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Abstract

Flexible thermal protection systems (FTPS) are being considered as they allow for
atmospheric reentry of larger payloads. Current rigid aeroshells struggle to achieve
this as they are limited by the shroud of the rocket being used. One promising
material candidate for these �exible heat shields is a Hi-Nicalon silicon carbide (SiC)
fabric. By utilizing the UVM 30 kW Inductively Coupled Plasma Facility, an array of
experiments were performed to explore the chemical response to plasma in a variety
of atmospheric conditions. The main goal of this thesis is to better understand gas
surface interactions, mainly through two-photon laser-induced �uorescence (TALIF)
and Raman scattering. These methods of probing the �ow measure atomic reactant
species density and molecular product species within the boundary layer respectively.
Performing TALIF would be improving on the statistical distribution of catalytic rates
previously measured at UVM. A Raman Scattering model was created to e�ectively
extract temperature and density information from the experimental data. Over the
course of these long scans, it needs to be assured that the chemical composition of
the surface has reached a steady state. To assess the surface chemistry of a sample,
an SEM and EDS interrogation were implemented to observe the change of surface
chemistry over the course of 10 minutes of exposure.
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Chapter 1

Introduction

1.1 Overview and Motivation

The state-of-the-art for planetary entry vehicles is a rigid structure protected by

a rigid thermal protection system (TPS). While e�ective at mitigating heat, these

systems cannot provide an acceptable surface area, due to being limited by the launch

rocket's shroud, to safely decelerate larger payloads that are associated with human-

scale launders [1�3]. Current heat shields lack the ability to scale in size e�ectively

to account for the additional mass of future space �ights. To account for this, a

new TPS technology is required which can withstand the increased entry vehicle

heat loads associated with larger mass payloads. By simply increasing the diameter

of the heat shield, the e�ective ballistic coe�cient of the vehicle would decrease,

ultimately lowering the heat load which a reentry vehicle would experience when

in hypersonic �ight. Unfortunately, current rigid heat shield sizes are limited by

the shroud diameter of the launch vehicle. Recent missions have shown that the

current method of reentry heavily limits how much payload mass can be carried [4].
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To account for this issue, NASA's Game Changing Technology Program funded the

development of an in�atable structure covered by an FTPS [5]. The bene�t of these

systems is their ability to be compactly installed into a launch vehicle which is much

smaller than its �nal con�guration. The system would only need to be deployed into

its �nal con�guration soon before reentry. Once deployed, the system would morph

into its �nal shape ultimately producing a much larger diameter shield compared to

traditional rigid aeroshells, thereby reducing the vehicle's ballistic coe�cient. One

deployable TPS method involves in�ating a series of torus-shaped tubes into the �nal

shroud shape. At launch, these tubes would be de�ated, occupying only a fraction of

the volume of their �nal form [2, 6�10]. Unlike rigid structures, a FTPS is required.

The outer layer is most commonly a �exible woven fabric which is followed by fabrics

and a gas barrier. To assess this design, low heat load �ights were tested by the

In�atable Reentry Vehicle Experiment test missions (IRVE-II and IRVE-3) [9]. These

tests have pushed the development of in�atable systems but further testing is required

before being practically used. Additionally, these �ights were suborbital which limited

achievable mass, scale, heat �ux, and heat load. One candidate is an alumina-based

3MTM NextelTM �ber weave, known as the Gen-1 outer layer. This material has

desirable mechanical properties but was only exposed to insigni�cant heat load from

a sub-orbital entry. The Hypersonic In�atable Aerodynamic Decelerator (HIAD) is

a term describing these FTPS. A concept image of a HIAD is shown in Figure 1.1.
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Figure 1.1: A concept photo of a HIAD (Image: [11]).

HIAD systems were selected for additional test missions but the NextelTM weave

would be insu�cient as the outer layer. The expected heat loads for orbital HIAD ap-

plications prove signi�cantly higher due to the surface reactivity in an oxygen-present

plasma [14]. As for an alternative material, Hi-Nicalon SiC �bers, or the Gen-2 outer

layer, proved to be �exible while also maintaining stability in high temperatures [15].

Potential applications currently under study will require heat shield diameters of 10 m

or greater. One current project, the Low Earth Orbit Flight Test of an In�atable De-

celerator (LOFTID), plans to test a 6-meter diameter heat shield [11, 16]. For all

HIAD concepts, including LOFTID, large tori are in�ated to form the structure of

the heat shield. The FTPS can be broken down into three main parts (moving from

the structure out): the gas barrier, insulators, and outer layer. The inner layer is

mainly responsible for maintaining structural integrity. Over that is an insulator that
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reduces the rate of heat transfer through the system. The outer layer is directly ex-

posed to the plasma and must protect the system from extreme radiative, chemical,

and convective heating. Through the selection of an appropriate fabric for this outer

layer, the entry vehicle will observe signi�cantly reduced total heat loading and peak

heating rate. [12] A cross-section of the LOFTID system is shown in Figure 1.2.

Figure 1.2: A cross-section of the LOFTID system (Image: [13]).

For these systems, it should be noted that peak heating only occurs for a small

amount of time within the hypersonic entry portion of the mission pro�le. The typical

heat �ux and heat load pro�le for a generic blunt-body reentry system can be shown

in Figure 1.3. The peak heating (units of W/cm2) occurs on the order of minutes

or less and is an impulse assessment whereas the total heat load (units of J/cm2)

is a representation of the total thermal energy going into the system. The facility

conditions represented within this report are characterized by heat �ux delivered to

a cold wall slug calorimeter which is an indication of the peak heating of the sample.

Ergo, this study focuses on the peak heating at the front plies more than the total

heat load going into the TPS sub-layer system.
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Figure 1.3: A typical heat �ux and heat load pro�le for a generic blunt-body reentry system.

In order to further understand SiC's ability to handle high quantities of thermal

energy being transferred into the system and map its chemical response to an oxygen-

present plasma, laboratory testing is necessary. SiC is currently a leading candidate

material for various high enthalpy entry applications, so its response to an Earth

and Martian atmosphere is being studied intensely. One important study observes

the catalytic rates associated with SiC for its �ight-relevant conditions. This includes

understanding how the chemical composition of the surface evolves in the �rst minutes

of being introduced to a plasma. The goal of this work is to further study and analyze

this phenomenon.

5



Chapter 2

UVM Inductively Coupled Plasma

Facility

2.1 Overview

UVM has a 30 kW inductively coupled plasma (ICP) facility which was designed

to simulate atmospheric re-entry conditions to test various materials in a variety

of gas conditions [17]. This is one of two main types of plasma facilities for TPS

material testing. The other type of facility, an arc jet, produces plasma through a

DC arc. While arc jets are helpful in studying high-enthalpy plasma, they have the

downside of introducing contaminates to the �ow in creating the plasma as the arc

is within the �ow. ICP facilities have the strength of generating plasma through

electron excitation via magnetic �eld coupling, ultimately leaving the �ow free of

contamination as the coil generating the �eld is separated from the �ow by a quartz

tube. A comparison between an in-�ight example and the UVM ICP facility is shown

in Figure 2.1. While the facility doesn't have the shock present in a �ight condition,
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the post-shock conditions can be replicated regarding boundary layer edge velocity

gradient, enthalpy, and total pressure [18] [19].
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Figure 2.1: Comparison of the in-�ight boundary layer to ICP facility (Image: J. Meyers).

The UVM ICP is able to produce plasma from chemically pure air, H2, O2, CO2,

N2, and Ar (or a mixture of these gases). These gases are injected into the chamber via

gas inlets at the bottom of the induction zone as shown in Figure 2.2. The load coils,

by electromagnetic radiation, induce plasma production within the 36 mm quartz

tube. The coil is powered by a Lepel Model T-30-3-MC5-TLI-RF power supply by a

single phase 2.5-5 MHz alternating current. These conditions induce the production

of a recirculating plasma ball within the quartz tube which can reach temperatures

on the order of 10,000 K [20].
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Figure 2.2: A Diagram of the UVM ICP facility plasma generation components (Image:
[17]).

Due to a low pressure induced by a vacuum system from the top of the test cabin,

the plasma �ows out of the induction zone and enters the cabin in the form of a jet.

This is the region where the jet can be studied or the sample can be inserted. Past the

test cabin is heat exchangers which remove heat from the �ow, allowing the remaining

gas to be safely exhausted. A schematic of the major components of the UVM ICP

facility is shown in Figure 2.3. Additionally, Table 2.1 shows the important facility

parameters
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Figure 2.3: A schematic of the major components of the UVM ICP facility (Image: [17]).
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Table 2.1: Table of ICP Facility parameters [17].

Run Duration 0 - 90 min

Heat Flux 10 - 150 W�cm� 2

Free Stream Temperature 3000 - 8000� C

Static Pressure 80 - 250 torr

Dynamic Pressure 2.5� .5 torr

Gas Composition Air, Ar, N 2, CO2, O2, H2 (and mixtures)

Inlet Gas Flow Rate 25 - 50 LPM

Flow Velocity 25 to 100 m/s

Mach Range 0.2 standard (up to 1.5 with nozzle)

Operating Frequency 2.5 MHz

Peak Power 30 kW

Plasma Jet Diameter (Quartz Tube) 36 mm

2.2 Sample and Holder

2.2.1 Silicon Carbide Fabric Weave

Hi-NicalonTM silicon carbide (SiC) is fabric tested in our experiments. SiC fabric was

selected for its material response to high-temperature applications in atmospheres

with oxidation. The SiC �bers are made of� -SiC nanocrystals and stacked carbon

layers to form a carbon network. This unique structure gives the �ber high density,
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sti�ness, tensile strength, and electrical conductivity [21]. This material is commer-

cially available in the form of spooled �bers, which can be woven together to form

sheets, tubes, or braids [22]. An image of the SiC fabric weave cut into a shape that

is tested is shown in Figure 2.4.

Figure 2.4: A photo of SiC fabric .

2.2.2 Sample Holder

To e�ectively introduce the sample to a given plasma condition, a sample holder

was created. It consisted of a cylindrical� -SiC monolithic sleeve that had an open

front face that expose the fabric. This sleeve would house the SiC fabric along with

other necessary internal components. The fabric was held against this front face by

another � -SiC backing piece. Behind the backing piece is an RS-99R Zircar spacer

for insulation. Behind the SiC backing piece was a piece of alumina insulator. Behind

the insulator was a copper spring and a copper mounting piece. The spring would

assure that all internal components remained stationary. The mounting piece was

then attached to the SiC sleeve by a copper pin. An exploded and fully assembled

view of all these original components can be seen in Figure 2.5
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(a) An exploded view of the original sample. (b) The original sample assembled.

Figure 2.5: The original sample design with a copper backing piece, copper pin, and spring.

Early testing proved that the copper components were unable to withstand the

high heat of an almost all air condition. An IR camera recorded the temperature

pro�le of the sample throughout an experiment where the copper pin melted. The

melting of the pin ultimately led to the dropping of the sample holder, ending the

test. A plot of the temperature vs. time is shown in Figure 2.6, where all facility

condition changes are denoted.

Figure 2.6: IR Temperature of test where the copper pin failed.

This design worked for lower temperature experiments but failed in test 20210323b

in an almost all air test condition. The copper on the rear of the sample got too

12



hot and lost structural integrity, dropping the sample. While the mounting piece

directly touches the torch's water-cooling system, the sample's design was ine�ective

at properly cooling the copper. To alleviate this problem, the backing piece, copper

pin, and spring were all replaced. The copper backing piece was replaced withSiC,

the copper pin was replaced with an alumina rod, and the spring was replaced with

tungsten wire used as a spacer. The updated sample can be seen in Figure 2.7

(a) An exploded view of the updated sample. (b) The updated sample assembled.

Figure 2.7: The updated sample design withSiC backing piece, Alumina pin, and Tungsten
wire spacers.

2.2.3 Holder Testing

To evaluate the e�ectiveness of the sample holder, it was tested in an argon and air

condition. Figure 2.8 shows the maximum and average temperature of the fabric

on the front face of the sample holder over the course of the experiment. These

temperatures were obtained by using an IR camera pointed at the sample. The torch

started and the �rst 30 seconds are setting the torch's conditions. The torch is most

likely to couple at low power and pressure with argon being the working gas. Once

stable, power and argon �ow are increased. Once at a power of 2 A and an argon

�ow of 30 LPM, 10 LPM of air can be added. The power is then increased to 2.5 A

and the sample is left to stabilize at 30 LPM of argon and 10 LPM of air. After it
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settles, 10 LPM of argon is removed, 10 LPM of air is added, the power is readjusted,

and again it is left to stabilize. The last step is repeated once more to reach the �nal

condition of 30 LPM air and 10 LPM argon For the experiment shown, the torch cut

out, prematurely ending the experiment. This is the framework for testing various

samples and can be slightly modi�ed to test the sample in di�erent gas conditions.

Figure 2.8: IR camera temperature record for 30 LPM air and 10 LPM argon test case.

Most experiments are recorded using an IR camera and an HD digital camera.

The jet of plasma extends out from the quartz tube and hits the face of the sample

straight on. This orientation makes it di�cult to get a direct view of the sample

face. The best option is from diagonally oriented viewports. This leads to an ovular

shape of the coupon when post-processing the videos despite the fabric sample being

circular. To account for this, a code written by Ian Ballou was used to skew the

images to make the sample appear as if it were directly facing the camera. The

unedited images for the IR and HD cameras and the �nal edited form is shown in

Figure 2.9.
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Figure 2.9: Post-processing of IR camera capture (left) and isometric video capture (right)
to appropriate spatial coordinates (bottom row).

This modi�cation to the images allowed for better processing and accurate dis-

tance measurements of the sample. While originally the fabric was thought to have

one temperature uniformly across, the weave of the fabric led to �uctuations. In Fig-

ure 2.10, IR photos of three di�erent conditions were analyzed. For each condition, a

horizontal and a vertical cross-section were taken measuring temperature with respect

to location. The weave of the fabric revealed localized hot or cold spots which were

consistently variant through di�erent conditions. While the entire sample increased

in temperature as it went from 30 LPM Ar and 10 LPM air to 10 LPM Ar and
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30 LPM air, the peaks and troughs of temperature created by the woven pattern stay

consistent throughout di�erent conditions. This phenomenon is important to note as

all gas surface interaction surveys are anchored to a single-point surface measurement

made by a 2-color pyrometer. This device takes the maximum temperature seen in a

viewport reticle. Here, we can see that there is a temperature distribution that could

incur additional temperature error depending on where exactly the reticle is pointing

on the surface. Our strategy for extracting catalytic rates with LIF measurements

is dependent on the assessment of surface temperature so any uncertainty in surface

temperature measurements directly impacts extracted catalytic rates. In the future,

tests could be done to see if the di�erence in intensity between these peaks and val-

leys will become less pronounced at a longer duration of heating, leading to a more

constant surface temperature.

Figure 2.10: Temperature variation across fabric sample for di�erent plasma conditions.

The sample holder held up through the various conditions allowing for post-test
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analysis of the fabric. In Figure 2.11, two post-tests samples can be seen. On the left

is a sample tested with nitrogen conditions. On the right is a sample tested with air

conditions. The Nitrogen sample appears to have stayed structurally similar to SiC

before being tested. As for the sample tested in air, it notably has a sheen on the

surface that wasn't previously present. This is due to oxidation from the air, forming

quartz on the surface of the sample. The quartz layer poses potential challenges as

it changes the �exibility and other properties of the fabric.

Figure 2.11: Post N2 test (left) and air test (right) sample images.
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Chapter 3

Oxidation Characterization

3.1 Overview

To determine the catalytic rate above the surface of a material, our lab has developed

LIF strategies that depend on the assumption that the material surface chemistry

stays the same over the course of a 45-minute boundary layer survey. For a pure

N2 plasma, with the exception of argon as a bu�er, this is an acceptable assumption

as it has been reported on before. Unfortunately, SiC is known to oxidize at high

temperatures and appreciable partial pressures of atomic oxygen [21]. To account

for this, a study was conducted to observe and better understand the dynamics of

this oxidation process. To do this study, a double-ply SiC fabric sample was set up

as seen in Figure 3.1 and exposed to a particular plasma at 160 torr for di�erent

time intervals. So far, the fabric sample has been tested in an air plasma and a

CO2 plasma. Additionally, a SiC puck was tested in an air plasma as well to have

an oxidation comparison for the fabric. In the future, this could be repeated for

other gas plasmas (such as dilute oxygen plasma without other molecular species).
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After each sample was tested, the front face of the leading ply and the back face of

the trailing ply was examined with a scanning electron microscope (SEM) and an

energy-dispersive X-ray spectroscopy (EDS) technique to analyze atomic species on

the surface (mainly silicon atoms, carbon atoms, and oxygen atoms). The samples

were exposed to the plasma for 30 s, 60 s, 180 s, 300 s, and 600 s. For all of these

tests, a 2-color pyrometer and IR camera temperature records were taken.

Figure 3.1: Double-ply SiC sample layup for the oxidation tests.

3.2 SEM/EDS System

A scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy

(EDS) were employed to image the fabric samples. This analysis made use of the

Zeiss Sigma 300 VP. A photo of this device at UVM can be seen in Figure 3.2 High-

resolution photos with excellent magni�cation are possible with the SEM. Instead of

using light to create images, this type of microscope uses electrons. EDS can be used

to characterize the atomic species that are present on a material after being used to

obtain a high-resolution image. This works by absorbing energy emitted by a sam-

ple using a sensitive x-ray detector. Then, this energy is converted into a spectrum,

where each element has a unique energy level. The atomic weight for a particular

location of interest can be determined by further translating the strength of these

energy levels. In the end, the SEM can aid in visualizing the SiC's oxidation, and the
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EDS can measure the degree of oxidation.

Figure 3.2: Zeiss Sigma 300 VP at UVM used for SEM and EDS analysis.

3.3 SiC Fabric in an Air Plasma

The �rst oxidation tests were for SiC fabric in an air plasma (35 LPM air/5 LPM Ar).

These samples all were measured during the experiment by a 2-color pyrometer. As

shown by Figure 3.3, all of the fabrics follow a similar heating curve as the duration

is increased. While these tests have a max temperature that hovers around 2000 K,

previous fabric tests done in similar plasma conditions only reached a temperature

of around 1675 K [15]. Notably, the sample holder for those tests was still using the

original copper mounting piece and pin. These materials would create an unfavorable

thermal conduction path between the fabric and the cooling system. The new graphite

mounting piece and alumina pin no longer allow for such easy transfer of heat, leading
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to higher temperatures of around 2000 K.

Figure 3.3: Pyrometer temperature of SiC Fabric exposed to an 35 Air/5 Ar plasma for
various times.

These samples were then all analyzed at 27� shown in Figure 3.4 and 1000�

magni�cation shown in Figure 3.5. At 27� magni�cation, the back face appears to

be unchanged but the front face shows larger regions of oxidation bubbles forming.

It should be noted that these regions that appear most oxidized are the peaks in

temperature across the weave shown in Figure 2.10. Looking at 1000� magni�cation,

low exposure time reveals small cavities forming on the surface and high exposure

time shows larger regions of �bers fusing.
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Figure 3.4: 27� magni�cation SEM images of SiC fabrics exposed to an Air plasma.

Figure 3.5: 1000� magni�cation SEM images of SiC fabrics exposed to an Air plasma.

These samples were then analyzed using an EDS technique to observe their chem-

ical composition. The elemental maps, shown in Figure 3.6, reveal what elements are

present on the surface of the SiC weave. While Ar and N were present in the plasma,

they showed no increase in surface presence regardless of test exposure. While Si

content remains relatively the same despite varying levels of exposure, O content in-

creases and C content decreased. This is expected with oxidation on the surface. For

every level of exposure, the weight percent and atomic percent for each element were

recorded for both the front face and the back face, shown in Table 3.1.
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Figure 3.6: 50� magni�cation EDS elemental maps showing Si, C, and O content on SiC
after di�erent levels of air plasma exposure.

The intensity of each element's presence can be shown in Figure 3.7 and 3.8. These

plots show the relative signal that each element gives o�. The intensity of the signal

determines in what quantity the elements are occurring in the sample. While Si levels

remain relatively constant, the O signal increases with greater exposure time while

the C signal decreases.

23



Figure 3.7: EDS elemental plot for no exposure time.
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Figure 3.8: EDS elemental plot for an exposure time of 300 seconds.

These values were then plotted vs. exposure time to show elemental trends. The

weight percent and atomic percent plotted are shown in Figure 3.9. For these plots,

the solid lines represent the front face and the dotted lines represent the back face.

The Si content on the surface remains relatively similar despite exposure time. This

is because regardless of SiC or SiO2 content, the Si levels are the same. The O content

sharply increases and levels o� while the C content sharply decreases and then levels

o�.
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Figure 3.9: Weight % and atomic % of Si, C, and O content on SiC fabric after di�erent
levels of air plasma exposure.
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Table 3.1: Table of various exposure times and chemical composition in weight % and
atomic % for SiC fabric in a 35 Air/5 Ar plasma.

Face Plasma t Si C O Si C O

s % weight Atomic %

N/a N/a 0 43:6 50:6 5:8 25:3 68:8 5:9

Front 35 Air/5 Ar 30 56:6 18:4 25:0 39:4 29:2 30:6

Front 35 Air/5 Ar 60 50:6 19:9 29:6 33:9 31:2 34:9

Front 35 Air/5 Ar 180 47:4 12:6 40:1 32:2 20:0 47:8

Front 35 Air/5 Ar 300 48:5 10:2 41:2 33:5 16:5 50:0

Front 35 Air/5 Ar 600 45:5 9:4 45:2 31:0 15:0 54:0

Back 35 Air/5 Ar 30 56:8 38:4 4:8 36:6 58:0 5:5

Back 35 Air/5 Ar 60 56:2 32:4 11:5 37:0 49:8 13:3

Back 35 Air/5 Ar 180 55:8 17:0 27:2 39:0 27:8 33:3

Back 35 Air/5 Ar 300 55:9 16:9 27:2 39:1 27:6 33:3

Back 35 Air/5 Ar 600 53:2 17:5 29:3 36:5 28:1 35:3

3.4 SiC Disk in an Air Plasma

The next oxidation tests were for the SiC disk in the same air plasma (35 LPM

air/5 LPM Ar). These disks give a good comparison of the SiC fabric. Both the

disks and fabric have di�erent surfaces which ultimately leads to a di�erent surface

response. Shown in Figure 3.10 are pyrometer temperature plots over time. All

except one disk show relatively similar heating patterns. It is likely that this one

outlier test had an isolated incident leading to many di�erent temperatures. This is
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safe to assume as all four other tests follow a very similar trend.

Figure 3.10: Pyrometer temperature of SiC disk exposed to an 35 Air/5 Ar plasma for
various times.

For an SEM analysis of these disks, only the front face was interrogated. Fig-

ures 3.11 and 3.12 show a low exposure and high exposure comparison at 27� and

1000� magni�cation. The 27� magni�cation doesn't show any apparent di�erence.

Both appear to be a similar texture material with some imperfections on the surface.

As for 1000� magni�cation, the 30-second exposure shows small cavities of oxidation.

The 600-second exposure in comparison still has some of the cavities but also shows

larger regions of melting.
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Figure 3.11: 27� magni�cation SEM images of SiC pucks exposed to an Air plasma.

Figure 3.12: 1000� magni�cation SEM images of SiC pucks exposed to an Air plasma.

Similarly to the fabric tests, an EDS analysis was done on these disks. This

analysis produced the chemical compositions given in Table 3.2. These values were

then plotted to produce the plots shown in Figure 3.13. The Si, O, and C all have

similar trends to that of the SiC fabric tests. Notably the atomic % O is 49.5%
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as compared to 54.0% for the fabric at similar levels of exposure. It is likely that

the �bers of the fabric allow for more surface area compared to the disk, allowing for

more material to be directly exposed to the plasma in turn producing higher oxidation

levels.

Table 3.2: Table of various exposure times and chemical composition in weight % and
atomic % for a SiC Disk in a 35 Air / 5 Ar plasma

Face Plasma t Si C O Si C O

s % weight Atomic %

Front 35 Air/5 Ar 30 62:7 28:4 8:9 43:3 45:9 10:8

Front 35 Air/5 Ar 60 62:3 14:2 23:5 45:6 24:2 30:2

Front 35 Air/5 Ar 180 56:7 8:3 35:0 41:2 14:1 44:7

Front 35 Air/5 Ar 300 31:9 8:7 39:4 36:5 14:4 48:8

Front 35 Air/5 Ar 600 50:4 9:1 40:5 35:3 14:9 49:8
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Figure 3.13: Weight % and atomic % of Si, C, and O content on a SiC disk after di�erent
levels of air plasma exposure.
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3.5 SiC Fabric in a CO 2 Plasma

The last round of exposure testing was with SiC fabric in a CO2 plasma (21 CO2/5

Ar). Similarly to the last round of exposure testing, the samples had their temperature

recorded throughout the duration of the experiment to assure consistent heating.

While not all the experiments got proper pyrometer data due to issues with the

viewport, three cases were measured and show almost identical heating patterns and

temperatures as shown in Figure 3.14.

Figure 3.14: Pyrometer temperature of SiC Fabric exposed to an 21 CO2/5 Ar plasma for
various times.

Using an SEM, the front face and the back face were investigated as shown in

Figures 3.15 and 3.16. With SEM alone, the back face didn't appear to change much.
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Alternatively, the front face showed a glassing e�ect. Even at an exposure of one

minute, the sample started to show deep craters of melted material.

Figure 3.15: 27� magni�cation SEM images of SiC fabrics exposed to a CO2 plasma.

Figure 3.16: 1000� magni�cation SEM images of SiC fabrics exposed to a CO2 plasma.

Using EDS gives additional information on material behavior for the CO2 plasma

exposures. Despite the SEM not showing any material response for the back face,

Figure 3.17 reveals lower levels of oxidation. The chemical compositions given by this

analysis are shown in Table 3.3.
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Figure 3.17: Weight % and atomic % of Si, C, and O content on SiC fabric after di�erent
levels of CO2 plasma exposure.
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Table 3.3: Table of various exposure times and chemical composition in weight % and atomic
% for SiC fabric in a 21 CO2 / 5 Ar plasma.

Face Plasma t Si C O Si C O

s % weight Atomic %

N/a N/a 0 43:6 50:6 5:8 25:3 68:8 5:9

Front 21CO2/5Ar 30 53.4 31.5 15.1 34.8 48.0 17.2

Front 21CO2/5Ar 60 46.5 9.2 44.3 31.9 14.8 53.3

Front 21CO2/5Ar 180 42.7 8.2 49.2 28.8 12.9 58.3

Front 21CO2/5Ar 300 44.3 6.6 49.2 30.3 10.5 59.2

Front 21CO2/5Ar 600 39.8 8.3 52.0 26.5 12.9 60.7

Back 21CO2/5Ar 30 53.2 44.8 2.1 32.9 64.8 2.3

Back 21CO2/5Ar 60 32.8 44.6 2.6 32.7 64.5 2.8

Back 21CO2/5Ar 180 53.0 42.0 5.0 33.1 61.4 5.5

Back 21CO2/5Ar 300 53.7 39.3 7.0 34.0 58.2 7.8

Back 21CO2/5Ar 600 55.2 33.1 11.8 36.0 50.5 13.5

3.6 Passive to Active Oxidation

Due to the increased temperatures seen with the SiC fabric in an Air plasma, there is

a new phenomenon to look for. At around 2100 K, some SiC material systems experi-

ence a passive to active oxidation transition near our oxygen partial pressures [23,24].

These oxidation tests are designed to assure that the material has reached a steady

state for the longer spectroscopic scans. As such, it is important to understand what

will trigger this passive-to-active transition. A few ideas to achieve this transition
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include increasing the air content in the plasma, lowering the sample to a higher

enthalpy location, increasing the power being put into the �ow, and inducing a me-

chanical failure on the surface of the sample. Two methods were attempted which

included a variety of these ideas. These tests were explored for the SiC fabric in an

air plasma as the temperature was nearing the transition temperature, but for the

lower temperature CO2 plasma tests this transition was not a concern.

3.6.1 Method 1

Method one started by reaching a full air condition of 40 LPM air. The double-ply SiC

fabric sample was inserted into the �ow and sat until it reached a steady state at the

standard height of 90 mm. The fabric continued to hold integrity so the power setting

was increased from 2.5 amps to 2.9 amps. The sample reached a max temperature of

2043 K but wasn't transitioning as shown in Figure 3.18.

Figure 3.18: SiC fabric at 40 air, 2.9 amps, and an elevation of 90 mm.

Lastly, the sample was slowly lowered to a higher enthalpy location. As the
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sample was lowered the temperature reached the maximum recordable temperature

on the IR camera at 2073 K. When at an elevation of 50 mm, the sample started to

transition. The weave of the fabric started to lose its form as shown in Figure 3.19.

Unfortunately, the sample wasn't visible through the viewport by the pyrometer once

it was lowered so now temperature time plots were able to be extracted.

Figure 3.19: SiC fabric at 40 air, 2.9 amps, and an elevation of 50 mm.

The samples clearly experienced a new type of gas surface interaction as shown

in Figure 3.20 with the post-test sample. In comparison, Figure 2.11 shows a sample

in an air plasma with a very di�erent surface.
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Figure 3.20: Post-test SiC fabric after passive to active transition.

3.6.2 Method 2

As another method of inducing the transition, a mechanical failure was intentionally

made on the surface of the sample. Similar to method 1, the sample was placed in a

full-air plasma and the power setting was raised to 2.9 amps. Unlike method 1, the

sample remained at an elevation of 90 mm for the entirety of the experiment. The

scored sample can be seen in Figure 3.21
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Figure 3.21: Pre-test SiC fabric with an induced score on the surface.

This sample was able to remain in view of the pyrometer for the entirety of the

experiment. The resulting temperature plot is shown in Figure 3.22. The location

of the induced failure on the surface starts the passive-to-active transition. These

individual exposed �bers are able to reach higher temperatures which start the tran-

sition. At a power setting of 2.7 amps, the weave started to lose its form while even

at a power setting of 2.9 amps in method 1 there was no indication of weave failure.
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Figure 3.22: Pyrometer temperature of SiC fabric with an induced score.

The green line on the plot is at 2150 K, where the passive-to-active transition is

for our system. It is important to note the multiple spikes in temperature prior to

being in full condition. This is the result of individual �ber strands being exposed

and transitioning.

The post-test image of the fabric sample con�rms that a passive-to-active transi-

tion occurred. It shows similar structures to that of method 1 and again looks very

di�erent from post-test samples which didn't experience this transition. The post-test
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sample for method 2 can be seen in Figure 3.23.

Figure 3.23: Post-test SiC fabric with a score after passive to active transition.

This induced score was not only important to induce a passive-to-active transition

but it gave insight into a scenario where there could be man-made (manufacturing

defect) or non-man-made (small projectile in space) damage. Small damage can incur

this passive-to-active oxidation but it is unlike that this will lead to a runaway failure

event as the peak heat loading environments where this passive-to-active transition

will occur are intended to be relatively short for these in�atable reentry systems. It is

highly unlikely that after this peak heating event that lower heat loads will encourage

this process to proceed further.

41



3.7 Heat Flux Measurements

To better characterize the various �ow conditions tested, heat �ux tests were per-

formed. Three heat �ux measurements were taken for every unique combination of

power setting, gas composition, and probe elevation. While the heat �ux of a partic-

ular combination of conditions should be the same, slight variation across materials

with di�erent rates catalycity will occur. These various catalytic rates can promote

the exothermic recombination of gases leading to elevated heating of the surface.

These tests are built on the model of energy conservation in a high-enthalpy �ow.

The high-energy gas will transfer some of that energy into the sample as the sample

is inserted into the �ow. In a sub-sonic facility, such as the UVM ICP Facility, the

energy transfers to the sample mainly through conduction, convection, recombination,

and re-radiation from the sample's surface [25].

For testing, a copper slug was used to probe the temperature. The probe is quickly

moved into the �ow for a few seconds and then immediately removed to cool. The

face of the copper slug is perpendicular to the �ow. Behind the face of the slug,

a thermocouple is attached to measure temperature. The temperature is recorded

throughout the entire process of heating and cooling. Using a 1-D heat �ux model,

the heat �ux can be produced by using equation 3.1.

_q = � CucCuL slug

 
dT
dt

�
�
�
�
�
rise

�
dT
dt

�
�
�
�
�
loss

!

(3.1)

In this equation, _q is the heat �ux going into the probe. � Cu is the density of the

material, which in this case is 8.96g=cm3 for copper. cCu is the speci�c heat, which
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for copper is 0.386J=gK. L slug is the length of the slug which for this case is 1.3cm.

The following terms are the slope of the linear portion of the heating and cooling. An

example of the data collection can be seen in Figure 3.24. For each unique condition,

three measurements were taken to produce average heat �ux values which are shown

in Table 3.4.

Figure 3.24: Heat �ux experiment data plotted. The circles mark the linear regions of
heating and cooling.
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Table 3.4: Heat �ux results for various conditions.

Gas Power Settings Probe Height Heat Flux

(LPM) (A) (mm) (W/cm 2)

21 CO2 / 5 Ar 2.5 90 54.85

40 N2 2.5 90 101.21

35 Air / 5 Ar 2.5 90 91.72

40 Air 2.5 90 119.64

40 Air 2.9 90 135.01

40 Air 2.9 50 151.00

3.8 Results and Discussion

The ultimate goal of these oxidation studies is to de�ne the oxidation process on the

surface of the SiC fabric. The oxidation plots for all of the tested materials all support

that the surface of the sample is relatively steady by the ten-minute mark. As for

the fabric-to-disk comparison, the fabric ends at ten minutes with higher levels of

oxygen. This is likely due to the higher surface area of the� -SiC. This higher surface

area allows for oxidation to penetrate deeper into the surface. Even the back surface

of the SiC fabric in an air plasma levels o� and shows to be steady after the longest

exposure.

As for the CO2 fabric, it appears to get to its �nal state much faster than the

air tests. The oxygen and inverse carbon trends sharply move over the �rst two

minutes of exposure. Additionally, the back face has a much lower rate of oxidation

with respect to the front face compared to the air tests. This could be due to the
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fast oxidation of the front face leading to a less permeable surface which slows the

oxidation on the back face. While the air plasma back face seemed to level o�, the

CO2 plasma test back faces oxygen levels continue to increase even at the ten-minute

mark. Future tests would need to verify when this back face reaches its �nal state.

For the scope of this thesis, it is acceptable as we are only interested in the surface-gas

interactions of the front ply.

As for the passive-to-active transition, these experiments helped scope out what

triggers the transition. It is safe to say that for the LIF scans proposed, this transition

will not occur. Future testing could better outline the exact conditions which lead

to this interesting phenomenon. In conclusion, it is reasonable to assume that after

a sample is left in the �ow for ten minutes, the surface will have reached a steady

state for an air plasma and a CO2 plasma. Additionally, so long as the sample is left

at a power setting of 2.5 amps and at an elevation of 90 mm, the passive-to-active

oxidation transition will not occur and alter the chemistry of the surface during scans.
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Chapter 4

Two Photon Absorption Laser In-

duced Florescence

4.1 Previous Work

Previously at UVM, e�orts were made to analyze SiC fabric catalysis. These aimed

to produce a deliverable regarding gas-surface interaction catalytic rates speci�cally

for air plasma. A new strategy was developed to separate heat �ux from catalysis

that only needed relative specie concentration to extract catalysis rates. [14, 26�29].

This method utilized two-photon Laser Induced Fluorescence and was e�ective at

isolating catalytic rates, but didn't originally provide absolute number densities which

are crucial for validation through numerical modeling.

To model an air system, the reactions of atomic to molecular nitrogen (Equa-

tion 4.1) and atomic to molecular oxygen (Equation 4.2) are typically included while

the reaction of atomic oxygen and nitrogen to a NO molecule (Equation 4.3 is typi-

cally excluded. This exclusion was done for the sake of computational simplicity and
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was valid to make as this reaction was either negligible or did not occur. Previous

work at UVM showed that Equation 4.3 wasn't included due to the lack of the ability

to properly measure all of their reactions during a single experiment [26].

N + N + [s] ! N2 + [s] (4.1)

O + O + [s] ! O2 + [s] (4.2)

N + O + [s] ! NO + [s] (4.3)

N Atom LIF

The previously determined approach to de�ne a materials catalytic rate can be ex-

plained with the help of Figure 4.1. In this �gure, the top row shows translation

temperatures, the middle row shows inter grated area LIF signal normalized by the

square of the laser pulse energy, and the bottom row shows normalized n-atom mole

fraction values. The surface catalytic reaction rates and recombination e�ciencies

are calculated by using the normalized mole fraction value at the wall and the mole

fraction slope within 1 mm of the wall. Absolute number density is not needed to

determine relative mole fractions.
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Figure 4.1: Example UVM LIF BL scans with SiC materials in an N2 plasma [29].

O Atom LIF

Previous O atom LIF boundary layer scan results are shown in Figure 4.2. The

strategy to analyze O atoms follows methods previously published [28]. For all of

these experiments, the gas �ow was 30 LPM argon and 8 LPM oxygen with a facility

pressure of 160 torr. The original samples tested are a monolithic� -SiC and SiC
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fabric but due to the intense oxygen present condition, it is likely that the chemical

composition of the surface evolves to a new state. Oxygen is known to have a strong

interaction with SiC in high enthalpy conditions. Initially, the atomic oxygen goes

through a passive oxidation process on the surface of the SiC creating an oxide layer

that protects the SiC from further oxidation. At higher temperature levels (around

2100 K as explored in this thesis) and speci�c partial pressures, the SiC transitions to

an active oxidation. This leads to signi�cantly increased heat �ux and a mechanical

failure of the oxide layer. Knowing that these chemical responses can occur, it is

crucial to perform an oxidation analysis to verify the steady chemical state of the

material. All of the boundary layer TALIF scans for a given experiment take around

45 minutes, so it was necessary to verify that oxidation was no longer present and that

the passive-to-active oxidation transition wasn't going to occur. Figure 4.3 shows the

surface temperature on the left and the LIF signal set at the center of the transition of

an O atom on the right for the samples tested in Figure 4.2. The surface temperature

data is changing over the initial time in the experiment showing that a gas-surface

interaction is present. In comparison, the TALIF signal on the right plot (which is

proportional to the O atom concentration) varies as the surface is evolving. Only

after three or 4 scans do we start to see the O atom signal become steady. This

is a clear indication that the surface has reached a steady point. Once the surface

was deemed steady, the TALIF scans shown in Figure 4.2 were conducted. While

this experiment alone is insu�cient to say with certainty that the surface has fully

evolved, in tandem with the oxidation results made with the SEM and EDS analysis,

it is safe to say that the surface is done changing after ten minutes. To further reduce

the time of scans, a planar TALIF strategy to probe reacting boundary layers in a
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single 100-second scan has been developed but is currently being optimized [31].

Figure 4.2: Example UVM LIF BL scans with SiC materials in an O2 plasma. Currently
unpublished.
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Figure 4.3: Surface temperature evolution and LIF signal at parked wavelength comparison
for monolithic SiC and SiC fabric samples in a dillute O2 plasma.

Collection of Relevant UVM Measured Catalytic Rates

The current catalytic rates for Equations 4.1 and 4.2 from the previous work at UVM

are shown in Table 4.1. While this table has a wide variety of materials tested in a

plethora of gas conditions, it lacks the statistical validation of repeated experiments

to con�rm the rates as most speci�c conditions only have a single test. The standard

strategy used to determine catalytic rates utilizes measuring the relative number

density of an atomic species in the boundary layer instead of the absolute number

density. Fluorescence lifetimes and collection volume size would both be additional

requirements to determine absolute number densities. These are not shown in the

reduction process so their errors are omitted. Despite this, absolute number densities
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are still crucial to the production of an e�ective simulated model for veri�cation even

if more accurate catalytic rates are measured.

4.2 SiC Fabric in an N 2 plasma

For these LIF scans, SiC fabric was exposed to 40 LPM N2 plasma at a power setting

of 2.5 A. For this test, 17 scans were completed. The �rst scan was exclusively with

the �ow reactor and the second was in the free-stream plasma. The next 15 scans

started near the surface and slowly started moving away until it was su�ciently o�

the surface. An example of the data recorded and a �t line from a scan for the �ow

reactor and in the chamber can be seen in Figure 4.4. This data is then processed

to produce values such as temperature at a given point. This processed data can be

seen in Figure 4.5.

Unfortunately, the sample appeared to be altered during the experiment. The

SiC fabric previously hasn't had issues in an all-nitrogen plasma. It is suspected

that this chemical change on the surface of the fabric is a result of the interaction

between the laser and the material. The resulting damage on the surface can be seen

in Figure 4.6. A potential solution to �x this problem could be to reduce the laser

energy or move the focal point of the beam. Additionally, another issue observed

regards signal saturation. The solution to this problem is to narrow the aperture of

the PMT at the ICP. Fixing these problems could help get cleaner results in future

LIF experiments.
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Figure 4.4: An LIF scan for SiC fabric in a N 2 plasma and �t line.

54



Figure 4.5: Resulting data from LIF scans for SiC fabric in a N2 plasma.
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Figure 4.6: IR image of surface damage on SiC fabric during LIF boundary layer scans in
an N2 plasma.
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Chapter 5

Raman Scattering

Probing molecular species in the reacting boundary layer to analyze gas-surface in-

teraction is an important addition through Raman spectroscopy strategies. Shown

in Figure 5.1, a sample diagram of the experimental setup is next to the original lab

setup used to pull a 532 nm beam from an Nd:YAG laser system. While a 355 nm

beam would be ideal as the Raman scattering cross-section scales along with wave-

length to the fourth power. However, the current gated camera in use, A PI-MAX 4

ICCD from Princeton Instruments) is optimized for two-photon LIF detection which

is too red for the ideal 355 nm light. Ultimately, the 532 nm light results in a signal

within the range of 560 nm to 620 nm. Previous results in the lab in room air can be

seen in Figure 5.2.
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Figure 5.1: A sample diagram of the experimental setup is next to the original lab setup
[Image: J. Meyers]
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Figure 5.2: Previous results of Raman Stokes measurements in room air (without plasma)
[Image: J. Meyers]

5.1 Model

For a Raman technique to be e�ective at pulling temperature and density measure-

ments, a proper model is needed. The model currently being used follows simi-

lar strategies made by other authors to simulate high-temperature combustion and

plasma conditions [32, 33]. Next, is an explanation of the model created (shown in

Appendix A) which currently functions for N2 and O2 conditions.

The First step in determining an e�ective model is �nding the appropriate spec-
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troscopic constants. One of the fortunate aspects of the Raman model is its ability to

be adapted to di�erent gas environments. While these constants change for a given

species, the equations to produce the intensity vs. wavelength plots are the same.

These specie variable constants forN2 and O2 are given in Table 5.1. For this model,

J is the rotational quantum number and v is the vibrational quantum number. For

these constants! e is the harmonic oscillator energy,! exe is the �rst anharmonic

oscillator constant, and� e and � e are vibration-rotation interaction constants.

Table 5.1: A table of molecular data forN2 and O2 [32]

! e(cm� 1) ! exe(cm� 1) � e(cm� 1) � e(cm� 1) De � 106 a' 
 '

N2 2359.61 14.456 2.01 0.0187 5.83 1.86 1.76

O2 1580.361 12.073 1.44566 0.01579 4.84 2.23 3.19

The next step of the model is to determine line locations for each peak. This is

determined by Equation 5.1.

� Ev+1 ;J ! v;J = ! e � 2! exe(v + 1) � � eJ (J + 1) � � eJ 2(J + 1) 2 (5.1)

After each line location is found, a relative intensity for these locations is needed.

To determine the intensities, Equation 5.2 is used.I 0 contains information regarding

laser intensity, optical collection e�ciency, detector e�ciency, etc. This is unity for

the sake of running the model, but in reality, would be calibrated with the system at

a known temperature and pressure.

I v;J = � v;J (v0)Nv;J I 0 (5.2)
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For this equation, the Nv;J term is determined by using a Boltzmann distribution as

shown in Equation 5.3, which Equations 5.4 and 5.5 can be plugged into. For all

of these equations,h is the Planck constant,c is the speed of light, andkB is the

Boltzmann constant.

Nv;J = NgJ (2J + 1)
e� E r =kB Tr

Qr (v)
e� Ev =kB Tv

Qv
(5.3)

Qv =
X

v
exp [� Ev(v)=kB Tv] =

kB T
hcB

(5.4)

Qr (v) =
X

J

(2J + 1) exp [� Er (v; J)=kbTr ] = [1 � exp(� hv=kBT)]� 1 (5.5)

� v;J is a cross-section term which is solved for by Equation 5.6. In this equation,

the bJ;J term is solved by using Equation 5.7.

� v;J =
(v + 1) ( � 0 � � v+1 ;J ! v;J )4

� v+1 ;J ! v;J

�

(a0)2 +
4
45

bJ;J (
 0)2
�

(5.6)

bJ;J =
J (J + 1)

(2J � 1)(2J + 3)
(5.7)

Now all of the line locations are determined along with the intensity of each line. The

�nal step is line broadening. A Gaussian line shape was used for this process and is

de�ned by Equation 5.8. For these particular models, a full width at half maximum

(FWHM) of 0.265 nm was used. For these models, the FWHM is associated to� by

Equation 5.9

f (x) =
1

�
p

2�
exp

"

�
(� � � 0)2

2� 2

#

� y0 (5.8)
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FWHM = 2
p

2 ln 2� (5.9)

When all put together, this equation helps produce a model that e�ectively models

Raman scattering. Figure 5.3 shows the model being compared to literature. For this

�gure, the dotted lines are the results in the selected literature and the solid lines are

produced by the model. The code that produced these �gures is shown in Appendix

A [32�34].

While this is a good starting point for introducing Raman scattering into the

lab, the next steps would involve setting up the equipment to record an experiment.

Unfortunately due to other spectroscopy techniques in the UVM lab that have recently

been implemented, the 532 nm beam required is not readily available. The �rst step

of these experiments would be to create a method to safely deliver this beam from

the YAG to the test cabin.
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Figure 5.3: The simulated Raman data compared to literature for an N2 condition.
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Chapter 6

Summary and Conclusion

The results of this work help better understand how SiC fabric behaves in an Air and

CO2 plasma. Understanding how the fabric's chemical composition develops in the

initial stages of exposure to plasma is an important factor in de�ning the catalytic

interaction of SiC with the �ow �eld. Better quanti�cation could impact predicted

heat �ux values and reduce uncertainties in those predictions. With the information

discovered in this project, NASA would be able to determine if the properties of SiC

are within the acceptable range for a particular outer layer of an FTPS. Additionally,

this work has produced a solid foundation to further explore SiC or other woven

candidate materials by either LIF or Raman spectroscopy. Utilizing the Raman code

provided, future experimental work could be veri�ed.

In this project, SiC fabric was observed in multiple plasma conditions. While

this is only a portion of a larger LIF and Raman spectroscopy investigation, a solid

foundation was developed to aid future research. This work is the foundation for a

better understanding of surface catalytic behavior and its e�ect on heat �ux to the

SiC material in a HIAD FTPS. While traditionally, an air plasma environment adds
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complexity when trying to analyze individual atomic recombination rates, the UVM

plasma facility has developed a method to decouple these rates of interest to extract

catalytic rates by two-photon LIF. An N2 plasma was the easiest system to initially

analyze as the SiC fabric material remains relatively chemically inert despite exposure

to the high enthalpy plasma. In the future, this could be further proven to be true

by utilizing the SEM and EDS techniques used on the SiC fabric and SiC disk to

observe their oxidation response to air or CO2 plasma.

While an ICP is e�ective at keeping the �ow chemically pure, the air and CO2

conditions induced oxidation on the surface of the SiC. For this reason, SEM and

EDS techniques were developed to observe oxidation rates over di�erent amounts of

exposure time. Both CO2 and air plasma exposure induced high levels of oxidation,

deducted from the high oxygen concentration on the surface compared to a virgin

sample, but still became chemically stable by the ten-minute mark. It is safe to

assume for future boundary layer scans that after this amount of time to rest in

the �ow, the surface chemistry will no longer evolve. Additionally, the air plasma

tests brought the SiC fabric close to the 2100 K passive-to-active oxidation transition

for our partial pressure. As a result, this transition was further explored, mainly

observing what triggered this transition. This transition was achieved through some

combination of altering the gas to be more air, increasing the power of the system,

lowering the sample to a higher enthalpy location, and inducing a failure on the

surface.

Following this oxidation investigation, a LIF boundary layer scan was performed

in an N2 plasma with SiC. Unfortunately, there were further complications regarding

the laser energy altering the surface of the SiC fabric during the experiment. This
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interaction between the laser and the surface of the fabric should be further inves-

tigated to prove their correlation and ultimately alleviate the issue. This could be

potentially solved by reduction of beam energy or moving the focal point of the beam

thereby reducing laser energy �ux at the probe volume. Additionally, there was sig-

nal saturation due to surface gray body emission. To solve this, the aperture of the

PMT at the ICP needs to be narrowed. Both of these methods make it challenging

to currently complete near-surface LIF measurements.

Lastly, in addition to a LIF analysis for individual atomic population densities,

Raman scattering can be utilized to observe molecular specie population density,

namely N2 and O2. While Raman measurements have been previously recorded at

UVM, this technique is still currently in development. To aid the progress of this

technique, developed a Raman model to simulate results and veri�ed the e�ectiveness

of the code through a comparison to literature.
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Appendix A

Raman Model Code

%% N2 Wavelength vs normalized intensity
% Fig 2 Studer and Vervisch

clc
clear all
close all

set(0,�DefaultFigureWindowStyle�,�docked�)
set(groot, �defaultAxesTickLabelInterpreter�,�latex�)
set(groot, �defaultLegendInterpreter�,�latex�)

%% Selection of Species
list = {�N2�,�02�};
[species,tf] = listdlg ...

(�ListString�,list, �SelectionMode�,�single�);

if species == 1 % N2

we = 2359.61; %Harmonic Oscillator Energy (cm^-1)
wexe = 14.456; %First anharmonic Oscillator Constant
Be = 2.01; %Vibration-Rotation Interaction Constant
ae = 0.0187; %Vibration-Rotation Interaction Constant
ap = 1.86; % ?
gp = 2.23; % ?
De = 5.83 * 10^(-6);

scan = 381:0.0001:387; %Region of Interest
% scan = 561:0.0001:617;
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elseif species == 2 % 02

we = 1580.361; %Harmonic Oscillator Energy (cm^-1)
wexe = 12.073; %First anharmonic Oscillator Constant
Be = 1.44566; %Vibration-Rotation Interaction Constant
ae = 0.01579; %Vibration-Rotation Interaction Constant
ap = 1.76; % ?
gp = 3.19; % ?
De = 4.84 * 10^(-6);

scan = 370:0.0001:376;
end
%% Select Parameters

prompt = {�Translational Temperature (K)�, ...
�Rotational Temperature (K)�,�Vibrational Temperature (K)� ...
,�Laser Wavelength (nm)�,�Full Width Half Maximum (nm)�};

dlgtitle = �Input�;
dims = [1 50];
definput = {�3500�,�1500�,�3500�,�354.666�,�0.265�};
Temps = inputdlg(prompt,dlgtitle,dims,definput);

T = str2double(Temps(1,1)); %translational temperature
Tr = str2double(Temps(2,1)); %rotational temperature, K
Tv = str2double(Temps(3,1)); %vibrational tempearutre, K

% Nd:Yag 3rd harmonic 1064/3 nm = 354.666
lambda _laser = str2double(Temps(4,1));
FWHM = str2double(Temps(5,1)); %Full Width Half Maximum
nu_laser = 1e7/lambda _laser; %[cm-]
%% Intensity Constants

I0 = 1;
%k_b = 1.380649 * 10^(-23); %Boltzmann Constant J/K
%h = 6.62607015 * 10^(-34); %%Planck Constant J/Hz
%c = 299792458; % Speed of light m/s

hc _k = 1.4387; % constant [K/cm-1] (h * c/k _b)
N = 1; %number of particles assume 1 for now
Qr = (Tr)/(hc _k* Be);
Qv = 1-exp((-hc _k* we/Tv));
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%% Broadening
sigma = FWHM/(2 * sqrt(2 * log(2)));

total = zeros(length(scan),1);
vlen = length(0:1:6);
Jlen = length(0:1:100);
data = zeros(vlen * Jlen,2);

for v = 0:1:6
for J = 0:1:100

%% x Location of each peak
%Raman Shifting Wave Number

Delta _E = we-(2 * wexe* (v+1))-(ae * J* (J+1)); % -Be* J^2 * (J+1)^2;
nu_features = nu _laser-Delta _E;
%data(v * 30+J+1,1) = {laser _wl+delta _E_Lambda};
data(v * Jlen+J+1,1) = (1e7/nu _features);
current _nu = data(v * Jlen+J+1,1);

%% Intensity
%if mod(J,2) == 0

% g_j = 6; % 6 for even
%else

% g_j = 3; % 3 for odd
%end
g_j = 1;

%Break equation down to simplify
N_r = exp(-Be * J* (J+1) * hc _k/Tr)/Qr;
N_v = exp(-v * we* hc _k/Tv)/Qv;
N_vj = N * g_j * (2 * J+1) * N_v* N_r;

b_jj = (J * (J+1))/((2 * J-1) * (2 * J+3));

sig _vj = (((v+1) * (nu _laser - nu _features )^4)/nu _features) ...

* (ap^2+(4/45) * b_jj * gp^2);

data(v * Jlen+J+1,2) = (sig _vj * N_vj * I0);
intense = data(v * Jlen+J+1,2);
%% Widening

gauss = intense * (1/sqrt(2 * pi * sigma^2)) * ...
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exp(-(scan-(1E7/nu _features)).^2/(2 * sigma^2));

%z = (1/sigma * (sqrt(2 * pi))) * ...
%exp(-((datav * 30+J+1,1}-lam).^2)/(2 * sigma^2));

total(:,1) = total(:,1) + gauss�;
%plot(lam,z)
% hold on

end
end

%Normalize Intensity
total = total / max(total);
plot(scan,total)
ylabel(�Normalized Intensity�,�Interpreter�,�Latex�)
xlabel(�$\lambda$, nm�,�Interpreter�,�Latex�)
ylim([0 1])
hold on

txt = strcat(�T _v = �, num2str(Tv), � K� , ...
�\n T _r = �, num2str(Tv), � K�);

txt = sprintf(txt);
dim = [0.2 0.5 0.3 0.3];

if species == 1
title(�N _2 Stokes-Raman spectrum�)

elseif species == 2
title(�O _2 Stokes-Raman spectrum�)

end

if species == 1 && Tv == 3500 && Tr == 3500
Vervisch _3500 _3500 = dlmread(�vervisch _3500 _3500.txt�);
Vervisch _3500 _3500(:,1) = Vervisch _3500 _3500(:,1); %+.40;
plot(Vervisch _3500 _3500(:,1),Vervisch _3500 _3500(:,2) ...

,�linewidth�,1.0)
legend([�Model�, num2str(Tv),�, $T _r =$ �, ...

num2str(Tr),� K� ],�Vervisch�,�Interpreter�, ...
�Latex�,�location�,�northwest�)

annotation(�textbox�,dim,�String�,txt,�FitBoxToText�,�on�);
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elseif species == 1 && Tv == 3500 && Tr == 1500
Vervisch _3500 _1500 = dlmread(�vervisch _3500 _1500.txt�);
Vervisch _3500 _1500(:,1) = Vervisch _3500 _1500(:,1); %+.40;
plot(Vervisch _3500 _1500(:,1),Vervisch _3500 _1500(:,2) ...

,�linewidth�,1.0)
legend([�Model� ], ...
�Vervisch�,�Interpreter�,�Latex�,�location�,�northwest�)

else
legend([�Model�], ...

�Interpreter�,�Latex�,�location�,�northwest�);
end

annotation(�textbox�,dim,�String�,txt,�FitBoxToText�,�on�);
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