transition 

between the instabilities had never been studied in a single experiment under the continuous 

variation of the plasma conditions. The results of this work confirm the basic theory that plasma 
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is unstable to localized transverse velocity shear in a very broad frequency range, and also 

provides evidence for the theory described by Ganguli et al.15,49 This theory, which was 

predicted two decades ago, proposes that as a compressed boundary layer relaxes in a 

collisionless plasma, it leads to a broadband electrostatic noise signature that satellites have often 

observed while crossing magnetospheric boundary layers. The results of this experiment are of 

particular interest to the space plasma community where the plasma boundary layer dynamics 

play a major role in the transport and distribution of mass, energy, and momentum into different 

regions of geo-space that affects near earth space weather. This experiment has significant 

practical importance as well, in that the accurate knowledge of space weather is vital for 

safeguarding satellites.  

5.2 Future work 

The work presented here opens up the possibility of several new experiments that can be 

performed in ALEXIS. However, due to the limitations of experimental hardware and operating 

conditions, not all of these opportunities can be explored at the moment. Initially, it was intended 

to study the EIH instability as well as the electromagnetic branch, the Whistler instability. 

Electromagnetic modes such as the electromagnetic ion cyclotron (EMIC) instability123 have 

previously been studied on ALEXIS using a three axis magnetic loop, or a “B-Dot” probe which 

was described in Chapter 3. Under the current possible operating conditions, the densities in 

ALEXIS are not large enough to attain a high β parameter that would allow an electromagnetic 

mode to be supported in the plasma. The addition of the mesh near the rf antenna decreased the 

density by two orders of magnitude compared to previous ALEXIS configurations. To increase 

the plasma density, several designs are to be tested on ALEXIS in the near future, including the 

addition of a second high transparency mesh that can be biased to accelerate the rf plasma into 
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the chamber, and then use the existing mesh to set the plasma potential to ground. A second and 

more important concern with studying the Whistler wave is that the instability has extremely 

long axial wavelengths, and may not fit inside the ALEXIS device. 

In Section 4.2.2, the theoretical framework for the EIH instability in a uniform density 

plasma was re-examined. A key assumption for the original uniform density theory was that the 

EIH instability has an infinitely long parallel wavelength, such that kz = 0. When kz is assumed to 

be finite, the dispersion relation shows that the EIH growth rate is zero for wavelengths that can 

fit inside the ALEXIS device when a uniform density is present in the plasma. For density 

gradient conditions, the theory was not re-derived to include a finite kz because, chronologically, 

the density gradient experiment was performed before the uniform density experiment. Because 

the experimental data closely matched the existing theory for kz = 0, it was not deemed necessary 

to go back and include kz in the density gradient dispersion relation for this research. However, in 

future experiments, it would be of interest to re-derive the theory to investigate how the density 

gradient dispersion relation varies as kz becomes finite.  

It was predicted in Section 4.3 that the low frequency instability and the ion cyclotron-

like instability are the Kelvin-Helmholtz and IEDDI instabilities respectively. In order to 

characterize these instabilities, the necessary theoretical framework has been derived by Ganguli 

et al.62, so experimental measurements could be compared against the models. The results of 

such an experiment in conjunction with the results of the ion gyro-radius transition experiments 

presented in this dissertation, would be provide even more compelling evidence that this is the 

same broadband noise signature observed by satellites as compressed plasma boundary layers 

begin to relax. 
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Finally, Laser Induced Fluorescence (LIF) measurements would contribute greatly to 

experiments performed in ALEXIS. Ion flow and heating measurements using LIF in the ion 

gyro-radius transition experiment would be of particular interest in the space plasma community. 

It could be shown that when the EIH instability dominates, there is significant ion tail heating, 

and when the IEDDI mode dominates, the bulk ions are heated. However, there should be 

minimal ion heating for the Kelvin-Helmholtz mode. The energization process as these modes 

transition from one to another, as well as the transition of the magnitude of the ion flow velocity 

could also be studied using LIF. Ion flow velocity measurements have been performed in 

ALEXIS experiments previously.72 However, in the current configuration, measurements are 

made at the same port as the diffusion pump. The diffusion pump has been observed to disrupt 

the plasma flow in the bottom half of the plasma column, leading to odd flow patterns and the 

breaking of the cylindrical symmetry of the plasma in this region. Also, low plasma densities 

make it difficult to resolve accurate and meaningful LIF measurements. 
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Appendix A – Suppression of Drift Waves 

 

 

The following paper18 describes an experiment performed in a previous configuration of 

ALEXIS where concentric electrode rings, located at the opposite end of the vacuum vessel from 

the rf plasma source, were used to modify the plasma potential. The initial objective for this 

configuration was to excite shear driven instabilities in the ion cyclotron frequency range when 

the shear scale length is comparable to the ion gyro-radius.72 However, it was also discovered 

that a low frequency instability (identified as a drift wave) could be suppressed by inducing a 

large parallel current in the plasma. 

A.1 Introduction 

 Drift instabilities are among the most studied phenomena in plasma physics. Driven by 

gradients in the plasma pressure, they are one of the “universal” instabilities that can arise in a 

plasma1. From early studies in the 1960’s by Hendel, et al.124, it has been shown that the 

generation of drift waves in collisional plasmas can lead to enhanced plasma transport. Similar 

work by Simonen et al.125 (also using a Q-machine) showed that by using a modulated electron 

current along the magnetic field lines, it was possible to stabilize the drift waves and, in turn, 

improve plasma confinement. 
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 While early studies of drift instabilities were performed in linear plasma devices, the 

physical mechanism of drift instabilities is pervasive across all plasma experimental geometries. 

As a result, these instabilities also play an important role in toroidal fusion experiments. In 

particular, the edge region of fusion devices, where large density gradients are often established, 

is believed to be dominated by drift wave driven turbulence.126–129 In periods when the drift wave 

instability amplitude is large, there can be significant cross-field transport and enhanced plasma 

losses.124,130,131 However, when large flows exist in the edge region – whether established by 

self-consistent zonal flows or driven by external electrodes – there can be a significant reduction 

in drift wave turbulence. 

 Studies in both toroidal and linear devices provide evidence for this connection between 

flows and turbulence. For example, studies on the TJ-K stellarator device demonstrated that a 

strong shear flow could change the structure of drift wave turbulence.132 Similarly, studies by 

Kaneko et al.133 on the QT-upgrade machine showed that in a modified plasma synthesis source, 

parallel shear could destabilize a drift wave. It was observed that as the shear length increased, 

the amplitude of the drift wave increased, but was eventually stabilized as the shear length 

reached a critical value.133 Tsuchiya et al.134 showed that by inducing a zonal flow due to E × B 

shearing in a cylindrical mirror device, the characteristics of the low frequency mode in the 

plasma could be changed. In a tandem mirror plasma device, drift wave fluctuation levels were 

observed to depend on the radial electric field created by applying a bias voltage to end plates.135 

These studies show that ongoing work on basic plasma devices can provide new insights into the 

fundamental physics that is of relevance to the broader plasma community. This paper reports on 

recent observations of the suppression of drift instabilities by plasma flows parallel to the 

magnetic field. 
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Experiments in the Auburn Linear EXperiment for Instability Studies (ALEXIS) have 

observed non-localized, low frequency instabilities in argon that extended radially over the entire 

column136, and vary with magnetic field strength and radial electric field. These instabilities are 

identified as drift waves that are driven by a radial density gradient. This paper is presented in 

two parts.  First, the characterization of the instability as a drift wave as a function of the applied 

electric and magnetic fields will be discussed.  Second, efforts to suppress the drift wave by 

modifying the radial and axial plasma flow using a series of “ring electrodes” that are located at 

one end of the plasma column will be discussed. 

A.2  Experimental setup 

 All of the experiments described in this paper are performed using the ALEXIS device.  

The configuration of the ALEXIS device has been described in detail in earlier works71,73 so only 

a brief summary of the device is given here. ALEXIS is a 170 cm long, 10 cm diameter, 

magnetized linear plasma experiment.  In its current configuration, there are four sections that 

make up the chamber, which can be seen in Figure A-1: (A) the antenna, (B) an ISO-100 six-way 

cross, (C) a 100 cm long experimental chamber, and (D) a custom designed vacuum box with 

large windows for optical access. 
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Figure A-1: A schematic drawing of the Auburn Linear EXperiment for Instability Studies (ALEXIS) where the numbers 
indicate port locations. 

Plasmas in ALEXIS are generated using a 600 W radio frequency (rf) power supply – 

although plasmas are typically generated at rf powers from 30 to 200 W. A manually tuned 

matching network is used to couple the rf power into the plasma. Nine water-cooled 

electromagnets produce an axial magnetic field with a maximum strength of up to 1000 G.  The 

two magnetic field coils that surround the antenna are operated separately from remaining seven 

and are used to optimize the plasma generation. For the experiments described in this paper, 

plasmas are generated using argon gas. Typical operating conditions are listed in Table A-1. 

Table A-1: Typical Operating Parameters in ALEXIS. 

Gas species Argon 
Magnetic field 300 – 800 G 
Electron density 0.5 – 5 x 1016 m-3 
Electron temperature 1 – 5 eV 
Ion temperature < 0.05 eV 
Gas pressure 0.25 – 0.75 mTorr 
Ion cyclotron frequency 10 – 25 kHz 

  

A range of in-situ diagnostic probes were used in this experiment to measure plasma 

parameters, including single tip Langmuir probes (floating potential fluctuations), emissive 

probes (plasma potential and radial electric field), and double probes (electron density and 
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electron temperature).103,109  Additionally, a double tipped probe (described here as a “k”-probe) 

is used to make measurements of the wavenumber of observed electrostatic 

fluctuations.50,110,137,138 The “k”-probe, which was specifically developed for this study, can be 

rotated to different angles with respect to the background magnetic field to measure electrostatic 

fluctuations. The phase difference between the probe tips is used to calculate the wavenumber 

and wavelength of the electrostatic fluctuation. 

 Two concentric electrode rings in the back of the chamber are mounted on a Macor 

(ceramic) block, and placed perpendicular to the magnetic field. The two rings are electrically 

isolated from each other and can be biased independently to modify the radial potential structure 

of the plasma. This is a variation on experimental configurations that have been used previously 

on ALEXIS17,19,72 and similar linear experiments21,63,69,139. Here, ring 1 (inner ring) has an inner 

radius of 0.42 cm and an outer radius of 1.11 cm. Ring 2 (outer ring) has an inner radius of 1.27 

cm and an outer radius of 1.91 cm. For the first part of this experiment, both rings were left 

floating. In the second part, ring 1 was electrically grounded to chamber ground, and ring 2 was 

biased. 

A.3 Experimental results 

Non-localized instabilities have been observed at or below the ion cyclotron frequency (ω 

≤ ωci) in ALEXIS. Two experiments are described below. In the first experiment, the objective is 

to clearly identify the physical mechanism responsible for driving the waves. In the second 

experiment, the plasma conditions are modified to control the properties of, and eventually 

suppress, the instability. Results from both experiments are discussed below. 
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A.3.1 Driving mechanism and characterization 

The first part of the experiment was performed in order to identify the driving mechanism 

of the low frequency instability observed in ALEXIS, and to characterize the instability as a drift 

wave. To do this, the magnetic field strength and rf power were varied to investigate the scaling 

of the amplitude and frequency of the instability. Changing the magnetic field and the rf power 

modify the plasma parameters (specifically the electron density profile), which make them useful 

experimental controls for studying the properties of the observed instabilities. Table A-2 gives 

the baseline configuration for this portion of the experiment. 

Table A-2: Experiment 1 configuration. 

rf power 50 W 
Magnetic field 240 - 720 G 
Gas pressure 0.26 mTorr 
Ring 1 Floating 
Ring 2 Floating 

 

The electron density, electron temperature, and plasma potential were carefully 

monitored in order to characterize how the underlying plasma parameters changed as a function 

of the magnetic field. Figure A-2 shows typical radial profiles of the: (a) electron density,  (b) 

electron temperature, (c) plasma potential and, (d) the electric field for different magnetic field 

strengths. Notice that the electron temperature, plasma potential, and electric field remain 

constant across the plasma column as the magnetic field strength is varied.  The electron density 

profile, however, is modified as a function of the magnetic field strength. 
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Figure A-2: (a) The radial profile of the electron density at different magnetic field strengths. (b) The radial profile of the 
electron temperature at different magnetic field strengths. (c) The radial profile of the plasma potential at different 

magnetic field strengths. (d) The radial electric field at different magnetic field strengths. The black squares represent the 
data at a magnetic field strength of 720 G, the green triangles represent data at a magnetic field of 555 G, and the blue 

circles represent data at 320 G. Note that the electron temperature, plasma potential, and electric field all remain 
constant, both across the plasma column and as the magnetic field strength is varied. 

 Using a single tip Langmuir probe, a frequency spectrum of the instability was measured 

at each point in space. As the probe is moved radially across the plasma column, a profile of the 

peak amplitude of the instability and the wave frequency was determined. An example of the 

peak amplitude as a function of radial position is shown in Figure A-3, where the inset plot is an 

example of the frequency spectrum. The instability was shown to extend over the entire plasma 

column. The radial location of the peak amplitude was observed to move radially outward as the 

magnetic field decreased. This was expected because as the magnetic field strength decreases, 

the cross sectional area of the plasma column expands. Figure A-4(a) shows that the frequency of 

the instability increased and Figure A-4(b) shows that the peak amplitude decreased as the 

magnetic field strength was lowered. 
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Figure A-3: The peak amplitude of the instability at each radial position where 0 cm coincides with the geometric center 
of the plasma column. The inset plot is an example of the frequency spectrum. 

 

 

Figure A-4: (a) The frequency of the instability was observed to increase and (b) the peak amplitude of the instability was 
seen to decrease with a decreasing magnetic field strength. 

The electron density and temperature were measured using a double probe.  It was noted 

that the peak electron density occurs between 1 and 2.5 cm from the center of the column, and 

the temperature profile remained constant across the plasma column (between 1 and 2 eV) and as 

the magnetic field strength was varied, which is illustrated in Figure A-2(b). It was observed that 

the maximum electron density decreased as the magnetic field decreased in Figure A-2(a), which 

caused the density gradient near the center of the plasma column to decrease. Figure A-5 shows 

that as the magnetic field is decreased, the maximum electron density gradient also decreases. 
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Figure A-5: The maximum electron density gradient as a function of magnetic field strength. 

 Electric fields present in plasmas can drive certain instabilities21,50, so it was important to 

determine whether varying the magnetic field strength had an effect on the plasma electric field. 

To do this, the plasma potential was measured across the plasma column, which showed there 

was only a slight variation radially and as a function of magnetic field [Figure A-2(c)]. From the 

plasma potential, the radial electric field profile was calculated. This showed a constant radial 

electric field inside the plasma column near 0 V/cm [Figure A-2(d)]. A constant radial electric 

field that is approximately equal to zero indicates that the rotation due to the E × B drift can be 

ignored.140 It was also seen that the electric field remained constant, even as the magnetic field 

decreased. This indicates that there is no observable correlation between the instability and the 

radial electric fields. 

 Since the electron temperature and the radial electric field profiles remain uniform across 

the plasma column (as was shown in Figure A-2), it is reasonable to eliminate these as the 

driving mechanism of the instability. The effect of the electron density on the instability was 

examined in more detail. The electron density was measured as the magnetic field strength was 

varied, and the peak density was calculated for each case. The maximum density measured from 
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all of the cases was then used to normalize the plots in Figure A-6. The same technique was also 

used to normalize the amplitude of the instability.  Both the maximum density and maximum 

amplitude occurred at a magnetic field strength of 800 Gauss. In the case of a large magnetic 

field [Figure A-6(a)], the electron density changes by an order of magnitude across the plasma 

column, which created a sharp density gradient in the region of the peak instability amplitude. In 

the case of a small magnetic field [Figure A-6(c)], the density profile was observed to flatten out 

and the density gradient was greatly reduced. This corresponded to a small amplitude instability. 

This data suggests that the density gradient was the dominant mechanism for driving the 

instability observed in ALEXIS. 
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Figure A-6: The electron density (circle, red) and peak amplitude (squares, blue) as a function of the radial position at 
magnetic field strengths of (a) 720 G, (b) 555 G, and (c) 320 G. 

Although there are several possible instabilities that can be driven by a density gradient, 

it was suspected that the low frequency instability observed in ALEXIS was a drift wave. To 

confirm this, experiments were performed in two different magnetic field configurations where 

the applied rf power was varied. Changing the rf power modifies the density gradient, but not the 

location of the maximum electron density, unlike varying the magnetic field strength. In this 



162 
 

configuration, the wave number of the instability was measured by setting the “k”-probe to the 

same radial location as the peak wave power. The phase difference was calculated between the 

probe tips when the probe was oriented parallel and perpendicular to the magnetic field.  

Table A-3: Measured wavenumber values and corresponding density gradients as a function of the rf (heating) power at a 
magnetic field strength of 635 Gauss. 

rf Power (W) k// (m-1) k⊥ (m-1) Density gradient (1018 m-4) 
70 28.135 94.986 1.916 
60 29.697 84.476 1.562 
50 35.983 115.848 1.238 
40 18.015 105.982 0.733 
30 11.045 101.369 0.305 

 

It was observed that the perpendicular component of the wavenumber (k⊥) was much 

larger than the parallel component, which is consistent with the properties of a drift wave. 

However, for a fixed magnetic field strength the parallel and perpendicular components of the 

wavenumber remained relatively unchanged, even as the rf power was varied (see Table A-3 and 

Table A-4). Because of the relatively small size of the ALEXIS vacuum chamber, it is possible 

that a broad spectrum of wavenumbers were not supported by the plasma column. 

Table A-4: Measured wavenumber values and corresponding density gradients as a function of the rf (heating) power at a 
magnetic field strength of 500 Gauss. 

rf Power (W) k// (m-1) k⊥ (m-1) Density gradient (1018 m-4) 
70 73.368 169.490 0.796 
60 31.484 94.743 0.650 
50 31.784 96.394 0.685 
40 25.454 65.919 0.498 

 

In order to confirm the observed instabilities as drift waves, it was necessary to perform a 

more definitive test of the drift dispersion relation.  Assuming cold ions and a quasi-neutral 
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plasma, the drift wave dispersion relation was derived using slab geometry for instabilities in 

ALEXIS (Equation A-1): 

 𝜔2�1 + 𝑘𝑦2 𝜌𝑐𝑖2  �–𝜔 𝜔𝑒∗ − 𝐶𝑠2 𝑘𝑧2 = 0 (A-1) 

where ρci is the ion gyro-radius, ωe is the electron diamagnetic frequency and Cs is the ion sound 

speed. In this derivation, since the probe tip separation distance (3 mm) is much smaller than the 

mean free collisional path (~11.4 cm), collisions were assumed to be negligible.  

To further establish the importance of the contributions of collisions, consider the 

following comparison between the electron/ion-neutral collision frequencies, the coulomb 

collision frequencies, the electron/ion cyclotron frequencies, and the electron/ion plasma 

frequencies. In this hierarchy, for collisions to play an important role, it would be necessary to 

have the collision rate between a charged species (i.e., ion or electron) and neutral atoms 

significantly larger than the other characteristic plasma frequencies. The electron-neutral 

collision frequency (4.48 MHz) was calculated to be much less than both the electron cyclotron 

(11.17 GHz) and electron plasma (7.98 GHz) frequencies. The ion-neutral collision frequency 

(2.17 kHz) also proved to be trivial compared to the ion cyclotron (152.05 kHz) and ion plasma 

(29.44 MHz) frequencies. Finally, it was determined that the coulomb collision frequency (29.76 

kHz) was an order of magnitude less than the ion cyclotron frequency. Given these comparisons, 

it is appropriate to assume that collisions are in fact negligible. 

In order to draw a comparison between experimental measurements and the drift wave 

dispersion relation, the experimentally measured values of the parallel and perpendicular 

wavenumbers and the plasma parameters are combined in the positive root of Equation A-1 and 

used to estimate the drift wave frequency. This calculated result is then compared to the 
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frequency measured in the experiment. This comparison is shown in Figure A-7, where the 

calculated frequencies compare well with the frequencies measured with the Langmuir probe, 

which suggests the low-frequency instability observed in ALEXIS is a drift wave. 

 

Figure A-7: The instability frequency measured using a Langmuir probe (black) compared with the frequency calculated 
using the drift wave dispersion relation (red) as a function of the rf power for magnetic field strengths of (a) 635 Gauss 

and (b) 500 Gauss. 

 

A.3.2 Drift wave suppression 

The second part of this experiment was performed to determine if it was possible to 

suppress the drift wave instability. To do this, the inner electrode ring (ring 1) was grounded 

while the outer ring (ring 2) was biased to different potentials. The negative bias configuration is 

equivalent to the previous experiment where the rings were allowed to electrically float at -15 V 

The magnetic field, gas pressure, and rf power were all kept constant. Data was taken to observe 

how the wave amplitude, frequency, electron density and plasma potential responded. Table A-5 

shows the baseline configuration for this part of the experiment. 
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Table A-5: Experiment 2 configuration. 

rf power 130 W 
Magnetic field 320 G 
Gas pressure 0.5 mTorr 
Ring 1 0 V 
Ring 2 40 to -40 V 
Ion cyclotron frequency 12.2 kHz 

 

When the outer electrode ring was set to a negative voltage, data taken with the single tip 

Langmuir probe showed a drift wave instability with a frequency of 5 - 6 kHz (approximately 

half that of the ion cyclotron frequency). Figure A-8(a) shows an example of the spectra 

observed at a negative bias. With a positive bias on the outer ring, a small amplitude instability 

was observed near the ion cyclotron frequency, but there was no instability observed below the 

ion cyclotron frequency. Figure A-8(b) shows the spectra at a positive bias in the frequency 

range of the drift wave (3 – 9 kHz). The colors represent the fluctuation amplitude, where red 

indicates a large amplitude fluctuation and blue indicates very small amplitude fluctuations 

[Figure A-8(c)]. Notice that at a positive bias, the noise floor drops into the 10-9 range, whereas 

at a negative bias, the noise floor is three orders of magnitude larger. Figure A-9 shows the peak 

wave amplitude measured between 3 and 9 kHz as a function of the bias voltage applied to the 

outer ring. The plot was normalized to the maximum amplitude, which occurred at -30 V. When 

there is no instability present in the drift wave frequency range, the normalized amplitude is 

approximately zero (at a positive ring bias). When there is a drift wave present, the normalized 

amplitude is one (as can be seen at the negative ring bias). 
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Figure A-8: Wave spectra at (a) a negative bias and (b) a positive bias. The color scale denotes the scaling of the instability 
amplitude (a.u.). On the radial position axis, 0 cm represents the center of the plasma column and 5 cm represents the 

edge of the vacuum vessel. 
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Figure A-9: The peak amplitude calculated in the drift wave frequency range (3 – 9 kHz) is plotted as a function of the 
bias voltage applied to the outer ring. The plot is normalized to the maximum amplitude (at -30 V). 0 indicates no 

instability was present and 1 indicates a large amplitude drift wave is present. 

It was important to see how the other parameters were modified as the voltage on the 

outer ring changed. Data taken from the double probe showed that the maximum electron density 

occurred when a negative voltage was applied to ring 2, and decreased as the applied voltage 

became positive. The electron temperature was observed to remain constant across the plasma 

column and as the voltage on ring 2 was varied. Data from the emissive probe showed that the 

plasma potential remained constant (~ 17 V), even as the negative bias on the outer ring was 

varied. However, once the voltage applied to the outer ring was changed to a positive bias, the 

plasma potential increased, and continued to increase each time the positive bias was raised. The 

radial electric field was calculated, and showed that the electric field varied more for a positive 

ring bias than for a negative bias.  

Data from the “k”-probe was used to calculate the parallel wavenumber as a function of 

the voltage on the outer ring. At negative voltages, the parallel wavenumber was finite (~20 m-1), 

and the drift wave propagated towards the rings at end of the chamber. At positive voltages, the 

parallel wavenumber for the instability observed near the ion cyclotron frequency increased 
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(~100 m-1) and the direction of propagation changed; i.e., this new instability was propagating 

away from the rings at the end of the chamber.  

Finally, the density and the density gradient were measured for both positive and negative 

bias voltages. The measurements indicated that the density gradient at a negative bias (~ 7.5 × 

1017 m-4) was not significantly larger than the density gradient observed at a positive bias (~ 4.5 

× 1017 m-4). We interpret this to mean that the driving mechanism for the drift wave, the density 

gradient, remains in the plasma for both positive and negative bias voltages.  Therefore, the data 

indicates that as the bias applied to the ring changes from negative to positive, the drift wave is 

suppressed and a different instability with a frequency near the ion cyclotron frequency arises in 

the plasma. 

Now, consider what is occurring in the plasma column as the bias voltage on the rings is 

changed. Not only is there a change in the potential profile of the plasma – especially for the 

positive bias voltages – but there is also a parallel current that is collected by the rings. This is 

illustrated in Figure A-10, which shows the current collected by the outer ring as a function of 

the ring bias. Notice that as the voltage approaches a positive bias, the ring begins to draw 

electrons, giving rise to an increase in the parallel current. Recall, that under these positive bias 

conditions, an instability with a frequency near the ion cyclotron frequency was observed. 

Recent studies on ALEXIS72 have shown that this instability is a current driven electrostatic ion 

cyclotron instability. 
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Figure A-10: The dc current collected by ring 2 (the outer ring) as a function of the bias voltage. 

It was desired to see what effect the presence of this large parallel current had on the 

growth rate of the drift wave. Following the kinetic model presented in Goldston and 

Rutherford141, it is shown that adding an electron drift velocity due to a parallel electron current, 

the drift wave dispersion relation is modified (Equation A-2a).  In Equation A-2,  Ueo is the 

electron drift speed due to a current parallel to the magnetic field and Vthe is the electron thermal 

speed. 

 𝜔�1 + 𝑘𝑦2 𝜌𝑐𝑖2  �– 𝜔𝑒∗ −
𝐶𝑠2 𝑘𝑧2

𝜔
= −𝑖�𝜋

2
𝜔(𝜔−𝜔𝑒

∗−𝑘𝑧 𝑈𝑒𝑜)
|𝑘𝑧| 𝑉𝑡ℎ𝑒

 (A-2a) 

 𝜔 = 𝜔𝑒∗ + 𝐶𝑠2 𝑘𝑧2

𝜔𝑒
∗  (A-2b) 

 𝛾 = �𝜋
2

 (𝜔𝑒
∗  𝑘𝑧 𝑈𝑒𝑜−𝐶𝑠2 𝑘𝑧2)

|𝑘𝑧| 𝑉𝑡ℎ𝑒
 (A-2c) 

Now, assuming that 𝑘𝑦 𝜌𝑐𝑖 ≪ 1 and 𝐶𝑠 𝑘𝑧 ≪ 𝜔 (where the first order correction is kept), the real 

part of the frequency is given by Equation A-2b, and the imaginary part of the frequency gives 

the growth rate (Equation A-2c). Using typical parameter values for drift waves in ALEXIS, the 

growth rate is plotted in Figure A-11 as a function of (a) the parallel wave number, kz, and (b) the 
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perpendicular wave number, ky, for three different parallel currents. When the outer electrode 

ring was biased negatively and drift waves were present in the plasma, a small negative parallel 

current was measured (approximately -10 to -20 mA). The thin blue line shows that the growth 

rate under these conditions is positive and the drift wave is able to propagate through the plasma. 

However, when there was a large positive parallel current (thick solid black line), the growth rate 

is negative and the drift wave is not supported under these conditions. The same is also true 

when there is zero current (red dashed line). The shaded region in both plots represents 

experimental values of the wavenumber associated with drift waves in ALEXIS. This suggests 

that the presence of this parallel current is responsible for modifying the dispersion relation so 

that the drift wave can no longer be supported by the ALEXIS plasma. This is also consistent 

with observations made in studies by Simonen et al.125 
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Figure A-11: The growth rate is plotted as a function of (a) the parallel wavenumber (at a fixed ky = 100 m-1) and (b) the 
perpendicular wavenumber (at a fixed kz = 30 m-1) for three different parallel currents. When there is a large positive 

parallel current (50 mA) present in the plasma, the growth rate is negative and the drift wave cannot be supported. When 
there is a small negative parallel current (-10 mA), the growth rate is positive and the drift wave is allowed to propagate 

within the plasma. The shaded region represents the measured wave numbers associated with drift waves. It is noted that 
ωci = 2π*12 kHz. 

 

A.4 Conclusions 

Non-localized, low frequency instabilities have been observed in the Auburn Linear 

EXperiment for Instability studies (ALEXIS). It was determined that the driving mechanism for 

the instability was a density gradient, and the instabilities were characterized as drift waves. A 

new experiment was performed to determine if the drift wave instability could be suppressed in 

ALEXIS. 
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Concentric electrode rings were used to change the radial potential structure of the 

plasma by varying the voltage applied to the rings. When a negative bias was applied to the 

rings, a large amplitude drift wave was observed at 0.5ωci. The plasma potential remained 

constant for different negative voltages, and there was a uniform electric field present in the 

plasma. Data from a “k”-probe showed that the wave-number was finite and the wave 

propagated toward the end of the chamber. As the voltage went from negative to positive, there 

was no longer a drift wave present and the peak density decreased. The plasma potential was 

observed to increase as the positive bias increased and a non-uniform radial electric field arose in 

the plasma. It was discovered that at a positive bias, the rings were collecting a large amount of 

current, and at a negative bias, the rings were giving off electrons. 

It appears that the driving mechanism at a positive bias is the current drawn by the outer 

ring. This drives a wave in the ion-cyclotron regime that has a small electrostatic amplitude, but 

there was no wave present in the drift wave frequency range. The density gradient present at a 

negative bias was the driving mechanism for the drift wave. By biasing the ring electrodes 

positive, and creating a large parallel current in the plasma, drift waves were successfully 

suppressed in the ALEXIS device. 
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Appendix B – Computer Codes 
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B.1 Mathematica shooting codes 
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B.2 LabVIEW system control 
 
 
B.2.1 HMI (HMI.vi) 
 

 
 
Front Panel 
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Block Diagram 

 
 
List of SubVIs and Express VIs 

 
 

set_bipop_voltage.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_bipop_voltage.vi 
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B.2.2 Gas control (Gas_Ramp.vi) 
 

 
 
Front Panel 
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Block Diagram 

 
 
 
List of SubVIs and Express Vis 
 

 
 

Alexis_Gmail_No_Attachments.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Alexis_Gmail_No_Attachments.vi 
 

 
 

Display Message to User 
Display Message to User 
Displays a standard dialog box that contains an alert or a message for users. 
-------------------- 
 
This Express VI is configured as follows: 
 
Message:  Please be sure the MFC is on using the software toggle switch in the HMI. 
 
Have you checked the chilled water? 
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B.2.3 Filament control (Filament_ramp.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

AmetekDC Query Error.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Query Error.vi 
 

 
 

AmetekDC Measure [MSR].vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Measure [MSR].vi 
 

 
 

AmetekDC Configure Output Enabled.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Configure Output Enabled.vi 
 

 
 

AmetekDC Configure Voltage Level.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Configure Voltage Level.vi 
 

 
 

AmetekDC Configure Current Limit.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Configure Current Limit.vi 
 

 
 

Alexis_Gmail_No_Attachments.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Alexis_Gmail_No_Attachments.vi 
 

 
 

AmetekDC Close.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Close.vi 
 

 
 

AmetekDC Set Command Time Delay.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Set Command Time Delay.vi 
 

 
 

AmetekDC Initialize.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\instr.lib\AmetekXG20-
76\AmetekDC.llb\AmetekDC Initialize.vi 
 

 
 

Start Stop Step to Array.vi 
C:\Users\DuBois\Desktop\NRL\Start Stop Step to Array.vi 
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B.3 LabVIEW data acquisition 
 
B.3.1 Langmuir probe (LP frequency radial sweep GFITS Only.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

set_bipop_voltage.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_bipop_voltage.vi 
 

 
 

Alexis_Gmail_No_Attachments.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Alexis_Gmail_No_Attachments.vi 
 

 
 

fft_wrapper.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\fft_wrapper.vi 
 

 
 

cDaq9181 read.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\cDaq9181 read.vi 
 

 
 

Machine_state_FITS.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Machine_state_FITS.vi 
 

 
 

gfitsio-write-column-dbl-scalar_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column-dbl-
scalar_new.vi 
 

 
 

gfitsio-write-column_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column_new.vi 
 

 
 

gfitsio-write-column-sgl-1d_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column-sgl-
1d_new.vi 
 

 
 

gfitsio-write-column-dbl-1d_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column-dbl-
1d_new.vi 
 

 
 

Avg_Data_Shots.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Avg_Data_Shots.vi 
 

 
 

Wait with Error IO.vi 
C:\Users\DuBois\Desktop\NRL\Wait with Error IO.vi 
 

 
 

set_mfc_voltage_ds.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\set_mfc_voltage_ds.vi 
 

 
 

set_out_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_out_mag_cur_ds.vi 
 

 
 

set_in_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_in_mag_cur_ds.vi 
 

 
 

set_rf_power_ds.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\set_rf_power_ds.vi 
 

 
 

gfitsio-open-create-replace-table_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
table_new.vi 
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gfitsio-close-file_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-close-file_new.vi 
 

 
 

move_probe_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\move_probe_ds.vi 
 

 
 

write_fits_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_fits_keys_ds.vi 
 

 
 

write_probe_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_probe_keys_ds.vi 
 

 
 

write_var_keys_ds2.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_var_keys_ds2.vi 
 

 
 

gfitsio-open-create-replace-file_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
file_new.vi 
 

 
 

AutoGenerate_Filenames_v3.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\AutoGenerate_Filenames_v3.vi 
 

 
 

Start Stop Step to Array.vi 
C:\Users\DuBois\Desktop\NRL\Start Stop Step to Array.vi 
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B.3.2 Emissive probe (EP_scan_FITS.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

set_bipop_voltage.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_bipop_voltage.vi 
 

 
 

Alexis_Gmail_No_Attachments.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Alexis_Gmail_No_Attachments.vi 
 

 
 

EP-DMM-DAQ.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\EP-DMM-DAQ.vi 
 

 
 

gfitsio-write-key.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\gfitsio\gfitsio-write-key.vi 
 

 
 

gfitsio-write-key-double.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\gfitsio\gfitsio-write-key-double.vi 
 

 
 

move_probe_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\move_probe_ds.vi 
 

 
 

set_mfc_voltage_ds.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\set_mfc_voltage_ds.vi 
 

 
 

set_out_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_out_mag_cur_ds.vi 
 

 
 

set_in_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_in_mag_cur_ds.vi 
 

 
 

set_rf_power_ds.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\set_rf_power_ds.vi 
 

 
 

gfitsio-open-create-replace-table.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
table.vi 
 

 
 

gfitsio-close-file.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-close-file.vi 
 

 
 

Start Stop Step to Array.vi 
C:\Users\DuBois\Desktop\NRL\Start Stop Step to Array.vi 
 

 
 

write_fits_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_fits_keys_ds.vi 
 

 
 

write_probe_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_probe_keys_ds.vi 
 

 
 

write_var_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_var_keys_ds.vi 
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gfitsio-open-create-replace-file.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-file.vi 
 

 
 

AutoGenerate_Filenames_v3.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\AutoGenerate_Filenames_v3.vi 
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B.3.3 Double probe (DP_scan_FITS.vi) 
 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

set_bipop_voltage.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_bipop_voltage.vi 
 

 
 

Alexis_Gmail_No_Attachments.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Alexis_Gmail_No_Attachments.vi 
 

 
 

DP-GFITS-daq.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\DP-GFITS-daq.vi 
 

 
 

gfitsio-write-key.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\gfitsio\gfitsio-write-key.vi 
 

 
 

gfitsio-write-key-double.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\gfitsio\gfitsio-write-key-double.vi 
 

 
 

move_probe_ds - Copy.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\move_probe_ds - Copy.vi 
 

 
 

set_mfc_voltage_ds.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\set_mfc_voltage_ds.vi 
 

 
 

set_out_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_out_mag_cur_ds.vi 
 

 
 

set_in_mag_cur_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\set_in_mag_cur_ds.vi 
 

 
 

set_rf_power_ds.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\set_rf_power_ds.vi 
 

 
 

move_probe_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\move_probe_ds.vi 
 

 
 

gfitsio-open-create-replace-table.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
table.vi 
 

 
 

gfitsio-close-file.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-close-file.vi 
 

 
 

Start Stop Step to Array.vi 
C:\Users\DuBois\Desktop\NRL\Start Stop Step to Array.vi 
 

 
 

write_fits_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_fits_keys_ds.vi 
 

 
 

write_probe_keys_ds.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_probe_keys_ds.vi 
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write_var_keys_ds2.vi 
C:\Users\Public\Documents\LabVIEW VI's\alexis_sub_vi's\write_var_keys_ds2.vi 
 

 
 

gfitsio-open-create-replace-file.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-file.vi 
 

 
 

AutoGenerate_Filenames_v3.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\AutoGenerate_Filenames_v3.vi 
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B.3.4 “k” – probe (kP_ThetaSweepONLY_AVG_StepMotor.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

NI_MAPro.lvlib:Cross Spectrum (Mag-Phase).vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\measure\maspectr.llb\Cross 
Spectrum (Mag-Phase).vi 
 

 
 

NI_AALBase.lvlib:Mean.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\baseanly.llb\Mean.vi 
 

 
 

cDaq9181 read.vi 
C:\Users\DuBois\Documents\My Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\cDaq9181 read.vi 
 

 
 

Wait with Error IO.vi 
C:\Users\DuBois\Desktop\NRL\Wait with Error IO.vi 
 

 
 

gfitsio-write-column-dbl-1d_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column-dbl-
1d_new.vi 
 

 
 

Avg_Data_Shots.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\Avg_Data_Shots.vi 
 

 
 

gfitsio-write-column-dbl-scalar_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column-dbl-
scalar_new.vi 
 

 
 

gfitsio-write-column_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-write-column_new.vi 
 

 
 

gfitsio-open-create-replace-table_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
table_new.vi 
 

 
 

Start Stop Step to Array.vi 
C:\Users\DuBois\Desktop\NRL\Start Stop Step to Array.vi 
 

 
 

gfitsio-open-create-replace-file_new.vi 
C:\Users\DuBois\Desktop\LabVIEW Data - Shortcut.lnk\gfitsio\gfitsio-open-create-replace-
file_new.vi 
 

 
 

AutoGenerate_Filenames_v3.vi 
C:\Users\DuBois\Desktop\alexis_sub_vi's\AutoGenerate_Filenames_v3.vi 
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B.4 LabVIEW data analysis 
 
B.4.1 Langmuir probe (LP_analysis_2012.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

gfitsio-open-create-replace-file_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-file_new.vi 
 

 
 

gfitsio-get-hdu-list_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-hdu-list_new.vi 
 

 
 

gfitsio-close-file_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
close-file_new.vi 
 

 
 

gfitsio-open-create-replace-table_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-table_new.vi 
 

 
 

gfitsio-get-num-rows_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-num-rows_new.vi 
 

 
 

gfitsio-read-column_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column_new.vi 
 

 
 

gfitsio-read-column-dbl-1d_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column-dbl-1d_new.vi 
 

 
 

create_mathematica_file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\create_mathematica_file.vi 
 

 
 

NI_3dgraph.lvlib:Axes Properties.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\SubVIs\Axes 
Properties.vi 
 

 
 

NI_3dgraph.lvlib:Projection Properties.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 
2010\vi.lib\Platform\3dgraph.llb\Projection Properties.vi 
 

 
 

NI_3dgraph.lvlib:Basic Properties.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Platform\3dgraph.llb\Basic 
Properties.vi 
 

 
 

NI_3dgraph.lvlib:3D Surface.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Platform\3dgraph.llb\3D 
Surface.vi 
 

 
 

gfitsio-read-column-sgl-scalar.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column-sgl-scalar.vi 
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B.4.2 Emissive probe (EP_analysis.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

create_mathematica_file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\create_mathematica_file.vi 
 

 
 

Calculate_BField_Tesla.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Calculate_BField_Tesla.vi 
 

 
 

gfitsio-read-column-dbl-1d.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column-dbl-1d.vi 
 

 
 

Error Cluster From Error Code.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Utility\error.llb\Error Cluster 
From Error Code.vi 
 

 
 

gfitsio-get-num-rows.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-num-rows.vi 
 

 
 

gfitsio-read-column-dbl-scalar.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column-dbl-scalar.vi 
 

 
 

gfitsio-read-column.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-column.vi 
 

 
 

EField_Convert_RadialPos.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\EField_Convert_RadialPos.vi 
 

 
 

Calculate_derivative_error.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Calculate_derivative_error.vi 
 

 
 

NI_AALPro.lvlib:Derivative x(t).vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\2dsp.llb\Derivative 
x(t).vi 
 

 
 

gfitsio-open-create-replace-table.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-table.vi 
 

 
 

gfitsio-get-hdu-list.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-hdu-list.vi 
 

 
 

gfitsio-close-file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
close-file.vi 
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Start Stop Step to Array.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\NRL VIs\Start 
Stop Step to Array.vi 
 

 
 

gfitsio-read-key-double.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-key-double.vi 
 

 
 

gfitsio-read-key.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-key.vi 
 

 
 

FITS_Sweep_Selector.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\FITS_Sweep_Selector.vi 
 

 
 

gfitsio-open-create-replace-file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-file.vi 
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B.4.3 Double probe (DP_analysis_Fit_New.vi) 
 

 
 
Front Panel 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

create_mathematica_file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\create_mathematica_file.vi 
 

 
 

DP_calculate_ne_Te.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\DP_calculate_ne_Te.vi 
 

 
 

Calculate_ne_Te_Error.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Calculate_ne_Te_Error.vi 
 

 
 

NI_AALPro.lvlib:Linear Fit.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\6fits.llb\Linear Fit.vi 
 

 
 

Calculate_IVTrace_Error.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Calculate_IVTrace_Error.vi 
 

 
 

DP_IVTrace_Fit.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\DP_IVTrace_Fit.vi 
 

 
 

read_dp_data_No_correction.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\read_dp_data_No_correction.vi 
 

 
 

gfitsio-get-num-rows.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-num-rows.vi 
 

 
 

NI_AALPro.lvlib:Derivative x(t).vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\2dsp.llb\Derivative 
x(t).vi 
 

 
 

gfitsio-open-create-replace-table.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-table.vi 
 

 
 

gfitsio-get-hdu-list.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-hdu-list.vi 
 

 
 

gfitsio-close-file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
close-file.vi 
 

 
 

gfitsio-read-key-double.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-key-double.vi 
 

 
 

gfitsio-read-key.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
read-key.vi 
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FITS_Sweep_Selector.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\FITS_Sweep_Selector.vi 
 

 
 

gfitsio-open-create-replace-file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-file.vi 
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B.4.4 “k” – probe (kP_LorentzAnalysis_AVG.vi) 
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Block Diagram 
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List of SubVIs and Express VIs 
 

 
 

create_mathematica_file.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\create_mathematica_file.vi 
 

 
 

NI_AALPro.lvlib:General Polynomial Fit.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\6fits.llb\General 
Polynomial Fit.vi 
 

 
 

Phase_Offset_Fix.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Phase_Offset_Fix.vi 
 

 
 

NI_AALBase.lvlib:Mean.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 2010\vi.lib\Analysis\baseanly.llb\Mean.vi 
 

 
 

calculate_k_values.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\calculate_k_values.vi 
 

 
 

Phase_Frequency_SubArray.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\Phase_Frequency_SubArray.vi 
 

 
 

PhaseValuesSUBVI.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\PhaseValuesSUBVI.vi 
 

 
 

NI_Gmath.lvlib:Nonlinear Curve Fit LM formula string.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 
2010\vi.lib\gmath\NumericalOptimization\Nonlinear Curve Fit LM formula string.vi 
 

 
 

NI_Gmath.lvlib:Nonlinear Curve Fit.vi 
C:\Program Files (x86)\National Instruments\LabVIEW 
2010\vi.lib\gmath\NumericalOptimization\Nonlinear Curve Fit.vi 
 

 
 

LorentzianFitParametersSUBVI.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\LorentzianFitParametersSUBVI.vi 
 

 
 

calculate_Lorentz_x-axis.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\calculate_Lorentz_x-axis.vi 
 

 
 

read_CrossMagPhase.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\read_CrossMagPhase.vi 
 

 
 

gfitsio-get-num-rows_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-num-rows_new.vi 
 

 
 

read_probe_angle_data.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS 
VIs\SubVIs\read_probe_angle_data.vi 



221 
 

 

 
 

gfitsio-open-create-replace-table_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-table_new.vi 
 

 
 

gfitsio-get-hdu-list_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
get-hdu-list_new.vi 
 

 
 

gfitsio-open-create-replace-file_new.vi 
C:\Users\Ami\Dropbox\Lab Shared - ALEXIS\Ami's ALEXIS VIs\ALEXIS VIs\gfitsio\gfitsio-
open-create-replace-file_new.vi 
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