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Abstract

A platform was developed to determine the applicability of Lanthanum Hexaboride
(LaB6), a low work function material, for Electron Transpiration cooling (ETC) pur-
poses. This study investigates the behavior of the material when exposed to condi-
tions similar to those of hypersonic �ight or atmospheric reentry in the University of
Vermont 30 kW Inductively Coupled Plasma (ICP) Facility. Results from LaB6 ETC
performance are compared to that of a common relatively low work function material
- POCO graphite, as well as velocity impacts on ETC performance through use of a
converging �ow augmentation nozzle. The study also includes a full plasma charac-
terization test suite, testing the plasma heat �ux, Local Thermodynamic Equilibrium
(LTE) temperature, and electron density the ETC probe is exposed to at all testing
conditions. Post-testing results from Scanning Electron Microscope (SEM) imaging
of the LaB6 ETC samples are also described. Initial results suggest that the LaB6 ma-
terial shows improved ETC performance when compared to similar POCO graphite
samples, as well as increased performance at higher plasma �ow velocities from the
converging nozzle. The LaB6 material was notably shown to generate considerable
oxide scale after testing, which is shown in imaging. Heat �ux results showed the im-
pact of varying the sizing of the heat �ux collection device, and allowed for evaluation
of impacts of the nozzle geometry on the heat �ux of the plasma jet. LTE temper-
ature results were in relative agreement with previous studies, although showed the
impact of several signi�cant measurement problems and inconsistencies. The same
was true of electron density comparisons, although these showed strong agreement
with theoretical Chemical Equilibrium with Applications (CEA) generated models in
the plasma jet-center region.
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Chapter 1

Introduction

1.1 Motivation

Hypersonic �ight systems are an area of technology that are rapidly advancing due to

international government and private-sector impetus to develop advanced hypersonic

crafts for multiple applications [1]. These crafts operate in very high-stress �ight en-

velops which requires overcoming technological challenges. A signi�cant challenge of

hypersonic systems is the development of a Thermal Protection System (TPS). These

systems must provide e�ective heat rejection for hypersonic �ight in-atmosphere while

also allowing the craft to operate at hypersonic speeds. Existing TPS include passive

(insulated structures using radiative heating for heat rejection), semi-passive (heat

rejection pipe) or active (ablative, single use materials) systems [2]. Hypersonic vehi-

cles include small leading-edge radii structures at high mechanical and thermal loads

to increase aerodynamic performance and achieve hypersonic cruise in-atmosphere.

The smaller the leading edge radii, the higher the thermal load due to the relationship

between the edge radius and stagnation point heating [2]. Active TPS systems are
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found to be the best option for use in extremely high heat-�ux environments, such

as that of hypersonic �ight. However, as leading-edge structures must remain at a

constant geometry during �ight to meet aerodynamic requirements (and to allow for

re-use), active TPS systems are not practical for this application. Furthermore, the

inability for passive and semi-passive TPS systems to e�ectively mitigate high heat

�ux associated with hypersonic �ight also make these systems less practical for hy-

personic craft [2]. High temperature ceramics are an example of reusable materials

that have been used in past applications but limited in their use for novel hypersonic

TPS. Ceramic materials, such as those used on the Space-Shuttle orbiter, do not

provide su�cient heat mitigation for the hypersonic �ight conditions new systems

are attempting to reach and would be inadequate for these applications [2]. Due to

these technological limitations and the high-stagnation point heating reached by the

required small leading-edge radii structures of hypersonic craft, novel thermal mitiga-

tion strategies must therefore be developed. One proposed strategy to achieve this is

called electron transpiration cooling (ETC) [3]. This system is in preliminary testing

for simulated hypersonic environments, and further testing on hypersonic platforms

will be needed to fully understand its e�ectiveness and limitations.

The University of Vermont (UVM) Plasma Diagnostics Laboratory 30 kW In-

ductively Coupled Plasma torch (ICP) simulates the environment of hypersonic test

conditions. The facility generates high-velocity plasma �ows comprised of multiple

species (including mixtures) which can simulate a number of �ight conditions. These

attributes make the laboratory an ideal facility for the investigation of ETC technol-

ogy in multiple high-enthalpy gas environments. The following study explains the

results of these preliminary ETC tests at the UVM ICP facility.
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1.2 Approach

ETC is a novel heat rejection technique which employs the concept of thermionic

emission [3]. In an ETC system, a negative voltage bias is applied to a hypersonic

leading edge composed of a low work function material, encouraging the emission of

electrons during heating. Emitted electrons carry away heat energy through the shock

envelop surrounding the leading-edge to a larger positively-biased area downstream

of the stagnation region. Here, conventional heat rejection methods are more feasible.

The electrons reattach at this point to complete an electrical circuit. Unlike tradi-

tional methods such as ablation, this heat mitigation strategy allows the geometry of

the leading edge to remain constant. This work explores the further development of

the existing ETC test platform currently used in the University of Vermont Plasma

Diagnostics Laboratory. Recent modi�cations to this platform to investigate the us-

age of a low work function emitter composed of Lanthanum Hexaboride (LaB6) are

described along with plasma characterization to understand the conditions the ETC

platform is exposed to. Plasma characterization includes emission, plasma tempera-

ture, electron density, and heat �ux. These results are valuable to ongoing work with

UVM as well as fellow ETC collaborators.
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1.3 Previous ETC Work at the UVM

Plasma Diagnostics Facility

Previous work done by Morin [4] attempted to test the e�ectiveness of another low-

work function material, Copper-Doped Mayenite, for ETC purposes. This was also

tested in the UVM 30 kW ICP facility, and showed promising results for ETC heat

rejection purposes, although with some drawbacks due to failure of the tested material

at higher temperatures. Regardless, this material was shown to outperform ETC tests

using a POCO graphite ETC platform. [5]. POCO graphite is relatively low work

function and acts as the standard comparison for ETC testing, due to its robustness

and low cost. This study attempts to build upon this previous work by testing the

same geometry ETC platform with the lower work function LaB6 material to further

increase ETC performance and observe the impact of increased �ow velocity.
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Chapter 2

Electron Transpiration Cooling

2.1 Stagnation Point Heating for Small

Leading-Edge Radii

Many Hypersonic �ight systems require small leading edge radii components to opti-

mize mission performance. However, as this leading edge radii is decreased, localized

heating rates of the edge increase. This is a result of heat �ux being inversely pro-

portional to the square root of the leading edge radius:

q / (RLE )� 1=2 (2.1)

Where q is the heat �ux and RLE is the radius of the hypersonic leading edge.

This is a direct result of the Fay-Riddell relation, which states that the compressible

�ow stagnation heat �ux to a hemispherical body can be described through [6]:
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Where Pr is the Prandtl number, � w is the mass density at the 'wall' (the surface

- in our case the hypersonic leading edge),� w is the absolute viscosity at the wall,

� s is the mass density at the stagnation point of the external �ow,� s is the absolute

viscosity at the stagnation point, L is the Lewis number for an atom-molecule mixture,

hD is the dissociation Enthalpy,hs is the stagnation point enthalpy,� is the velocity

gradient, andhw is the enthalpy at the wall. In this relation, the velocity gradient, �

is represented by:
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Here, pS is the pressure at the stagnation point, andp1 is the ambient pressure.

Observing Equations 2.2 and 2.3 shows the relation stated in Equation 2.1. An

example of this relation showing the impact of the leading edge radius on stagnation

point heating is shown in Figure 2.1.

Figure 2.1: Relation between leading edge radius and stagnation point heating, with 1 in
sample marked.
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Although decreasing the leading edge radius of a hypersonic craft often allows

for more favorable lift to drag ratios and overall increased aerodynamic performance,

this geometry change results in increased local stagnation point heating rates [2]. In

order to reach future �ight envelopes where leading edge radii will be very small,

new thermal mitigation strategies of the leading edge that do not result in dynamic

changes in vehicle geometry will need to be developed. In addition, current Ultra

High Temperature Ceramic materials (UHTCs) do not provide adequate thermal

protection for some desired �ight envelopes [2]. ETC may be a potential technology

which can overcome these thermal and geometric limitations.

2.2 ETC Theory

Electron transpiration cooling utilizes the concept of thermionic emission to provide a

cooling e�ect to a hypersonic leading edge. Emitted electrons carry away heat on the

order of the amount of energy required for an electron to be emitted from a metallic

emission surface by overcoming the potential barrier to surrounding free space, as

well as associated kinetic energy [4]. The overarching physics that drive the concept

of ETC are based upon the Richardson Relation for Thermionic emission. This is an

exponential relation between temperature of the heating surface and emission current.

This current relies directly on the work function of the material, which is a property

that describes the amount of potential energy required for electrons to overcome the

potential barrier and escape from the material to the surrounding free space. Thus,

low work function materials are desired as they readily emit electrons when heated

to high temperatures [3]. The Richardson Relation (which theoretically models the
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emission current) is described by:

J = AT 2 exp

 

�
�
T

!

(2.4)

In this relation, J is the Richardson Current (emission current), A is Planck's

constant (A � 1:2 � 106Am � 2K � 2 [3]), T is the material temperature and� is the

work function of the material. It can be seen that this equation directly relies upon

the material work function. This work function is impacted by several factors, one

being that of the Schottky e�ect, and one being from convective �ows that arise from

changes in velocity of the hypersonic craft [4]. Beginning with the Schottky e�ect,

this is an enhanced �eld e�ect that arises when an electric �eld forms at the emission

surfacce due to the applied voltage bias. This �eld can be represented as an impact

to the material work function, � � . This results in an increase to the overall emission

current by lowering the potential barrier on the order of� � [4]. This consideration

then slightly modi�es the emission current to be represented by:

J = AT 2 exp

 
� (� � � � )

T

!

(2.5)

Where � � is:

� � =

s
e3F
4�" 0

(2.6)

Here, e is the elementary charge,F is the electric �eld around the material, and� o

is the vacuum permittivity [7]. ETC Emission current is additionally impacted by

the �ow velocity surrounding the emitting surface. Work proposed by Uribarri and

Allen [3] suggests that convective �ows aid in the movement of emitted electrons,
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and also act to increase the e�ective work function of thermionic material. Thus,

increased �ow velocity may result in increased emission current for an ETC system.

The convective impact from �ow velocity can be represented as� � conv, and when

added to Equation 2.4, the �nal resulting relation is:

J = AT 2 exp

 
� (� � � � � � � conv)

T

!

(2.7)

The e�ective work function of the material is then � � � � � � conv. The Emission

current measured from an ETC system can then be used to quantify the amount of

thermionic electron emission that is taking place. The potential cooling e�ectiveness

of ETC heat rejection can be quanti�ed by directly comparing the power rejected

by radiative cooling to that of ETC. For ETC to be an e�ective heat mitigation

strategy, it must at least overcome that of radiative cooling [3]. Written as a function

of temperature and work function, this comparative relation is:


 =
PET C

Prad
� 2 � 1013 �

T2
exp

 

�
�
T

!

(2.8)

WherePET C is the cooling power from the ETC system andPrad is the cooling power

from radiative cooling. PET C and Prad are de�ned simply as:

PET C = J� (2.9)

Prad = �T 4 (2.10)

Here, � is the Stefan-Boltzmann constant (� = 5:67 � 10� 8W=K 4 [3]). Equation
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2.8 can be adjusted to represent the theoretical cooling potential of ETC compared

to radiative cooling at a variety of material work functions and temperature ranges.

Adjusting Equation 2.10 to �t to another method of cooling also allows for a com-

parison to other heat mitigation strategies, such as ablation. Figure 2.2 shows the

ETC cooling e�ectiveness compared with that of radiative cooling at a range of work

functions.

Figure 2.2: ETC E�ectiveness compared to radiative cooling over a range of temperatures
and work function values [3].
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Chapter 3

Experimental Details

3.1 University of Vermont 30 kW

Inductively Coupled Plasma

Facility

The University of Vermont 30 kW ICP torch is used to simulate the high enthalpy

�ow a craft is exposed to during hypersonic �ight. Test chamber conditions in the

ICP facility can be varied to simulate a number of �ight conditions and atmospheric

environments [8]. Plasma �ow is generated in the facility by means of electron exci-

tation in provided test gases via magnetic �eld coupling. Power to this is provided by

an on-site 30 kW power supply (RF frequency between 2 and 3 MHz). As plasma is

generated via magnetic �eld coupling, a containment free �ow is generated, allowing

for favorable conditions to perform spectroscopic measurements on a number of �ight

conditions. This includes gas-surface testing - exposing materials to the plasma �ow
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to simulate how the material may react in a particular atmospheric �ight condition.

The facility is operated at pressures between 100 and 200 torr, with 160 torr being

the standard operating pressure to provide laminar �ow. The facility is operated

at subsonic conditions with intrusive samples centered for stagnation point heating,

and is capable of generating plasmas consisting of Ar, N2, O2, CO2, H2, Air and

mixtures [4].

Figure 3.1: Overview schematic of the systems of the University of Vermont ICP facility [8].

The UVM ICP facility aims to simulate the near-surface boundary layer region

experienced in the post-shock region by a craft traveling at hypersonic speeds. This

area is a subsonic region that can be accurately matched by ICP facility conditions.

Mapping of hypersonic conditions is accomplished through the Local Heat Transfer
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Simulation (LHTS) method; this involves matching boundary-layer edge velocity gra-

dient, total enthalpy, and total pressure of a �ight-trajectory for a given atmospheric

composition [9]. A visual representation of this �ight condition matching is shown in

Figure 3.2. The speci�cations of the ICP facility and its testing conditions are shown

in Table 3.1.

Figure 3.2: Visual representation of the boundary layer experienced by a craft �ying at
hypersonic speeds compared to conditions in the UVM ICP Facility during testing [4].
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Run Duration 0 - 90 min

Heat Flux 10 - 150 W/cm2

Free Stream Temperature 1000 - 8000� C

Static Pressure 80 - 250 torr

Dynamic Pressure 2.5� .5 torr

Gas Composition Air, Ar, N2, CO2, O2, H2 (and mixtures)

Inlet Gas Flow Rate 25 - 50 slpm

Flow Velocity >130 m/s

Mach Range .2 - 1.5

Operating Frequency 2.5 Mhz

Peak Power 30 kW

Plasma Jet Diameter (Quartz Tube) 36 mm

Plasma Jet Diameter (Nozzle) 22 mm

Table 3.1: Table of ICP Facility parameters [8].

3.1.1 Flow Augmentation Nozzle

In addition to free �ow conditions through the 36 mm wide quartz tube exit at the

base of the ICP test chamber, �ow can also be augmented using a water-cooled brass

converging nozzle. This nozzle is a simple converging design that transitions �ow

through a linearly-sloped cone from the 36 mm wide quartz tube to a 22 mm exit.

This allows for increased plasma �ow velocity, and can be easily installed or removed
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between tests. The augmentation nozzle is particularly useful for comparison tests

with various samples to observe the impact of increased �ow velocity on the samples.

Figure 3.3: Brass converging nozzle used for �ow augmentation in the UVM ICP Facility.

3.2 Emission Testing

Emission during plasma test conditions is collected via a z-fold optical collection ap-

paratus connected to an optical �ber cable and spectrometer. For Argon broad-band

emission, an Ocean Optics HR4000CG-UV-NIR spectrometer was utilized. Mea-

surements of spectral features with the spectrometer can be used in calculations to

determine the plasma temperature of the collected data, as well as the electron den-

sity. The z-fold includes an adjustable aperture which is generally kept at a constant
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setting throughout a particular emission scan. During this study, in an attempt to

improve data collection during changing testing conditions, the aperture may have

been changed to increase the amount of signal collected. During future tests, this

should remain constant as it can contribute to uncertainty in the measured data.

Depending on the emission measurements required, this z-fold apparatus can also

be connected to a Princeton Instruments IsoPlane 320 spectrometer with integrated

Princeton Instruments PIXIS imaging CCD. This instrumentation is used to perform

more high-resolution spectroscopic measurements focused on a small range of wave-

lengths. These measurements are made across a one-dimensional spatial region, so

that multiple locations in a measured boundary layer can be investigated. For this

study, IsoPlane measurements focused on the H� Balmer Line. This spectral feature

can be utilized for the calculation of Stark Broadening contributions in a plasma �ow,

allowing for calculation of the electron population of a �ow. For best measurement of

the H � line, a 3600 G/mm grating in the zero order (face on) con�guration was used

with the IsoPlane 320. Both instruments have also been simultaneously connected

to the z-fold via a split optical �ber cable, allowing for the two spectrometers to

collect data concurrently. An overview of the parameters used for these devices and

a schematic of the test setup used for the two spectrometers to take simultaneous

measurements can be seen below in Table 3.2 and Figure 3.4.
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Ocean Optics HR4000-UV-NIR IsoPlane 320

Detector Toshiba TCD1304AP Linear CCD PIXIS CCD

No. of Elements 3648 Pixels 1024 Pixels

Detector Range 200-1100 nm 0 to 1400 nm

Grating Used HC-1 300 G/mm 3600 G/mm Zero Order

Table 3.2: Table of spectrometer speci�cations [10], [11].

Figure 3.4: Schematic of test setup for emission spectroscopy of the plasma �ow with both
Ocean Optics HR4000-UV-NIR spectrometer and IsoPlane 320 in simultaneous use (top-
down view).

For emission intensity data displayed in this work, note that all data was cali-

brated to absolute intensity by using a calibration light source generated by an Oriel

Instruments Model 63966 Tungsten Filament Lamp. The process for this calibration
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is described in Appendix A.

3.2.1 Abel Inversion

Emission data collected by the spectrometers are path-integrated measurements. This

means that at one measurement location, the spectrometer is collecting data from all

spatial points emitting in its line of sight. The data from a single line of sight is

summed by the spectrometer and the collected data is thus a measurement of a

"chord" across the plasma jet. However, due to (typically present) spatial intensity

gradients in the plasma, radial values of �ow intensity are desired instead of the line

of sight measurements. Radial values allow for an accurate view of how the plasma

is changing at various spatial locations away from the center of the jet. If the jet

is axi-symmetric, then the Abel inversion can be used to converted the line of sight

measurements to a radially distributed emissive intensity [12].

At the core of the plasma jet, emission is highest, while trailing o� until a zero-

signal point at the edge of the jet. This relationship should be re�ected post Abel

inversion as a relatively Gaussian curve. As the Abel inversion is a radial distribution,

the result is a half Gaussian and represents emission intensities along the plasma jet

radius.
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Figure 3.5: Top-down representation of axially symmetric line-of-sight emission measure-
ments along the jet chord length, I(x), converted via Abel inversion to radial emission rings,
e(r). Relative Gaussian distribution of intensities is also shown at right along positionx i

(jet center) to x i + n (edge of jet). Note that this convention is repeated for each jet side with
the jet center position as the initial measurement.

In the Abel inversion process, the line-of-sight emission intensity is radially related

using Equation 3.1, shown below. This is found by integrating from the bounds ofr ,

the measurement position, toR, the jet radius:

I (x) = 2
Z R

r

re(r )
p

r 2 � x2
dr (3.1)

Here,e(r ) is the intensity measurement at each positionr , x is the lateral displace-

ment of the viewing line, andI (x) is the Abel transformation of the radial distribution

of emissive intensity -e(r ) [12]. Emissive intensity can then be represented radially

through inversion of Equation 3.1, resulting in Equation 3.2.

e(r ) = �
1
�

Z R

r

dI=dx
p

x2 � r 2
dx (3.2)
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Resulting Abel inverted intensities represent rings of constant intensity throughout

the plasma jet radius. Resolution of these rings is directly dependent on the number

of line-of-sight measurements originally collected. These rings of constant intensity

can then be utilized to calculate properties at speci�c radial locations, such as plasma

temperature and electron density.

It should be noted that the Abel inversion is sensitive to noise in the collected

data, which can impact the symmetry of the resulting inverted data. To reduce noise

in the data, a low-pass �lter is generally applied (in the spatial direction) to the

collected emission pro�les before Abel inverting the data [13]. Even with this spatial

�ltering, the Abel inversion can be di�cult to calculate successfully. This is especially

notable if there is a lack of spatial resolution to properly resolve signi�cant gradients

in the collected plasma emissions. These gradients could be caused by �uctuations in

the data (due to issues during collection), or the plasma naturally having signi�cant

changes in intensity between certain points in the pro�le. Due to the instability of

calculating the Abel inversion for some cases, dedicated computational libraries and

code functions have been developed to more e�ectively calculate the Abel inversion.

These codes are more robust than computational calculation, as they have built-in

functions to help stabilize the computation of imperfect pro�les, while still attempting

to maintain the features of the collected pro�le. For this study, the PyAbel package

was used. The PyAbel package has has been used by other high-enthalpy plasma

researchers and appears to be capable of successfully and e�ciently Abel inverting

emission data [14]. The PyAbel package recommends the following conditions to be

satis�ed to best complete the Abel inversion:

ˆ Input Data must be an odd number of points
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ˆ Tails (edge points) of the data must be equal to zero

ˆ The Center Point of the data must correspond with the peak Intensity Value of

the data set

While zeroing the tails of the data is fairly simple, centering the peak intensity

value can be challenging if the data is not collected with su�cient spatial resolution.

A lack of spatial resolution can result in the actual peak value falling between two

measurement positions and not being centered; this can also impact the recommen-

dation for an odd number of points, as there is no true "center-point" of the jet and

instead two points may have to act as the jet center. The lack of a true measurement

of the jet center may also result in the peak intensity being underestimated, as the

maximum intensity of the jet would not have been measured. This would result in

Abel inverted data that has overall decreased intensity values that do not represent

the true pro�le of the plasma.

3.3 Emission Data Processing

Methodology

After converting the raw data to units of absolute intensity, through tungsten lamp

calibration (See Appendix A), the areas of interest of the resulting Intensities from

the OceanOptics HR4000CG-UV-NIR Spectrometer are isolated from the rest of the

spectra. Argon features were then integrated using a Simpson's rule integration func-

tion in Python. An example of the integrated pro�les, prior to applying the low-pass

�lter, is shown in Figure 3.6.

21



Figure 3.6: Example of the spatially-distributed Abel inverted Argon line intensities.

Sharp changes in the intensities across the measurement locations are shown in

Figure 3.6. This is commonplace in many of the emission test cases for this study.

In order to mitigate this issue, a low-pass "Butterworth" �lter is applied spatially to

the pro�les to decrease the noise. An example of the spatial intensity pro�le after the

�lter application is shown in Figure 3.7.
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Figure 3.7: Example of the spatially-distributed Abel Inverted Argon Line Intensities with
the low-pass "Butterworth" �lter applied.

The �ltering shown in 3.7 results in a less than 10% decrease in changes to the

maximum Argon features. When applying the �lter, a cuto� frequency for the �lter is

chosen. The �lter automatically determines the maximum frequency of the signal and

then normalizes the other frequencies in the signal with the maximum frequency. The

user can then choose a �lter cuto� frequency ranging from 0 to 1. Figure 3.7 shows

the data �ltered with a normalized cuto� frequency of 0.6. The cuto� frequencies

were adjusted for di�erent datasets (generally between 0.4 and 0.7) to �nd a balance

between data noise reduction and limiting the decrease in amplitude.

Figure 3.7 shows that the signal drops o� approximately before the 5 mm and
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after the 30 mm measurement locations. Although not equal to zero, these regions

of the data are signi�cantly lower than the central region, suggesting that this is

background signal. As the Abel inversion requires the tails of the data to equal zero,

each side was zeroed by subtracting the estimated background signal for that region

of the plasma.

It should also be noted that in many cases (such as the one displayed), there is a

di�erence between the left-hand and right-hand side background signal intensity. This

may have been caused by a change in the aperture of the collection z-fold apparatus,

an asymmetrical plasma jet �ow, or other issues. Figure 3.6 clearly shows a sharp

drop between approximately the 15-20 mm measurement locations, before the signal

increases once again at approximately 20 mm. This could also suggest issues in

this data set stemming from aperture setting changes or other inconsistencies. The

handling of these discontinuities is discussed in more detail in the "Observed Issues"

sub-section of the "Plasma Characterization Results" section later in this work.

3.4 University of Vermont ETC

Platform

The University of Vermont Electron Transpiration Cooling probe (ETC probe) has

been previously developed to test the potential use of several materials for ETC pur-

poses. The original probe was designed to use a hemispheric POCO graphite emitter

in tandem with a graphite collection piece, quartz insulating spacer between emitter

and collector, and quartz backing piece which holds the ETC probe to a water-cooled

gooseneck apparatus. The hemispheric emitter geometry was chosen to approximate
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a relatively iso-Q shape during testing, allowing for a one-dimensional heat �ux ap-

proximation with ease of fabrication. During testing of the ETC probe, the probe is

exposed to a high enthalpy plasma typically consisting of pure Argon. Without �ow

exposure, the emitter and collector are an open circuit, with the emitter acting as a

cathode and the collector acting as an anode. The quartz insulting spacer between

the two ensures an open circuit. When exposed to �ow, the surrounding plasma

conductivity closes the ETC circuit, and electrons �ow through the plasma from the

negatively biased emitter to the positively biased collector. Electrical connection to

the collector is provided via a spot-welded electrode connected to a titanium threaded

insert at the rear of the collector. Connection to the emitter is provided through a

4-40 titanium rod �tted into a threaded section of the emitter. The bias voltage

is controlled via external DC power supplies connected to the emitter and collector

via wiring run out of the gooseneck apparatus to a power and diagnostics station.

Measurements of voltage and current across the probe are taken via two digital mul-

timeters (DMMs) - one in voltage mode and the other in current mode. An example

of an ETC probe test in a Nitrogen plasma, as well as a schematic of the original

ETC probe design and ETC circuit can be seen in Figures 3.8, 3.9 and 3.10.

25



Figure 3.8: Example of ETC test in the UVM 30 kW ICP Facility with Nitrogen plasma.

Figure 3.9: Overview of the components that compose the UVM ETC probe (POCO graphite
con�guration) [5].
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Figure 3.10: Circuit used for testing of ETC probe in line with measurement DMMs and
DC power supplies [5].

3.5 Lanthanum Hexaboride ETC Model

In order to allow for testing of the ETC probe with low work function Lanthanum

Hexaboride (LaB6) materials, the previously designed ETC probe shown in Figure

3.9 was slightly adjusted. Externally, the probe has the same appearance, although

design changes for the internal components were required to allow for attachment

of slightly di�ering emitters. POCO graphite is used for many standard ETC tests

as it is easily machined and acquired, and provides a low enough work function to

demonstrate thermionic emission. However, exotic low work function materials such

as LaB6 are far more di�cult to machine and obtain. The following sections detail

the changes to the ETC probe to accommodate for emission testing of LaB6 emitters.
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3.5.1 Lanthanum Hexaboride

Lanthanum Hexaboride (LaB6) is a low work function material commonly used as an

emission material for electric propulsion such as Hall thrusters. Usage of this material

for this application have been in development for over 15 years [15]. Additional

applications include thermionic emission for renewable energy power generation [16],

optical applications to solar energy [17], and ETC applications for hypersonic craft

and hot aerospace surfaces. E�orts are currently underway to observe the emission

behavior of LaB6 in the UVM 30 kW ICP facility.

The work function of LaB6 materials is approximately 2.36 eV [18]. Based on

the Richardson relation shown in Equation 2.4, a lower work function material will

provide a higher emission current when heated. This makes this material an attractive

candidate for ETC purposes. An important consideration when applying LaB6 as a

thermionic emission material is that of oxidation considerations. Previous oxidation

testing on LaB6 materials has shown that oxidation e�ects begin when the material is

heated to approximately 500� C. Further accelerations to oxide generation are noted

at 700� C as well as formation of an oxide protection layer at 900� C [19]. The low

work function of LaB6 is attributed to a clean sample not poisoned by oxidation.

Depending on the degree of oxidation poisoning of a particular sample of LaB6, the

work function will increase based on the degree of poisoning and amount of oxide

scale present [20]. This increase in work function was observed as a relatively linear

relationship with presence of oxides in work by Goldstein and Szostak [20]. If LaB6

is to be utilized for real-world aerospace applications, these changes in work function

depending on �ow exposure conditions will need to be addressed and understood.
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Oxidation observations and will be detailed later in this work.

3.5.2 Lanthanum Hexaboride Emitter

LaB6 emitter samples follow the same exterior shape and dimensions as previous iter-

ations of the ETC probe, machined into 9 mm radius hemispheres. These hemispheres

were machined from 99.9% LaB6 rods 19 mm in diameter formed via hot-pressing of

LaB6 powder provided by QS Advanced Materials Incorporated. These hemispheres

were machined by Insaco Incorporated [21]. In order to successfully machine the LaB6

material, a threaded stem was introduced to the samples coupled to an electrode via

a titanium spacer rather than threading the electrode directly to the emitter. In this

case, the electrode is a 4-40 rod. Wiring for this electrode is attached to the 4-40 rod

by placing a wire fed to a DC power supply between two 4-40 threaded nuts. The

emitter design can be seen below in Figure 3.11. Three LaB6 emitters were provided

to the UVM Plasma Diagnostics Laboratory for ETC testing, shown in Figure 3.12.
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Figure 3.11: 18 mm diameter LaB6 emitter utilized for testing. Dimensions displayed in
mm. Designed by Dan Oropeza, UC Santa Barbara.

Figure 3.12: Three fabricated LaB6 emitter samples. Photo provided by Dan Oropeza, UC
Santa Barbara.
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3.5.3 Titanium Spacer

Original POCO graphite ETC probe designs utilized a 4-40 threaded hole in the

rear of the emitter to connect to the anode via a 4-40 threaded rod. These emitters

consisted of an 18 mm diameter hemisphere with no stem. As a stem piece was added

to the LaB6 emitters for ease of machining, a design change needed to be made to

allow for connection of the 4-40 rod. This was achieved through use of a titanium

spacer piece. This piece consists of a small titanium cylinder that connects the emitter

1/4-20 thread to the 4-40 rod to the anode, allowing for electrical connection between

the two parts. The design of this piece is detailed below in Figures 3.13 and 3.14.

Figure 3.13: Titanium spacer interior dimensions used for connection of emitter and anode
with dimensions in mm. Drawing provided by Dan Oropeza, UC Santa Barbara.
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Figure 3.14: Top, bottom, and isometric views of titanium spacer with dimensions in mm.
Drawing provided by Dan Oropeza, UC Santa Barbara.

3.5.4 Insulating Sheath

To protect the internals of the ETC probe from electrical shorts, a commercially

available alumina sheath cylinder is placed around the titanium spacer and emitter

stem. This prevents unwanted electrical connection between the titanium spacer and

internal collector wall. The alumina sheath used is shown in Figure 3.15.

Figure 3.15: Alumina insulating sheath with dimensions in mm.
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3.5.5 Collector and Titanium Insert

The collection piece of the LaB6 ETC probe is comprised of easy to machine and

acquire POCO graphite material, just as is used for the original ETC probe. Several

sizes of collectors have been used in the past, although 50 mm length collectors are

the standard for all tests in this work. The collector acts as the positively charged

cooler section of the probe downstream of the �ow where electrons reattach after being

emitted during heating of the emitter. An electrode is attached to this collection piece

via a titanium wire spot-welded to a threaded titanium insert. Electrical connection

between the insert and the collector is achieved by screwing the titanium insert into

the rear of the collector via a threaded section. The titanium insert and collector are

shown in Figures 3.16 and 3.17.

Figure 3.16: Titanium insert used for electrical connection to 50 mm collector. Dimensions
displayed in mm.
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Figure 3.17: 50 mm collector used for all POCO graphite and LaB6 ETC tests. Dimensions
displayed in mm.

3.5.6 Insulating Spacer

Quartz insulating spacers for the ETC probe are classi�ed by thickness. Multiple

thicknesses are available, although for consistency, a 2.5 mm thick spacer was utilized

for all LaB6 and POCO graphite ETC tests described in this work. This allows for

direct comparison between tests. Spacer design was altered in order to accommodate

the threaded stem and attached titanium spacer of the LaB6 emitters. This involved

increasing the center hole of the spacer that the 4-40 rod passes through to �t the new

emitter geometry. Additionally, one side of the spacer was left �at and �t directly

against the back of the emitter hemisphere. In previous probe iterations, a small lip

was added to the insulating spacers to allow for mating of the spacer and emitter

(which also had a small lip). The 2.5 mm thick spacer used for LaB6 tests is shown

below in Figure 3.18.
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Figure 3.18: 2.5 mm thick quartz insulating spacer used for LaB6 ETC tests.

3.5.7 Quartz Backing Piece

The quartz backing piece is a truncated cone section used to isolate the emitter

and collector assembly from the gooseneck holder apparatus. This piece allows for

attachment of the ETC probe assembly to the gooseneck. Electrode wires are fed

through this piece through two through holes, one for the center 4-40 rod (emitter

electrode) and one for an angled titanium wire which is spot-welded to the titanium

insert in the collector. This design was used for all ETC testing. This piece is shown

in Figure 3.19.
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Figure 3.19: Quartz backing piece used to mate the ETC probe assembly to the gooseneck
holder. Dimensions displayed in mm.

3.5.8 Assembled LaB 6 ETC Probe

Figure 3.20 shows all parts that make up the LaB6 ETC probe as well as a view

of the probe fully assembled. The probe can be easily assembled at the University

of Vermont Plasma Diagnostics Facility. Assembly and disassembly is very simple,

allowing for short lead times between test regimes. When ready for testing, the quartz

backing piece section of the probe is a�xed to the water cooled gooseneck apparatus

and placed in the facility test cabin. The probe is held onto the gooseneck arm via

a threaded collar that �ts over the rear lip of the quartz backing piece. Wiring for

emitter and collector electrodes are fed out of the probe through the gooseneck to the

probe DC power supplies and diagnostics station.
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Figure 3.20: Assembly of all ETC components in LaB6 con�guration.

3.6 ETC Platform Test Conditions

A number of test conditions were used for analysis of the behavior of the ETC probe.

Conditions were adjusted based on the model used and desired outcomes. A table

of the test conditions used can be seen in Table 3.3. It is important to note that

for many test regimes, it was desired to observe emission results of POCO graphite

or LaB6 both with and without the converging �ow nozzle in place. This directly

addresses the theory that �ow velocity could impact thermionic emission. For these

cases, the standard facility case without converging nozzle is denoted as the "clean"

condition. For most cases, the ETC probe was exposed to a pure Argon �ow. This is

chosen as Argon is easily coupled into plasma in the ICP facility, and is an noble inert
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gas. This allows for favorable conditions for ETC, especially with LaB6, as the usage

of Argon plasma decreases the overall possible �ow poisoning from oxygen presence.

A test case with pure Nitrogen Plasma, a much higher temperature �ow compared

to that of Argon, was used for one LaB6 sample test in order to test survivability of

the sample under harsh conditions. Bias voltages applied to the ETC probe were also

adjusted from test to test. A -40 to +40 V bias voltage sweep was originally used in

order to observe the transition from the ion saturation region to electron saturation

region. This sweep technique was used for POCO graphite ETC experiments only.

The bias voltage was later changed for LaB6 tests to move to a steady +60/70 V bias

in an attempt to break the space-charge limit imposed by possible plasma sheath

impacts. Lastly, multiple facility power settings were used, ranging from 2.0 to 2.7

A. This changes the overall intensity of the plasma condition in the ICP facility.

Emitter Facility Power - A Gas Flow Rate - lpm Bias Voltage

POCO Graphite 2.0 40 Argon -40 to +40 Sweep

POCO Graphite 2.2 40 Argon -40 to +40 Sweep

POCO Graphite 2.5 40 Argon -40 to +40 Sweep

LaB6 2.5 40 Argon 60

LaB6 2.5 40 Argon 70

LaB6 2.7 40 Argon 60

LaB6 2.5 40 Nitrogen 70

Table 3.3: Table of ETC test conditions for both POCO Graphite and LaB6 samples.
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3.7 ETC Diagnostics

During testing in the UVM ICP Facility, the ETC probe is connected to several data

acquisition devices. The ETC circuit itself is connected in line with two measurement

DMMs. One multimeter is set to measure current values across the ETC model from

emitter to collector, and one is set to measure voltage. The current measurement

DMM displays the apparent emission current seen by the probe, while the voltage

DMM displays the user applied bias voltage. The DMM current and voltage readings

are relayed to an attached data acquisition computer with a LabView program coupled

to the DMMs. This allows for exporting of current and voltage trends throughout

testing. Power supplies for the ETC probe are also located at this station. The

ETC bias voltage is controlled via dials on two DC power supplies. The DC power

supplies can be wired to work in tandem or operated with one providing negative

bias voltage and the other positive. Voltage readout is con�rmed via the voltage

DMM. In addition to these diagnostics, an infrared thermal imaging camera is placed

facing the ETC probe through an inspection window in the test cabin to measure

the temperature trend of the emitter and collector during testing. This is connected

to a separate acquisition computer. Inspection of current, voltage, and temperature

trends post tests allows for alignment of the test data and extraction of relationships

between the three quantities. Throughout testing, video is also taken through an

additional inspection port in the test cabin via a mirrorless digital camera.
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Chapter 4

Plasma Characterization

A crucial aspect of work at the UVM Plasma Diagnostics Facility is understanding

various plasma conditions present during testing. As many test devices used in the fa-

cility rely on the overall plasma temperature and conductivity present at a particular

condition, it is important to understand these conditions in order to accurately explain

results. Additionally, plasma characterization is necessary for the generation of accu-

rate computational �uid dynamic (CFD) models of the plasma conditions. Many such

models are currently in progress at other institutions. Modeling of electron transpira-

tion cooling with CFD concepts can be extremely useful, and understanding plasma

conditions helps lead to far more accurate models. This work explores investigation

and characterization of multiple plasma characteristics in the UVM ICP Facility. The

methods used to characterize these are described in the following section.
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4.1 Local Thermodynamic Equilibrium

Temperature

Local Thermodynamic Equilibrium (LTE) temperature can be deduced through anal-

ysis of several spectral lines emitted from the plasma jet. In this case, temperature

is calculated using spectral lines from Argon emission. Argon emission was measured

using the Ocean Optics HR4000CG-UV-NIR spectrometer. Emission measurements

were taken at several heights throughout the plasma jet in order to gain an under-

standing of the changes throughout the jet pro�le. Two main conditions for plasma

temperature were studied. The �rst is that of a 2.7 A facility power condition with a

pure Argon plasma �ow at 40 lpm. Additional measurements were taken at a 2.5 A fa-

cility power Argon-Hydrogen plasma condition in order to allow for determination of

thermal broadening conditions in this �ow later used for electron density calculation.

A current of 2.7 A was chosen for the pure Argon test condition as this was the highest

facility power for ETC testing, and was theorized to provide the best emission current

results for ETC. Although 2.7 A was attempted for the Argon-Hydrogen plasma, the

ICP facility was unable to remain stable at this condition, and thus a setting of 2.5

A facility power was chosen. For the 2.7 A condition, measurements were taken in 2

mm increments across the plasma jet. For the 2.5 A condition, measurements were

later altered to 1 mm increments to allow for increased spacial resolution. For both

conditions, measurements were taken in both clean and nozzle facility con�gurations.

Note that due to the height of the nozzle, jet exit location was varied between the

nozzle and clean con�gurations. An overview of the areas of the jet probed for both
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the clean and nozzle conditions can be seen in Figure 4.1.

Figure 4.1: Measurement locations for facility clean and nozzle con�gurations with ETC
probe for reference.

Emission heights are chosen to display changes throughout the plasma jet as ex-

pansion occurs. It is desired to understand properties at the jet exit (17 mm clean and

35.5 mm nozzle), approximately midway through the jet (50 mm), and 90 mm (height

used for ETC testing). Emission intensities collected at the selected heights are then

Abel inverted using Equations 3.1 and 3.2 to achieve a local radially distributed

emission value, e(r). With the assumption of local thermodynamic equilibrium [22],

this value can then be used alongside Argon spectroscopic constants to extract plasma

temperature based on selected Argon spectral features. The LTE temperature (TLT E )

can be calculated iteratively using Equation 4.1, shown below.
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TLT E � exp
� AcEk

�T LT E

�

=
go

gi

P
�

Aki

4�
Ac (Ek � E i )

e(r )
(4.1)

In Equation 4.1, c is the speed of light,Ek is the upper wave number,E i is the

lower wave number,P is pressure,go is the upper state degeneracy,gi is the the

ground state degeneracy, andAki is the Einstein coe�cient. Spectroscopic constants

vary based upon the Argon features probed. These constants, generated from the

NIST Atomic Spectra database [23], are shown in Table 4.1.

Argon Line No. Wavelength - nm g 0 gi A ki E i Ek

1 738 1 5 8.5� 106 93,751 107,289

2 763 1 5 2.45� 107 93,144 106,238

3 772 1 3 1.17� 107 94,554 107,496

4 794 1 3 1.86� 107 94,554 107,132

5 912 1 3 1.89� 107 93,144 104,102

Table 4.1: Table of spectral constants used for the �ve Argon lines of interest [23].
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4.1.1 Emission Saturation Considerations

Emission saturation occurs when emission intensities go past the maximum measur-

able intensity of the spectrometer. This issue can be caused by taking measurements

with intensities that are too close to the collection limit for the spectrometer. The

collected signal can increase past the count limit for the spectrometer due to issues

such as �uctuations in the plasma signal and changes to the collection system (for ex-

ample, the aperture of the collection device). This results in a series of �at peaks for

spectral lines that do not accurately represent the true emission being probed. Satu-

ration is present in some data taken throughout this work for certain wavelengths and

test conditions, although was not observed to be a major issue for the Argon spectra.

Each emission data �le was checked for these saturation issues individually. This is

achieved by observing the maximum value within the wavelength range of each of

the Argon spectra, and comparing across each spatial location. Note that this was

done with data which was not divided by the spectrometer integration time; since

saturation occurs at a threshold of raw counts, it is the unprocessed data that should

be used to determine if saturation is present in the measurements. Saturation of the

OceanOptics HR4000CG-UV-NIR spectrometer is typically observed to occur when

intensities surpass 14000 counts. However, there appears to be some slight di�erences

in the exact saturation threshold depending on the pixel of the collected wavelength.

If the maximum value of Argon features was seen to surpass this limit, and also

remain constant across multiple spatial locations, the feature was determined to be

saturated. Future work should take care to avoid this issues by keeping intensity

levels of the measured data below the saturation limits of the spectrometer.
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4.2 Electron Density

The determination of the electron density of a plasma �ow is based upon that of Stark

Broadening, a spectral line broadening e�ect based directly upon the electron density

of the �ow [4]. This broadening e�ect can also be attributed to a number of combined

broadening considerations that can be directly measured via experiment. Broadening

of spectral lines typically follows that of a Gaussian or Lorentzian distribution [4] and

broadening mechanisms that follow each of these must be individually addressed for

full calculation of the Stark Broadening.

Stark Broadening is calculated from collectedH � line data from the previously

discussed Argon-Hydrogen plasma test condition. This section describes the overall

methodology for calculation of the Stark Broadening and then electron density, with

use of an initial example.

Measurements of theH � line are isolated from other species measurements us-

ing the high-resolution IsoPlane spectrometer. As with all emission data from the

OceanOptics spectrometers, data from the IsoPlane is calibrated using the tungsten

lamp (see Appendix A). Data for theH � line is then normalized in both the x and y

coordinates. Measured data ranged over .526861 nm. This corresponds to a range of 4

normalized units, -2 to 2. A conversion factor of .13171625 nm/normalized units was

then used during the calculations to convert the x axis values of the data. The y axis

then availed a conversion factor of the maximum value equal to 1, the lowest value

equal to zero, and all other y values between these de�ned limits. Normalizing of the

data improves the ease of applying the Voigt function �t to the data. This �t is then

used for the calculation of the �nal electron density across the plasma jet. The Voigt
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function allows for the Gaussian and Lorentzian components of the stark broadening

of the measured spectra to be isolated as the function itself is a convolution of the

two [24]. Two broadening considerations contribute to the Gaussian components of

the spectra - Doppler (� D ) and Instrument broadening (� I ). Doppler broadening is a

broadening contribution caused by thermal molecular motion [4]. Instrument broad-

ening is a broadening contribution which is inherent to all spectroscopy devices, and

varies based on the device. These contributions must be calculated independently to

determine the full-width at half-maximum (FHWM) of the Gaussian components [4].

Calculation of the Gaussian components (� � G) is thus:

� � G =
q

(� � D )2 + (� � I )2 (4.2)

Where the Doppler Broadening is de�ned as a function of the LTE tempearture

[13]:

� � D = 1:74� 10� 3
q

TLT E (4.3)

For initial calculation of the electron population to ensure agreement with estab-

lished literature, the LTE temperature for a 90 mm test height in a 40 lpm pure Argon

�ow at 2.7 A facility power was selected for use in the electron density calculation.

This is a similar test case to those used for electron density calculation, although

devoid of the hydrogen gas seeding to measure theH � line for stark broadening. As

the test cases with hydrogen seeding only included 816 sccm of Hydrogen gas, the

mole fraction of Hydrogen was only 0.02. This is therefore considered negligible when

compared to the amount of Argon gas in the plasma. For this test case, an LTE
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temperature of 8084 K was calculated and will be used for the following example

calculations of broadening considerations. From this, the Doppler broadening was

found with Equation 4.3:

� � D = 0:156Å (4.4)

Note that this result represents the half-width half-maximum (HWHM). This will

later require being multiplied by two to calculate the resulting Doppler broadening

for the full- width half-Maximum (FWHM).

After calculation of the Doppler broadening, the second Gaussian contribution to

the Stark Broadening - Instrument Broadening - was determined. The Instrument

broadening is a spectral broadening contribution that is inherent to the measure-

ment device, and it is assumed to remain constant across the test cases. Instrument

broadening levels for the measurement devices are measured by taking spectroscopic

measurements from a Hg-Ne/Ar dual function lamp. The overall instrument broad-

ening for both the Ocean Optics HR4000CG-UV-NIR and Princeton IsoPlane 320 are

measured with the dual function lamp before testing and noted for later use. The

instrument broadening for the OceanOptics Spectrometer used in this initial example

has been previously measured to be:

� � I = 0:020nm (4.5)

Note that the instrument broadening represents the FWHM. The total Gaussian

contribution is then calculated using 4.2. After calculation of the� � G (FWHM), this

value could then be used to calculate the sigma coe�cient (� V ) of the Voigt �t for
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the initial example case. This is represented by:

� V =
� � G

2
p

2 ln 2
(4.6)

Equation 4.6 is de�ned from the de�nition of the Voigt function. As the Voigt

function is a normalized value in the Python coding landscape (which was used for

calculation of the electron population and all emission data in this study), the calcu-

lated � V value is normalized by the same factors discussed above, converting nm to

normalized units. For the test cases described, the sigma coe�cient of the Voigt �t

was found to be:

� V = :119728 (4.7)

For generation of the Voigt Function in Python, the sigma value is held constant,

and the Voigt �t is the solved for the 
 value - the overall Lorentzian component.

The overall Lorentzian contribution to the Stark Broadening can then be calculated.

The calculated Voigt �t is shown below in Figure 4.2.
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Figure 4.2: Calculated Voigt �t pro�le compared to measured.

From the calculated Voigt �t, the 
 value was found to be 0.26036 normalized.

When converted to nm, this results in a �nal Lorentzian broadening consideration of:

� � L = 0:06859nm (4.8)

There are several other broadening considerations which must be accounted for to

calculate the overall Stark broadening from the plasma �ow. These are the Resonance

broadening and Van der Waals broadening.

Resonance Broadening is caused by collisions between two "like" particles of the

same species [13]. Speci�cally, this Broadening mechanism is generated by collisions

between neural and charged particles of the species [4]. The degree of Resonance

Broadening present can be determined based on the mole fraction of Hydrogen in the
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plasma �ow. The Resonance Broadening contribution (� � H ) is calculated via:

� � R = 592X H
Patm

TLT E
(4.9)

Here, X H is the mole fraction of Hydrogen. For the example case, the LTE

temperature is again 8084 K, the atmospheric pressure is 0.2 atm, and the mole

fraction of hydrogen is 0.02. Using Equation 4.9, the Resonance broadening for the

example was calculated to be:

� � R = 5:8584� 10� 5nm (4.10)

Note that the calculated Resonance Broadening again represents the FWHM. The

calculated broadening was found to be relatively small due to the high temperature

and low pressure of the plasma �ow.

Next, the Van der Waals broadening is calculated. This broadening consideration

is caused by collisions with neutral particles that have a di�erent resonant transition

than radiating particles [13]. As with Resonance broadening, This broadening contri-

bution can be expressed in terms of atmospheric pressure and LTE temperature [13]:

� � V DW = (24:5 � 6 � 10� 4TLT E )
Patm

(TLT E )0:7
(4.11)

Using Equation 4.11, the Van der Waals broadening for the example case was

found to be:

� � V DW = 0:001522nm (4.12)
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With all broadening considerations established, the Stark broadening can then be

calculated. Stark Broadening of spectral emission lines is a broadening contribution

that occurs due to interactions between the outer of electron of the radiating specie

and charged particles in the plasma �ow [13]. This contribution is directly dependent

on electron density. Determining the overall Stark broadening impact in spectral data

can therefore lead to determination of electron density. The overall Stark broadening

from all broadening considerations is represented by:

� � S = � � L � � � R � � � V DW (4.13)

For the example case described in this section, the Stark broadening was found to

be:

� � S = 0:67nm (4.14)

The equation relating the electron population to the Stark Broadening (for HWHM,

in Angstroms) is:

� � S = 1:740� 10� 10 (ne)
0:647 (4.15)

Adjusting for FWHM, this becomes:

� � S = 3:48� 10� 11 (ne)
0:647 (4.16)

Finally, rearrangement of this equation results in a �nal relation of the Stark

Broadening to the electron density -ne:
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ne = 0:647

s
� � S

3:48� 10� 11
(4.17)

From our initial described measurement, the electron population was found to

be 2:239� 1014cm� 3. This falls into the expected ranges described in Laux [13] and

Morin [4], and suggests the validity of this methodology for the calculation of electron

density. Results using this methodology for calculation of the Stark broadening and

electron population for multiple test cases are shown and discussed in detail further

in this work. These are also validated by additional calculations run in the Chemical

Equilibrium with Applications modeling program - CEA.

4.3 Heat Flux

In order to determine the �ow conditions experienced by the ETC probe, a heat �ux

test campaign was also completed. These tests used slug calorimeter- style probes

to determine the heat �ux of the plasma �ow at all test conditions for the ETC

probe. Typical heat �ux tests involve usage of a brass calorimeter probe in an "Iso-

Q" shape which is swung into the �ow for measurement. The speci�c shape of the

probe allows for a one-dimensional heat transfer approximation to be utilized. The

center of the probe contains a small cylindrical brass slug. On the rear face of the

slug, a thermocouple is a�xed for temperature measurement. Through measurement

of temperature change during and after �ow exposure (probe cooling phase), the

overall heat �ux can be determined with known geometry and material properties of

the calorimetry slug. The heat �ux from the probe can be determined with:
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q = l� slug cp(
dT
dt Gain

�
dT
dt Loss

) (4.18)

This relation determines total heat �ux of a plasma test condition from a cylin-

drical copper slug with known density� slug , length l, and �ow speci�c heat cp. The

change in temperature with respect to time from heat gained (dT
dt Gain

) during testing

and heat lost after the probe begins to cool post test (dT
dt Loss

) both allow for the

determination of the total heat �ux the probe experiences. Measurements for gained

and lost heat are taken during regions of relative temperature increase and decrease

respectively. As the heat �ux relation only involves the length of the copper slug

for the one-dimensional heat �ux approximation, theoretically, the width of the slug

should not impact the heat �ux results. Alterations in slug width while keeping slug

length at a constant should therefore allow for similar heat �ux results across slugs

with di�ering widths. This allows for the development of varying geometry heat �ux

probes. An example of a typical heat �ux probe setup and data output is shown in

the Figures 4.3 and 4.4.

Figure 4.3: Overview of typical heat �ux probe design used for measurements in the ICP
facility.
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Figure 4.4: Example heat �ux calculation output from data aquisition system and associated
MATLAB program.

4.3.1 ETC Geometry Heat Flux Probe and Slug

Sizing Study

In order to physically investigate the impact of changing slug width on heat �ux

measurements, a study was undertaken to determine if a smaller diameter slug of 3

mm could be utilized. The eventual goal of this study would be to implement the slug

into a new heat �ux probe design of similar geometry to the ETC probe. In order

to determine the heat �ux of the ETC system, the heat �ux probe geometry should

match the geometry of the ETC probe used during testing. This is so the boundary

layers of the sample probe and heat �ux probe match and thus produce matching

heat �ux values [25]. The ETC probe has an approximate Iso-Q geometry, and the

leading edge is smaller than what is normally used by the lab heat �ux probes. Thus,
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a smaller slug was investigated to better �t the smaller geometry used by the ETC

heat �ux probe.

Slug size studies investigated the changes in heat �ux from using 7 mm, 5 mm,

and 3 mm calorimetry slugs. An eventual 5 mm diameter slug was utilized for the

�nal ETC geometry heat �ux probe due to relative consistency between the 7 mm

and 5 mm measurements but signi�cant disparities for some conditions with the

3 mm diameter slug. This allowed for the most accurate heat �ux measurements

while achieving the closest approximation to the ETC heat �ux geometry. Original

ETC heat �ux probe designs involved a 3 mm diameter copper slug, which was later

changed through machining to accommodate for the 5 mm slug. The ETC geometry

heat �ux probe design can be seen below in Figure 4.5.

Figure 4.5: Brass ETC geometry heat �ux probe design. Dimensions in cm.
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The ETC geometry heat �ux probe was tested at all standard ETC test conditions

- 40 lpm Argon �ow at 2.0, 2.2, 2.5, and 2.7 A facility power setting both in clean

and nozzle con�gurations. The probe was designed to interface directly with existing

heat �ux probe holders to a�x to the water cooled gooseneck used for standard heat

�ux tests in the UVM ICP. 3 mm slug diameter tests were undertaken before the

probe design was changed to accommodate for the 5 mm diameter slug, allowing for

a comparison of results from both geometries. As with other heat �ux probe designs, a

series of set screws were utilized to hold the copper calorimetry slug in place. Results

from heat �ux testing are discussed later in Chapter 5. A view of the ETC geometry

heat �ux probe in test con�guration as well as examples of heat �ux tests with this

probe can be seen in Figure 4.6.

Figure 4.6: Left: ETC geometry heat �ux test in clean con�guration. Center: ETC Ge-
ometry heat �ux test in nozzle con�guration. Right: ETC Geometry heat �ux probe on
water-cooled gooseneck (test con�guration).
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Chapter 5

Plasma Characterization Results

5.1 Introduction

The plasma characterization study is comprised of three main studies - determination

of the LTE temperature of the jet, the electron density, and heat �ux at the previously

delineated test conditions and plasma jet measurement locations. This study aimed

to determine the conditions the ETC probe is exposed to during testing, as well as

provide a data set for future testing and modeling.

2.7 A was chosen for many ETC tests, as higher powers equate to higher LTE

temperatures and, in theory, improved ETC performance. This is discussed further

in Chapter 6. Note that in an ideal test case, both the Argon and Hydrogen �ow

seeding test conditions would be evaluated at the 2.7 A power condition. However,

due to stress on the facility and the required time to perform full probing of the jet

area for each test height, the ICP Facility would not stay coupled with hydrogen

at 2.7 A for more than a few seconds. Thus, a 2.5 A test condition was chosen for

these experiments, as it o�ered jet stability throughout the tests. Future work may
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require evaluating this condition at higher power settings, as well as evaluation of the

Argon-only condition at lower power settings for a full comparison to all ETC test

conditions. Each condition was probed at varying heights that were used for ETC

testing, both in the clean (no nozzle) and converging nozzle conditions, which were

identi�ed previously in this work in Figure 4.1.

5.2 Observed Issues

5.2.1 Saturation Issues

After post-processing of the datasets, it appeared that only the Second Argon Line -

763 nm - at the 50 mm Clean condition for the Hydrogen test case showed signs of

saturation. This was determined through the methods discussed in Chapter 4. The

Saturated feature is seen below in Figure 5.1.

Figure 5.1: Saturated 763 nm Argon Line at the 50 mm pure Argon Clean test case.
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It is observed that at approximately the 18-22 mm spatial measurement locations

there is little change in the maximum argon line value, suggesting this feature is

saturated or approaching saturation. LTE temperatures from this height were found

omitting the 763 nm Argon line for accuracy. It should be noted that although satura-

tion typically occurs for the OceanOptics spectrometer around approximately 14000

counts, saturation has also been observed below this limit for some probed wave-

lengths. Future study is needed to determine if this is a feature of the spectrometer,

or of certain measurement conditions and why certain pixels may saturate at lower

counts. Other than this test case, no other saturation issues were detected, and LTE

temperatures were successfully calculated using all �ve Argon lines.

5.2.2 Profile Discontinuities

Signi�cant discontinuities were observed for The hydrogen-seeding test conditions.

These can be seen as signi�cant drops in intensity close to the jet center before the

signal once again increases. It is possible that these issues are caused by undocu-

mented changes in aperture. This is further suggested by di�erences in the tails of

the data sets on each side of the plasma jet, as di�erence in collected background

signal suggest that the aperture was changed for data from each side of the jet. This

sharp change in collected signal can be seen in Figure 5.2. This has been corrected via

interpolation to create a smooth transition in intensity, as required for successful Abel

inversion of the data by replacing the 15 to 18 mm spatial locations with interpolated

values. The resulting pro�le is seen in Figure 5.3.
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Figure 5.2: Example of Hydrogen data set (90 mm clean condition) before post-processing
via interpolation, showing substantial drop in signal, seen between approximately the 15 and
18 mm spatial locations. Each line represents the �ve Argon lines after lamp calibration.

Figure 5.3: Example of Hydrogen data set (90 mm clean condition) after correction via
interpolation. Each line represents the �ve Argon lines after lamp calibration and post-
processing.
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The tails of the data, identi�ed as background signal approximately 7 mm from

the maximum intensity value, were also trimmed and set to zero as is required by the

PyAbel function. This resulted in a change to the overall shape of the pro�le, but did

not not signi�cantly impact the maximum Abel inverted values. After interpolation

and trimming of the data, a low-pass "Butterworth" �lter was also applied with a

normalized cuto� frequency of 0.3. This value was found to allow for a smooth pro�le

of intensity values without major impacts to the pro�le amplitudes. The resulting

pro�le is seen in Figure 5.4.

Figure 5.4: The 90 mm Hydrogen condition after interpolation, trimming, zeroing, and low-
pass �ler application.

These pro�les were then used to generate the Abel inverted and LTE Temperature

pro�les.
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5.2.3 Fiber Optic Cable Splitter Issues

Although the �ber optic cable splitter apparatus did allow for use of both the Iso-

Plane and OceanOptics spectrometers simultaneously, signi�cant issues were pre-

sented based upon sensitivity studies using the Tungsten calibration lamp. By taking

measurements of the lamp with each end of the split �ber (marked "A" and "B"), it

was observed that the amount of time needed for identical calibration curves changed

by a value of two. Other sensitivity studies showed di�erences of nearly 50% in inte-

gration times depending on if the �bers were kept coiled or straight. It is suspected

that based on the geometry of the �ber, more or less light will de�ect within the �ber

itself and be absorbed before arriving at the spectrometer. These issues should be

taken into consideration for future testing that will utilize the �ber optic splitter.

5.2.4 Noise Issues

Data calibrated using the Tungsten lamp showed signi�cant noise in calibrated values

below 380 nm and above 800 nm. This is caused by decrease in lamp signal at the

data tails of the calibrated wavelengths. As some Argon lines are calibrated at and

above 800 nm for calculation of the LTE temperatures, this may cause an increase in

intensity values which should be considered in the �nal LTE temperatures.
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5.3 Argon Study Results - Clean

Configuration Abel Profiles and LTE

Temperatures

The following �gures show the results of the 40 lpm pure Argon, 2.7 A facility power

setting test case in the clean facility con�guration.

5.3.1 17 mm Test Height

Figure 5.5: Abel inverted pro�le for
the 17 mm test height Argon case.

Figure 5.6: Temperature pro�les
from �ve probed Argon lines for the
17 mm test height Argon case.
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Figure 5.7: Average temperatures for all Argon lines - 17 mm test height Argon case.

5.3.2 50 mm Test Height

Figure 5.8: Abel inverted pro�le for
the 50 mm test height Argon case.

Figure 5.9: Temperature pro�les
from �ve probed Argon lines for the
50 mm test height Argon case.
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Figure 5.10: Average temperatures for all Argon lines - 50 mm test height Argon case.

5.3.3 90 mm Test Height

Figure 5.11: Abel inverted pro�le for
the 90 mm test height Argon case.

Figure 5.12: Temperature pro�les
from �ve probed Argon lines for the
90 mm test height Argon case.
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Figure 5.13: Average temperatures for all Argon lines - 90 mm test height Argon case.

5.4 Argon Study Results - Nozzle

Configuration Abel Profiles and LTE

Temperatures

The following �gures show the results of the 40 lpm pure Argon, 2.7 A facility power

setting test case in the nozzle facility con�guration. Note that due to the nozzle

height, 35.5 mm (nozzle exit) was chosen as the lowest evaluated height for this test

case. This height is the jet exit of the facility with the converging nozzle apparatus

in place.

66



5.4.1 35.5 mm Test Height

Figure 5.14: Abel inverted pro�le for
the 35.5 mm test height Argon case.

Figure 5.15: Temperature pro�les
from �ve probed Argon lines for the
35.5 mm test height Argon case with
nozzle.

Figure 5.16: Average temperatures for all Argon lines - 35.5 mm test height Argon case with
nozzle.
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5.4.2 50 mm Test Height

Figure 5.17: Abel inverted pro�le for
the 50 mm test height Argon case
with nozzle.

Figure 5.18: Temperature pro�les
from �ve probed Argon lines for the
50 mm test height Argon case with
nozzle.

Figure 5.19: Average temperatures for all Argon Lines - 50 mm test height Argon case with
nozzle.
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5.4.3 90 mm Test Height

Figure 5.20: Abel inverted pro�le for
the 90 mm test height Argon case
with nozzle.

Figure 5.21: Temperature pro�les
from �ve probed Argon lines for the
90 mm test height Argon case with
nozzle.

Figure 5.22: Average temperatures for all Argon lines - 90 mm test height Argon case with
nozzle.
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5.5 Argon Study Results - LTE

Temperature Comparison

The following plot shows a comparison of all clean and nozzle con�guration average

LTE temperatures for the 40 lpm, 2.7 A facility power test cases. Note that the

data has been trimmed to the jet center to allow for direct comparison. All average

temperatures utilized a 120 ms lamp calibration �le.

Figure 5.23: Comparison plot of all average LTE temperatures for all pure Argon cases.

70



5.6 Argon-Hydrogen Study Results -

Clean Configuration Abel Profiles

and LTE Temperatures

The following �gures show the results of the Argon-Hydrogen mixture test case. By

seeding the �ow with Hydrogen, this case allowed for calculation of the Stark broad-

ening and resulting electron density of the plasm �ow. All cases were run at 2.5 A

facility power. The lower facility power was chosen as the ICP facility was found to

not stay stable at higher power settings while the �ow was seeded with Hydrogen.

All test cases were run with a �ow of 40 lpm Argon and 816 sccm Hydrogen.

5.6.1 17 mm Test Height

Figure 5.24: Abel inverted pro�le
for the 17 mm test height Argon-
Hydrogen case.

Figure 5.25: Temperature pro�les
from �ve probed Argon lines for the
17 mm Argon-Hydrogen case.
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Figure 5.26: Average temperatures for all Argon lines - 17 mm test height Argon-Hydrogen
case.

5.6.2 50 mm Test Height

Figure 5.27: Abel inverted pro�le
for the 50 mm test height Argon-
Hydrogen case.

Figure 5.28: Temperature pro�les
from �ve probed Argon lines for the
50 mm Argon-Hydrogen case.
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Figure 5.29: Average temperatures for all Argon Lines - 50 mm test height Argon-Hydrogen
case.

5.6.3 90 mm Test Height

Figure 5.30: Abel inverted pro�le
for the 90 mm test height Argon-
Hydrogen case.

Figure 5.31: Temperature pro�les
from �ve probed Argon lines for the
90 mm Argon-Hydrogen case.
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Figure 5.32: Average temperatures for all Argon lines - 90 mm test height Argon-Hydrogen
case.

5.7 Argon-Hydrogen Study Results -

Nozzle Configuration Abel Profiles

and LTE Temperatures

The following �gures show the results of the Argon-Hydrogen mixture test case in the

nozzle facility con�guration. Signi�cant issues were observed with these cases and are

described below. All cases were run at 2.5 A facility power setting with a �ow of 40

lpm Argon and 816 sccm Hydrogen.
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5.7.1 35.5 mm Test Height

Figure 5.33: Abel inverted pro�le
for the 35.5 mm test height Argon-
Hydrogen case with nozzle.

Figure 5.34: Temperature pro�les
from �ve probed Argon lines for the
35.5 mm test height Argon-Hydrogen
test case with nozzle.

Figure 5.35: Average temperatures for all Argon lines - 35.5 mm test height Argon-Hydrogen
test case with nozzle.
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5.7.2 50 mm Test Height

Figure 5.36: Abel inverted pro�le
for the 50 mm test height Argon-
Hydrogen test case with nozzle.

Figure 5.37: Temperature pro�les
from �ve probed Argon Lines for the
50 mm test height Argon-Hydrogen
case with nozzle.

Figure 5.38: Average temperatures for all Argon lines - 50 mm test height Argon-Hydrogen
case with nozzle.

5.7.3 90 mm Test Height

Data for the 90 mm Argon-Hydrogen test height with nozzle was corrupted. OceanOp-

tics spectrometer data below 700 nm was all noise, with signi�cant noise above this
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wavelength as well. This made this data set unusable for Abel inversion, LTE temper-

ature and electron density calculations. Although the IsoPlane data measuring the

H � spectral line was usable and could theoretically be combined with the Argon data

at a similar case (90 mm nozzle without Hydrogen seeding) to calculate a theoretical

electron density for the 90 mm nozzle cases, all Argon testing was performed at 2.7 A

facility power setting, while Argon-Hydrogen tests were performed at 2.5 A. This was

to align emission tests with a theoretically higher ETC performance at higher facility

powers, although the ICP facility did not stay ignited at 2.7 A with Hydrogen seeding

in the �ow. Therefore, the 90 mm Argon-Hydrogen nozzle case cannot be deduced

with the data collected in this study. A future study will be needed at more stable

facility testing conditions to produce the LTE temperature and electron density at

the Argon-Hydrogen 90 mm nozzle test case, 2.7 A facility power setting.

5.8 Argon-Hydrogen Study Results - LTE

Temperature Comparison

The following plot shows a comparison of all clean and nozzle con�guration average

LTE temperatures for the Argon-Hydrogen test cases. Note that the data has been

trimmed to the jet center to allow for direct comparison. All average temperatures

utilized the 120 ms calibration �le. Due to previously discussed noise issues, the 90

mm nozzle case could not be deduced and would require future study for a direct

comparison to the other test conditions. This condition is therefore omitted.
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Figure 5.39: Comparison plot of all average LTE temperatures for all Argon-Hydrogen cases.

5.9 Abel Profiles and LTE Temperatures

- Remarks and Conclusions

5.9.1 Abel Inversion Profile Remarks

As previously discussed, the Python PyAbel library was utilized to produce the Abel

inverted pro�les in this study. This was done using the "three-point" method within

the library. Another option would have been to use the "direct" method within the

library to process the data. Both were compared and it was discovered that there was
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no major di�erence in the Abel inverted values produced. The only di�erence was a

slight decrease in the magnitude of the values produced by the three-point method.

The lack of di�erence between the two methods is likely due to preparation of the

data for the PyAbel function via the previously discussed �ltering and post-processing

methods. The three-point method was chosen as it is observed to be more useful for

handling "rough" data sets with large amounts of noise.

Further post-processing modi�es the data further from the original measured val-

ues. If the center-point of the non-�ltered data was adjusted (to attempt to preserve

the overall symmetry of the pro�le), the change in amplitude issue was shown to de-

crease. Preliminary studies with a polynomial �t did not show a signi�cant di�erence

in amplitude (less than 10% di�erence) from the �ltered pro�les that had the center

point shifted depending on the shape of the pro�le. As this di�erence does not cause

a large change in the calculated temperatures, it was decided to process the �ltered

data directly instead of applying a polynomial �t of the data.

The Abel inversion results of the Argon-Hydrogen test cases have a low-pass �lter

applied, zeroed pro�le tails, and adjustment so that the maximum point of the data

pro�le is at the center of the data set. Additionally, interpolation between some points

in the data sets was used to �ll major �uctuations between points caused by noise.

These data changes are all necessary to successfully complete the Abel inversion,

but it should be noted that this leads to uncertainty in the actual behavior of the

measured pro�les. Overall, the 90 mm data set is of highest interest, as this is the

typical ETC probe measurement location. This data was found to be usable at this

location for the Argon case in both clean and nozzle con�gurations.

In summary, Abel inverted pro�les of the plasma jet intensity for an Argon and
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Hydrogen-Argon study were achieved. The collected data showed numerous defects

and was overall coarse, although with �ltering and post-processing of the data set, a

relatively accurate depiction of the Abel inverted pro�le was generated for all cases

apart from the Argon-Hydrogen case at 90 mm with nozzle. Future work could be

completed to both better approximate the Abel inverted data, as well as determine

possible improvements for the measurement techniques. Improving the data collec-

tion could help to alleviate multiple issues that were observed in the emission spectra.

Speci�cally, further studies could view if post-processing could be simpli�ed by im-

proving the measurements (with less noise) and increasing spatial resolution during

data collection. These improved measurements could decrease the severity of gradi-

ents between measurement points and may better capture the maximum intensity of

the jet center.

5.9.2 LTE Temperature Remarks

The Abel inversion pro�les shown in this study were used to generate the LTE tem-

perature at each test condition. Note that as described, due to noise issues, the 90 mm

Hydrogen-Argon nozzle condition was omitted from the study. Future work would

need to run this experiment under the same conditions with improved measurement

techniques to test this condition and complete the full survey of all test cases. Tem-

perature pro�les are generated for all �ve probed Argon lines, as well as the averages

of all lines. Temperatures are displayed across the jet center by radial position. LTE

temperatures were derived from the Abel inverted intensity pro�le using Equation

4.1. A Python code was used to calculate these LTE pro�les.

During the post-processing it was found that the maximum LTE temperature
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would change depending on which point, or points, were at the center of the pro�le.

Since some pro�les had more of a �at distribution at the center, instead of one clear

maximum point, these pro�les were adjusted to preserve the original pro�le shape;

this adjustment was accomplished by deleting points from the tails (where the data

was equal to background signal). After this adjustment, two points were at the

center of the data (so no single "center" point) or one point was at as the center of

the pro�le. By preserving the pro�le shape, it was found that this adjustment would

increase the maximum temperature of some pro�les by 150 K. This is not a major

increase in temperature, but still has an impact on the calculated temperatures and

the derived electron density pro�les. As previously stated with the Abel inverted data,

measurements collected with greater spatial resolution would likely more consistently

capture the center point of the plasma. This would reduce the need for shifting the

data and increase con�dence in the accuracy of the calculated pro�les (especially at

the jet center).

5.10 Electron Density Results -

Clean Configuration

The following �gures show the electron density results of the Argon-Hydrogen mix-

ture test case. Results are shown for the clean facility con�guration. Displayed are

the Stark broadening/Voigt-�t calculated electron densities, CEA calculated electron

densities at the same conditions, and a comparison of the two. All cases were run at

2.5 A facility power setting with a �ow of 40 lpm Argon and 816 sccm Hydrogen. For

these plots, a 120 ms integration time was used for the calibration lamp.
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5.10.1 17 mm Test Height

Figure 5.40: Voigt-�t electron den-
sity pro�le at 17 mm.

Figure 5.41: CEA calculated electron
density for simulated conditions.

Figure 5.42: Comparison of Voigt-�t and CEA pro�les of electron density - 17 mm test
condition.
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Figure 5.43: Absolute percent di�erence between Voigt-�t and CEA pro�les of electron den-
sity, 17 mm test condition.

5.10.2 50 mm Test Height

Figure 5.44: Stark broadening elec-
tron density pro�le at 50 mm.

Figure 5.45: CEA calculated electron
density for simulated conditions.
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Figure 5.46: Comparison of Voigt-�t and CEA pro�les of electron density, 50 mm test
condition.

Figure 5.47: Absolute percent di�erence between Voigt-�t and CEA pro�les of electron den-
sity, 50 mm test condition. Note that the �nal two points were trimmed to improve the
clarity of the other data points.
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5.10.3 90mm Test Height

Figure 5.48: Voigt �t electron den-
sity pro�le at 90 mm.

Figure 5.49: CEA calculated electron
density for simulated conditions.

Figure 5.50: Comparison of Voigt-�t and CEA pro�les of electron density, 90 mm test
condition.
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Figure 5.51: Absolute percent di�erence between Voigt-�t and CEA pro�les of electron den-
sity, 90 mm test condition. Note that the �nal point was trimmed to improve the clarity of
the other data points.

5.11 Electron Density Results -

Nozzle Configuration

The following �gures show the electron density results of the Argon-Hydrogen mixture

test case. Results are shown for the nozzle facility con�guration. Displayed are

the Stark broadening/Voigt-�t calculated electron densities, CEA calculated electron

densities at the same conditions, and a comparison of the two. All cases were run

at 2.5 A facility power setting with a �ow of 40 lpm Argon and 816 sccm Hydrogen.

The plots were generated with a 120 ms integration time for the calibration lamp.
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5.11.1 35.5 mm Test Height

Figure 5.52: Voigt-�t electron den-
sity pro�le at 35.5 mm - nozzle con-
�guration.

Figure 5.53: CEA calculated electron
density for simulated conditions.

Figure 5.54: Comparison of Voigt-�t and CEA pro�les of electron density, 35.5 mm nozzle
con�guration.

87



Figure 5.55: Absolute percent di�erence between Voigt-�t and CEA pro�les of electron den-
sity, 35.5 mm nozzle con�guration.

5.11.2 50 mm Test Height

Figure 5.56: Voigt-�t electron den-
sity pro�le at 50 mm - nozzle con�g-
uration.

Figure 5.57: CEA calculated electron
density for simulated conditions.
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Figure 5.58: Comparison of Voigt-�t and CEA pro�les of electron density, 50 mm nozzle
con�guration.

Figure 5.59: Absolute percent di�erence between Voigt-�t and CEA pro�les of electron den-
sity, 50 mm nozzle con�guration.

5.11.3 90 mm Test Height

Data for the 90 mm Argon-Hydrogen test height with nozzle was found to be cor-

rupted, and electron density could not be deduced for this test condition. See Chapter

5, Sub-section 7 for a detailed description of this issue.
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5.12 Electron Density Results -

Comparison

The following plot shows a comparison of all clean and nozzle con�guration electron

densities calculated via Stark broadening/Voigt-�t. Note that the data has been

trimmed to the jet center to allow for direct comparison. As previously stated, all

data used the 120 ms calibration �le.

Figure 5.60: Comparison plot of all Voigt-�t electron densities.
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5.13 Electron Density - Remarks and

Conclusions

After calculation of the Abel inverted intensity pro�les and resulting LTE temperature

pro�les, the Stark broadening and electron population was then calculated for each of

the test conditions. Comparison pro�les for the same conditions were also calculated

with CEA. This allows for direct comparison between the experimental and theoretical

electron densities.

5.13.1 Changes in Lamp Calibration File

Integration Time - Observations

The comparison and percent di�erence plots for the CEA and measured electron den-

sities are shown in the previous section. It is clear that the two calculations of electron

density begin to more signi�cantly diverge as the measurement location moves away

from the jet center. However, measurements close to the jet center remained relatively

similar to that of the theoretical CEA calculation, which improves con�dence in the

validity of the study. The divergence of the CEA and Stark broadening results farther

from the jet center may be due in part to uncertainties with the data collection and

particularly with the split �ber (as previously discussed). Note that two calibration

lamp integration times were used: 60 ms and 120 ms. The 120 ms �le results showed

increased convergence between the CEA and measured electron density pro�les, sug-

gesting that this integration time better re�ected the discussed signal losses caused
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by the variable geometry of the splitter cable �ber. Thus, 120 ms integration time

calibration �les were used for all test cases. The same calibration �les were also used

for the Abel and LTE temperatures as a result.

The data sets which use the 120 ms integration data set (and which are displayed

in this study) showed slight di�erences in the LTE temperature results, with the

temperatures across the pro�le increasing on orders of approximately 200-250 K com-

pared to those calculated with the 60 ms integration time calibration �le. However,

the overall increase in percent convergence for the data set still suggests that longer

calibration �le integration times allow for better mitigation of the impacts of the

measurement apparatus.

5.13.2 Potential Changes due to Background Noise

The noise level observed in the measured signal was also observed to increase as

measurements moved farther from the jet center. This is expected, as emission from

the plasma is less intense away from the jet center, and thus the measurements should

have lower signal-to-noise. However, the lower signal-to-noise could potentially be

contributing to the di�erence in the values calculated from Stark broadening and

CEA. For the Stark broadening and resulting electron density, the IsoPlane data

becomes notably noisier as the measurement position moves away from the jet center,

worsening the Voigt �t. As a result of this, the calculated Stark broadening and

electron density becomes less accurate farther from the jet, and may be contributing

to this di�erence between the CEA and measured electron density pro�les. Future

improvements to measurement techniques and consideration of this ahead of a testing

survey may allow for a better approximation of the electron density away from the
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jet center. It should also be noted, that the electron density calculations from CEA

appear to have a higher sensitivity to lower temperatures than the results derived

from Stark broadening. In the CEA pro�les, the electron densities drop more rapidly

away from the jet center once the temperatures drop below approximately 7000 K

(compared with the calculations from Stark broadening).

In the Stark broadening results, it appears that the calibration �le, causes the two

sides of the H� pro�le (right-hand side compared to left-hand side) to have di�erent

baseline values. This could be solved by zeroing each side of the data by its own

baseline value. However, even without doing so, the r-square value of the Voigt �t

was still close to 0.98, showing that this may not have a major impact. Future study

may show that further post-processing improves the overall �t. Since the current

post-processing still suggested a strong �t, the same zeroing was used for the entire

pro�le to reduce the complexity of the post-processing (and limit possible "skewing"

of the data from additional processing).

Lower signal to noise also has some similar observed impacts on Argon-line data

which was collected by the OceanOptics spectrometers. Thus, this may lead to im-

pacts in the accuracy of the LTE temperature calculations outside the jet center.

Future studies better accounting for the discussed data uncertainties and which take

care to keep measurements more consistent may show improved convergence between

the CEA and measured models for electron density. Overall, the measured electron

density close to the jet center, which is of greatest interest for determining the ETC

exposure conditions, still shows high convergence with the CEA model, suggesting

that the measured data in this region is accurate.
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5.13.3 Remarks on the Center of Electron

Density Profiles derived from Stark

Broadening

In some of the electron density pro�les derived from Stark broadening, there appears

to be a "dip" at the center of the pro�le. Although it is unclear what is causing this,

it is possible that the �lter applied to the Ocean Optics emission pro�les (the pro�les

which were used to derive the LTE temperatures) increased the values of points near

the center of the jet. These points were then the jet "center" but still had lower

emission values collected by the Isoplane at this same location (since the Isoplane

pro�les were not �ltered). However, since �ltering is needed for the Abel inversion,

and these dips did not appear to be major decreases in signal, it was determined that

the initial post-processing was an adequate representation of the plasma properties.

In the future, di�erent �ltering techniques or post-processing methods could also be

attempted to see if this reduces divergence between the pro�le centers. As previously

stated in other sections, greater spatial resolution of the measurements would also help

improve the collection of the emission at the jet center. This improved resolution of

the plasma pro�le would likely reduce the necessity of �ltering the data or would

allow for the application of less signi�cant �ltering (while still producing data that

can be Abel inverted).
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5.14 Heat Flux

Heat �ux measurements were taken at the positions indicated in Figure(4.1) in both

the clean and nozzle facility con�gurations. Measurements were taken at these heights

so that the heat �ux of the various ETC testing conditions could be found. Heat

�ux measurements were made with the ETC probe geometry heat �ux probe slug

calorimeter. Originally the 3 mm slug was used, but was changed later to the 5

mm slug after the calorimeter design was updated. Heat �ux measurements for all

facility power settings (2.0, 2.2, 2.5, 2.7 A) were taken for a 40 lpm Argon �ow. This

allows for an understanding of the approximate heat �ux experienced at both POCO

graphite and LaB6 testing conditions. Additionally, trends of the heat �ux at various

facility power settings could be observed. These results are shown below for both slug

sizes (3 and 5 mm) in Figure 5.61.
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Figure 5.61: ETC probe geometry heat �ux probe results for all measurement locations
in clean and nozzle facility con�gurations. Data is shown from both 3 mm and 5 mm
calorimetry slugs.

Heat �ux results can be equated to approximate heat �uxes experienced by the

ETC probe during testing thanks to relative geometry matching. The 3 mm to 5

mm slug diameter change was made after a study of slug sizing showed that values

from a 3 mm slug act as outliers to heat �uxes collected by larger slug sizes. This

suggests that there is a diameter size limit for the heat �ux slug; thus, slugs smaller

than 5 mm diameter do not appear to provide reliable results. It is shown in these

results that for all values other than the 90 mm nozzle case, the 3 mm slug heat �ux

tends to run higher than that of the 5 mm slug. This outlier at 90 mm could be due

to the plasma jet being a relatively thin width at this height and with the nozzle in

place. Coupled with the small-diameter 3 mm slug, the slug may have not been fully

exposed to the jet at this height. This once again reinforces reasoning to use a 5 mm

slug - as plasma jet geometry becomes thin at higher test heights, aligning a small
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slug with the center of the jet may prove di�cult.

Generally, heat �ux values show that the nozzle has higher heat �ux at the 50

mm height while being relatively similar to that of the clean con�guration at 90 mm.

This is likely due to jet expansion at the 90 mm height. Note that the 17 mm height

was not measured with the nozzle, as the nozzle sits at a higher exit height than the

clean facility jet exit. Additionally, placing the heat �ux probe at nozzle exit height

(35.5mm) would nearly completely cover the exit of the nozzle, leading to concerns

over probe and facility integrity. Thus, the 17 mm height was only investigated with

the clean con�guration, and heat �ux at the nozzle exit could not be measured. Heat

�ux investigation of the nozzle exit may be of interest in future studies. Possible

non-brass calorimetry slugs, to provide a closer approximation of heat �uxes seen by

the ETC probe, may also be of interest. Nozzle heat �ux would likely need to be

measured by a probe of thin geometry, or via other methods besides slug-calorimetry.

The data generated in this heat �ux study will be valuable for future CFD modeling

of plasma �ow conditions as well as understanding heat �ux values for ETC testing.
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Chapter 6

ETC Results

6.1 Graphite ETC Probe Results

Initial ETC testing for this work aimed to investigate the impact of convective �ows

on overall ETC performance. This was done by introducing a POCO Graphite ETC

probe to a plasma �ow with increased velocity due to the introduction of the converg-

ing nozzle. Emission results from this test were compared directly to that of results

with the clean facility condition.

Figure 6.1: ETC probe during testing with clean (left) and nozzle (right) facility con�gu-
rations.

ETC test conditions were held the same other than that of the nozzle introduction.
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The same POCO graphite probe was used for both tests and not altered between

testing. A pure Argon 40 lpm �ow as used for both tests, and data was collected at

the same three facility power settings - 2.0, 2.2, and 2.5 A. The same voltage bias

sweep from -40 to +40 V was used in order to observe changes in emission as the probe

transitioned from the ion saturation to electron saturation regions. Apparent emission

current/voltage relations and apparent emission current/temperature relations are

shown in Figures 6.2 and 6.3 for all three facility power settings and both facility

con�gurations.

Figure 6.2: Bias voltage/current relation for POCO graphite ETC probe with and without
nozzle at 2.0, 2.2, and 2.5 A facility power settings.
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Figure 6.3: Overview of the temperature/apparent emission current relationship for the
POCO graphite ETC probe with and without nozzle at 2.0, 2.2, and 2.5 A facility power
settings. Theoretical Richardson currents are also shown for reference.

Inspecting the ETC probe apparent emission current/voltage relationship shown

in Figure 6.2 shows that the nozzle case outperformed the clean case for all facility

powers investigated. As the ETC probe entered the electron saturation region, emis-

sion current for the nozzle case began to rise above that of the clean case for the same

applied bias voltages. Apparent emission current across the ETC probe was increas-

ingly di�erent as facility power was increased, with the 2.5 A nozzle case showing the

greatest increase in apparent emission current from the nozzle case compared to that

of the clean case. This suggests that the increased �ow velocity from the nozzle has

a positive impact to total apparent emission from the ETC probe, and that increases

in facility power setting further act to increase this emission.

Trends between apparent emission current and temperature also suggest that the

nozzle increases ETC probe performance. Nozzle apparent emission currents for a
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range of temperatures generally outperformed that of clean case emission currents.

At the 2.2 A and 2.5 A facility power settings, emission for nozzle cases is also shown to

relatively follow that of the theoretical Richardson emission current, suggesting that

the current measured is indeed related to thermionic emission. As seen with volt-

age/current trends, the nozzle case showed the greatest increase in apparent emission

compared to that of the clean case at the highest tested facility power setting of 2.5 A.

This is also at the highest emitter temperature. These results overall suggest that the

increased velocity �ow generated by the nozzle aids in apparent thermionic emission.

A comparison of the bias voltage-apparent emission current trends of the POCO

graphite emitter under clean and nozzle con�gurations to the same trend for a low

work function Copper-doped Mayenite emitter is shown in Figure 6.4. This work was

previously conducted by Andrew Morin [4] in the UVM ICP facility. This emitter was

tested in clean facility conditions with the same ETC probe geometry and at identical

facility power settings and bias voltages. Compared in the two plots are the highest

+40 V emission values seen at 2.0 A and 2.5 A facility power settings. It is shown

that the POCO Graphite emission current is under-performing the Copper-doped

Mayenite at both facility powers. This is due to Copper Doped Mayenite having a

much lower work function than that of Graphite. Suggestions from this study that

nozzle conditions increase overall emission raise interest in the impact of introducing

the nozzle to an ETC test with a low work function material such as Copper-Doped

Mayenite. The combination of low work function and increased velocity allow for

further increase in apparent emission for low work function emitters.
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Figure 6.4: Comparison of bias voltage and apparent emission current between the POCO
graphite emitter nozzle/clean test and previous testing of low work function Copper-doped
Mayenite emitter executed by Andrew Morin [4].

6.2 LaB 6 ETC Probe Results

6.2.1 LaB 6 Sample 1 Test

The �rst LaB 6 emitter test was tested under clean conditions. The purpose of this

test was to observe the performance of the LaB6 con�guration ETC probe compared

to previous POCO graphite results. This test also looked at new test conditions

including increasing the facility power to 2.7 A and increasing bias voltage to a 60

V bias. This was to observe the ETC probe operating in the electron saturation

region, as well as attempt to overcome potential emission retarding e�ects caused by
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space charge limiting e�ects. Increase in facility power was chosen as previous POCO

graphite data suggested that increasing facility power resulted in greater apparent

emission. Lastly, the ETC probe was swung into the plasma �ow with a bias voltage

applied to observe changes stemming from sudden �ow exposure. Previous testing

involved starting the ICP facility with the probe already in line with the �ow. A

sequence of key events in the test is given in Figure 6.5.

Figure 6.5: Key events from testing of the �rst LaB6 emitter sample.

Viewing 6.5, the events based on the indicated timestamps are as follows:

ˆ t = -72 s Facility start (Not shown)

ˆ t = 0 s LaB 6 ETC probe is swung into �ow

ˆ t = 3 s Crack observed to form in emitter surface - green, possibly Boron,

emission observed

ˆ t = 19 s Crack in emitter surface more apparent, Boron emission temporarily

slows

ˆ t = 57 s Yellow emission observed, possibly Potassium or Sodium

ˆ t = 69 s Boron emission begins to return as probe heats
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ˆ t = 229 s Polarizing �lter applied in front of camera to allow for better view of

probe

ˆ t = 278 s Probe seen just before facility is turned o� (without polarizing �lter)

- probe shows very bright potential Boron emission

ˆ t = 279 s Probe just after shutdown during cool-down

At t = 3 s, very soon after probe insertion into the plasma �ow, a large crack

formed in the emitter surface. This is possibly due to surface poisoning of the ma-

terial from oxidation. Regardless of this issue, emission current data was still read

throughout the test. The temperature of the LaB6 emitter and graphite collector

as well as corresponding voltage and emission current are seen in Figure 6.6. The

emission current and temperature trend from this test compared to POCO graphite

clean and Nozzle Emission are shown in Figure 6.7.
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Figure 6.6: Top: Emitter (blue) and collector (yellow) temperatures. Center: Bias voltage
on ETC probe. Bottom: Apparent Emission current across ETC probe. Note that the
same region of data is highlighted for all three plots.

105



Figure 6.7: LaB6 apparent emission trend compared to that of POCO Graphite ETC tests
in clean and nozzle con�gurations. Note that the same region of data as in the previous
LaB6 plots is shown. Theoretical Richardson currents for several work functions are also
plotted.

Figure 6.7 clearly shows that despite the observed material failure of the LaB6

emitter, the ETC probe showed far greater emission than previous testing with POCO

graphite emitters, both in the nozzle and clean con�gurations. This is a promising

initial result, with maximum values of apparent emission reaching well over 100 mA.

Due to the observed crack formation on the emitter and additional suspected emission

of Boron and other species, it is suspected that there could possibly be a current

limiting e�ect due to changes in emitter surface chemistry, and that future testing

could likely result in further higher emission current. Surface defects are likely due

to possible poisoning of the material due to oxidation impacts. Although the emitter

survived testing, a portion of the emitter broke o� at the crack location upon removal

of the probe assembly from the ICP test cabin. An inspection of the emitter post
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test is displayed in Figure 6.8.

Figure 6.8: View of emitter after testing. The cracked section can be clearly seen in the
left image. The right image shows white scale which formed after testing.

Figure 6.9: Disassembly of the ETC model after testing. Apart from the emitter, all ETC
components survived intact.

A degree of white scale was observed on the ETC emitter after testing. As LaB6

is often subject to oxidation concerns, it is suspected that this could be an oxide scale

layer, and the e�ect of this on the overall material work function is an important

consideration. Additional tests will attempt to decrease this scaling e�ect through

providing a lower amount of oxygen presence by operating the ICP at a lower base

vacuum pressure. These tests will be described further in this work. This test over-

all provided promising initial results suggesting that the LaB6 emitter is displaying

thermionic emission when exposed to the ICP Argon plasma, and showed considerably

higher apparent emission than previous POCO graphite tests.
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6.2.2 LaB 6 Sample 1 Oxidation Observations

In e�orts to characterize the degree of oxidation present on the tested LaB6 samples,

a series of scanning electron microscope (SEM) and energy dispersive spectroscopy

(EDS) measurements were taken using the University of Vermont Microscopy suite.

Data was taken for both the virgin and tested LaB6 samples in order to see di�erences

due to oxidation throughout testing. Imaging was focused on two locations: the

sample stagnation point, and the chipped edge exposed after the sample was removed

from the ICP test cabin. Imaging allowed for an understanding of the overall thickness

of the suspected oxidation scale.

Figure 6.10: 50 times magni�cation view from SEM of LaB6 sample 1 stagnation point.
Left: Virgin sample. Right: Tested sample.
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Figure 6.11: 2500 times magni�cation view from SEM of LaB6 sample 1 stagnation point.
Left: Virgin sample. Right: Tested sample.

Views of LaB6 Sample 1 are shown in Figures 6.10 and 6.11. There is a clear dif-

ference in the condition of the sample before and after testing due to scale formation.

The 2500 times view shows the formation of bubbles on the LaB6 surface. These

bubbles are suspected to be oxide bubbles.

Figure 6.12: EDS of LaB6 sample 1 stagnation point before testing.
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Figure 6.13: EDS of LaB6 sample 1 stagnation point after testing.

The scale observed in SEM imaging can be con�rmed to be oxide in nature from

EDS mapping done post test. Figures 6.12 and 6.13 show increased Oxygen content

on the sample surface after testing. This suggests that the observed scale on the

emitter sample is that of oxide scale. Also of note is some decrease in Lanthanum

and Boron content. This suggests material loss during sample testing.

Figure 6.14: Left: 100 times magni�cation SEM image of chipped LaB6 sample edge piece.
Right: 1000 times magni�cation SEM image of chipped sample edge piece with suspected
oxide scale on the LaB6 sample marked.
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A further attempt to observe the relative thickness of this scale was attempted

by a side-on view of the chipped sample piece, shown in Figure 6.14. This allowed

for a view of the oxide scale on top of the interior virgin material. SEM views of

this sample area showed that oxide scale appears to be relatively thin, on the order

of around 10 microns. Although this scale is seen to be thin, impact on overall work

function of the material may be signi�cant despite this small thickness. This impact

will be discussed later in this work.

6.2.3 LaB 6 Sample 2 Test

The LaB6 sample 2 test attempted to achieve the same test conditions as the sample

1 test with more favorable test conditions. A lower test chamber base pressure was

achieved in this test, allowing for less potential oxygen poisoning to the sample. Base

pressures for this test were approximately 0.22 Torr compared to 1.0 Torr for the �rst

test. To avoid arcing e�ects and direct comparison to previous POCO Graphite ETC

tests, facility power was also decreased from 2.7 A to 2.5 A. A 40 lpm Argon �ow

was used for this test with a 60 V bias across the ETC probe. Results of this test are

shown in Figures 6.15 and 6.16.
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Figure 6.15: Top: Emitter and collector temperatures. Center: Bias voltage on ETC
probe. Bottom: Apparent emission current across ETC probe. Note that the same three
regions of data are highlighted for all three plots. Red shows the testing region during
an observed arc event, while blue and green show two attempts at bias voltage recovery
post-arc.

Apparent emission current during this test was limited due to an arc event ob-

served during testing. As the probe was swung into the �ow, a large arc could be seen

from the emitter to the collector. This resulted in issues with a fuse in the voltage-

mode DMM used for voltage measurement and control during testing. As this fuse

was lost, the level of bias voltage passed across the probe was limited. A sharp voltage

dropout due to the arc event can be seen in Figure 6.15 at approximately t = 30 s.

The bias voltage was able to somewhat recover, and a second roll-up was achieved to

approximately 45 V bias. The measured apparent emission current is shown below.
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Figure 6.16: Measured apparent emission currents for the same three regions of data previ-
ously described compared to emitter temperature, with theoretical Richardson currents plotted
for several work functions.

Figure 6.16 shows the apparent emission current with respect to temperature

directly after the arc event, during second voltage roll-up after the arc event, and

during an attempted current dropout and roll-up. The limiting e�ect of the arc event

is shown through signi�cantly lower apparent emission currents than the sample 1

test, despite less oxidation scale being observed post-test. This continues to support

evidence showing the importance of the bias voltage on the overall apparent emission

current. Further tests attempted to mitigate the issues observed.

6.2.4 LaB 6 Sample 3 Clean Test

LaB6 Sample 3 tests attempted to avoid the arcing e�ect seen during the sample 2

test at similar conditions. As the arc e�ect was observed as the probe swung into the

113



�ow, the sample was centered into the �ow during facility start and bias voltage roll

up. This resolved the arc e�ect and resulting DMM issues and allowed for achieving

a steady 60 V and later 70 V bias across the ETC model. Results of the test can be

seen in Figure 6.17.

Figure 6.17: Emitter/collector temperature, voltage, and apparent emission current results
from the sample 3 LaB6 test. Note that the same regions of data are shown for all three
plots. Red shows bias voltage roll-up and hold at 60 V, while blue shows steady bias voltage
hold at 70 V.

The overall ability to increase voltage bias resulted in increased apparent emis-

sion current across the model, with overall current peaking slightly below 100 mA.

The highest apparent current can be seen during the roll up to 70 V, just before

test conclusion. This is signi�cantly higher current than previous tests with POCO

graphite samples, and shows the potential of the material for ETC purposes. Ad-

ditional comparison of apparent emission current to temperature is shown in Figure

6.18.
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Figure 6.18: Apparent emission current-temperature relation for 60 V and 70 V bias phases
of the sample 3 test, with theoretical Richardson currents plotted for several work functions.

Figure 6.18 further shows the relation of temperature and apparent emission cur-

rent from the ETC model for both the 60 V and 70 V bias voltage phases of the sam-

ple 3 test. This allows for better visualization of the emission current, which reaches

nearly 100 mA at a relatively stable maximum emitter temperature of around 1600

K. Overall, this test achieved all intended test conditions while producing promising

emission current results for the LaB6 material. It is important to note that a large

amount of white oxide scale was observed on the sample after testing, as had been

observed with all previous LaB6 ETC tests. E�orts to mitigate this oxidation and

further increase emission current is detailed in further tests.
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6.2.5 LaB 6 Sample 3 Nozzle Test

This test aimed to further increase apparent emission current though increased plasma

�ow velocity in the test environment with the addition of the converging nozzle.

Due to limitations on the number of available LaB6 samples, this test re-used the

previously tested LaB6 sample 3. After the original clean con�guration test, sample

3 was lightly sanded with a low grit sandpaper by hand to remove some oxide scaling

observed on the sample's surface. Simple tests with a multimeter showed continuous

electrical connection through the ETC probe, and thus lends to the durability of the

LaB6 samples and model for multiple tests. Further study may investigate using a

clean (no oxide scale) LaB6 sample with the nozzle initially to maximize apparent

current and overall ETC performance, as well as allow for a comparison to this test

showing the impact that the oxide scale has on apparent current. This test used the

same method as the previous, with the ETC model placed into the �ow during bias

voltage ramp up to avoid arcing impacts. Test conditions used a �ow of 40 lpm Argon

as with previous testing. The model reached a maximum bias voltage of 60 V before

an arc event resulted in the end of the test. This event is observed in the sudden

decrease in voltage and current seen in Figure 6.19. All Results of the test can be

seen in Figures 6.19 and 6.20.
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Figure 6.19: Emitter/collector temperature, voltage, and apparent emission current results
from the sample 3 LaB6 test with converging nozzle. Note that the same region of data is
highlighted for all three plots in red. This shows the bias voltage ramp-up leading up to the
observed arc event.

Figure 6.20: Apparent emission current-temperature relation for 60 V bias voltage ramp-up
phase of sample 3 nozzle test.
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Despite the arc event which caused the premature end of the sample 3 test, the

model still showed increased apparent current when compared to the clean condition

at the same, and even at higher bias voltages. This suggests that as with the POCO

graphite emitter results, the introduction of the converging nozzle further improves

the apparent ETC current. ETC current with nozzle and LaB6 sample was shown

to break 100 mA, higher than any of the previous POCO Graphite or LaB6 tests.

The performance of the ETC probe, despite multiple tests and visible oxide scale,

also shows that the probe has signi�cant resiliency. Future testing may improve

upon the existing ETC model geometry to reduce arcing events and allow for longer

nozzle testing at higher bias voltages. This may result in further increase in ETC

performance and apparent current.

6.2.6 LaB 6 Sample 3 N 2 Test

The �nal ETC LaB 6 test undertaken in this study exposed the ETC model to an

Argon-Nitrogen plasma. This is a slightly more �ight relevant condition, and also

aimed to test the ETC probe and LaB6 sample's survivability for an additional test

in a higher temperature plasma �ow. This test used the same LaB6 sample 3 after

use in initial clean tests and secondary nozzle testing. The conditions for this test

used a plasma �ow of 30 lpm Argon and 10 lpm Nitrogen. Results from this �nal test

can be seen in Figures 6.21 and 6.22.

118



Figure 6.21: Temperature, voltage, and apparent emission current results from the Sample
3 LaB6 test with Argon-Nitrogen plasma - clean con�guration. Note that the same regions
of data are highlighted for all three plots. Red shows the ramp-up phase to 70 V, and blue
shows holding at 70 V.

Figure 6.22: Apparent emission current-temperature relation for 70 V bias voltage ramp-up
phase of sample 3 test and later steady state bias voltage phase.
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Overall, lower maximum apparent emission current was observed during this test

when compared to the other LaB6 tests, both throughout the ramp-up phase and

steady 70 V bias, as shown in Figure 6.22. This is likely due to oxide scale on the

LaB6 emitter and general fatigue of the ETC model after several tests. Despite this,

maximum observed apparent ETC current was still greater than current from POCO

Graphite tests, both with and without the converging nozzle. This further shows

the ability of the LaB6 material to withstand multiple tests and still operate as a

viable ETC material. The overall temperature of the model was also observed to

be higher during testing, as Argon-Nitrogen plasma burns hotter than pure Argon

plasmas, showing the ETC model's ability to survive higher temperatures during

testing. Additionally, it was observed that current, temperature, and voltage data are

signi�cantly less noisy at this plasma �ow condition. Further study will be needed

to determine the cause of this, although this condition may provide more "stable"

conditions for ETC model testing. Lastly, no arcing events were observed during

this test, suggesting that Argon-Nitrogen plasmas may provide a more stable and

�ight-relevant environment for future testing.
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Chapter 7

Summary and Conclusion

The apparent current across a POCO Graphite ETC model was investigated for both

the clean and nozzle facility con�gurations. All nozzle cases for the POCO graphite

model showed higher apparent ETC current than those for the clean condition run

at the same �ow condition, facility power, and ETC bias voltage sweep. Nozzle ETC

apparent current performance further increased from the clean con�guration when

facility power was increased. This appears to show that the increased �ow velocity

from the introduction of the converging nozzle has a positive impact on the total

apparent ETC emission current; furthermore, this also indicates the relationship is

directly dependent on facility power setting. For the nozzle tests, at facility power

settings with currents of 2.2 and 2.5 A, it is also notable that the apparent current is

relatively close to the theoretical Richardson current. This suggests that the current

measured is from thermionic emission. Overall, the test results show that exposing

the ETC probe to increased �ow velocities causes a direct increase in apparent ETC

current.

Three LaB6 ETC samples were fabricated and tested under varying conditions.
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Sample 1 was tested at the higher facility power setting with a current of 2.7 A.

This was investigated to view if the increase in emission observed during the POCO

tests at higher facility power settings would also occur with the LaB6 material. At

the same clean con�guration, the LaB6 apparent ETC emission current showed an

increase of 300% from the apparent ETC emission current of the POCO Graphite.

LaB6 Sample 2 showed a lower apparent emission current, although this was likely

due to issues with the test equipment leading to unfavorable test conditions. Sample

3 was �rst tested in the clean facility con�guration with changes to the test regime

to avoid the issues experienced with Sample 2. Results were favorable and similar

to those seen on Sample 1. Sample 3 was then retested with the converging nozzle,

where maximum apparent emission current well over 100 mA was observed - the

highest values recorded. This further suggested the positive impact of the converging

nozzle on apparent emission current, coupled with the low work-function of the LaB6

material. Lastly, Sample 3 was tested in an Argon-Nitrogen plasma for a hotter and

more �ight-relevant condition. Despite multiple tests, apparent emission current was

still measured from the model with the third sample. This shows that the LaB6

material can be used for multiple ETC tests. All LaB6 samples were observed to

have considerable surface poisoning due to suspected oxidation, suggesting that the

LaB6 material may have di�culty operating in oxygen environments. The suspected

oxidation was con�rmed with EDS mapping of the emitter surface post-testing.

To determine plasma �ow heat �ux for the ETC test conditions, a slug calorimeter

heat �ux probe was developed that approximated the ETC probe geometry. Multiple

slug sizes were used to investigate if a small slug, which would best �t the ETC probe

geometry, could be used to accurately measure the heat �ux. Measurements with
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the smallest slug (3 mm) diverged from the rest of the measured heat �uxes. This is

likely due to higher temperatures concentrated at the core of the plasma, which the 3

mm slug may be more sensitive to. Thus, a 5 mm slug was used for the tests, as this

was the smallest slug that did not diverge from the results of the larger slugs. Heat

�uxes were calculated for all ETC testing conditions, with higher heat �ux observed

at the 50 mm case when the converging nozzle was in use.

Considerable �uctuations and discontinuities were observed in some of the col-

lected emission pro�les. Due to these issues, the data was post-processed with a

low pass �lter and (in some cases) interpolation. After the data was post-processed,

an Abel inversion was successfully applied to the data. LTE temperature pro�les

were then derived from the Abel inverted data. With these results, electron density

pro�les were calculated with the derived Stark (H � ) broadening and from CEA mod-

eling. Comparison of these electron density pro�les from measured broadening and

CEA showed fairly close agreement; comparing calculations between the methods at

each spatial location, there was a percent di�erence of 60% or less for the clean and

90% or less for the nozzle con�guration. However, at the center point of some pro-

�les derived from the H � line, there is a lower electron density than expected. The

center point of these pro�les should have the maximum electron density but had a

value slightly lower than the adjacent spatial point. This is possibly due to e�ects

from �ltering and interpolation which shifted the maximum temperature of the pro-

�les o�-center but did not shift the point where the Isoplane measured maximum

broadening.

Future work for emission testing could aim to improve data collection techniques

to reduce the amount of noise and discontinuities in the data. This could be accom-
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plished with methods such as repeated measurements and higher spatial resolution

of the measurements. Averaging the measurements at each point could help reduce

the e�ects of �uctuations in the plasma; higher spatial resolution would allow for the

actual jet center to be captured and help create smoother pro�les that are easier to

Abel invert. This would hopefully decrease the need for signi�cant post-processing

and help reduce the uncertainty of the collected data. Additional LaB6 ETC testing

could aim to increase the performance of the LaB6 material by testing in plasma with

less oxygen content. Other tests could focus on diagnosing the impact of the oxide

scale on overall ETC performance. Measurements of the plasma �ow velocity in the

converging nozzle facility con�guration would allow for greater understanding of the

relationship between ETC power and �ow velocity. A full test campaign could also be

performed with multiple ETC geometries and emitter materials to gauge the impact

on ETC performance and compare to the LaB6 material. Overall, the LaB6 material

appeared to perform well when compared to the POCO Graphite model, and is shown

to be a relatively robust ETC candidate.
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Appendix A

Absolute Intensity Calibration

Process

All intensity data measured with the OceanOptics and IsoPlane spectrometers were

calibrated to absolute intensity by using a calibration light source generated by an

Oriel Instruments Model 63966 Tungsten Filament Lamp. A control spectra from

this lamp is collected by positioning the z-fold optic with connected spectrometer the

same distance as it is from the plasma �ow. The test cabin window is also removed

and placed between the lamp and the optic at test distances to match the collection

parameters during a test. The aperture of the z-fold is set to what was used during

testing. To improve the signal-to-noise of the calibration �le, the integration time is

set so that the maximum intensity of the lamp is slightly below the saturation limit

of the spectrometer. This integration time is then noted and used in the calibration

procedure. Once a control calibration spectra is collected from the tungsten �lament

lamp, the absolute spectra is calculated using the following equation:
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Emission = ( Raw Emission Data)(Calibration File)
� tcal

t test

� � acal

atest

�

(A.1)

Here, tcal and t test represent the integration times of the calibrated and measured

test emission, whereacal and atest are the z-fold aperture sizes used during calibration

and test measurement. Note that these aperture sizes should remain the same for

both variables. The �nal calibrated spectra is expressed in units ofWcm� 2�m � 1sr � 1.
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