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Abstract

Characterization of the excited state argon population in an argon-helium dis-

charge is of crucial importance to the development of a continuous wave Discharge

Assisted Noble Gas Laser (DANGL). Experiments were conducted in the Richard

W. Davis Advanced Laser Facility (DALF) at AFRL/RDLTD on Kirtland Air Force

Base, Albuquerque, NM. During these tests the capability to maintain a capactively

coupled and inductively coupled radio-frequency discharge at pressures of 300 Torr

was demonstrated. Optical Emission Spectroscopy (OES) experiments were con-

ducted in order to examine the population distribution of the p-state in argon. The

population distributions for these high-pressure and high-power cases were compared

to a low-pressure, low-power pure argon discharge to examine the influence of helium

on an argon discharge. Tuneable Diode Laser Absorption Spectroscopy (TDLAS)

experiments were also performed on the inductively coupled discharge to examine the

column density of the s5 and s3 metastable states for different discharge parameters.

The absorption data was fit to an approximated Voigt profile from which pressure

broadening rates of 18 ± 5.8 MHz/Torr and 22 ± 1.2 MHz/Torr were calculated for

the 801.48 nm p8 → s5 and 794.82 nm p4 → s3 transitions, respectively.

iv



Acknowledgements

I would like to take a moment to thank the people who made this project pos-

sible. I’d like to thank Dr. Glen Perram whose guidance and support made this

work possible, Dr. Greg Pitz for providing us the use of his labs and equipment at

AFRL/RDLTD and supporting the work with his insight, Mr. Donald Stalnaker for

assisting us with the RF equipment in the labs and providing us with his expertise in

the area of gas discharges, Mr. Ryan Richards for all his help during our two trips to

AFRL/RDLTD to conduct this research, and finally, my family for always believing

that I could climb any obstacle no matter how insurmountable it may have seemed

to me.

Ben Eshel

v



Table of Contents

Page

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

II. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Current Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Atomic Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Atomic Lineshape and Absorption Cross-section . . . . . . . . . . . . . . . . . . . . . 5
Optical Emission Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Tunable Diode Laser Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 8
Flow Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Argon Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Racah and Paschen Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

III. Experimental Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 CC RF Discharge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 IC RF Discharge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4 CC OES Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.5 CC and IC OES Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.6 TDLAS Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

IV. Radio-Frequency Gas Discharge Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1 Capacitively Coupled Radio-Frequency Discharge . . . . . . . . . . . . . . . . . . . 19

Passivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Temperature Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Pressure and Gas Mixture Impact on Performance . . . . . . . . . . . . . . . . . . 21

4.2 Inductively Coupled Radio-Frequency Discharge . . . . . . . . . . . . . . . . . . . . 25
Passivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

vi



Temperature Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Pressure and Gas Mixture Impact on Performance . . . . . . . . . . . . . . . . . . 26

4.3 Suggestions for Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

V. Results and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.1 Test Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.2 Wavelength Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.3 Blackbody Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.4 Fluorescence Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.5 Population Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.6 Absorption Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

VI. Conclusions and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Comparison of CC and IC metastable density trends . . . . . . . . . . . . . . . . 59
Discharge Engineering Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Discharge and Gas Kinetic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Appendix A. Grotrian Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Appendix B. Matching Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Appendix C. IC and CC Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Appendix D. Population Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

vii



List of Figures

Figure Page

1 Grotrian diagram of argon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Capacitively coupled RF discharge apparatus . . . . . . . . . . . . . . . . . . . . . . . 14

3 Inductively coupled RF discharge apparatus . . . . . . . . . . . . . . . . . . . . . . . . 15

4 OES apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5 TDLAS Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

6 Capacitively coupled discharge at low pressure . . . . . . . . . . . . . . . . . . . . . . 22

7 Capacitively coupled discharge at high pressure . . . . . . . . . . . . . . . . . . . . . 23

8 Inductively coupled discharge at high pressure and high
power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

9 Improved discharge cell design with water jacket . . . . . . . . . . . . . . . . . . . . 29

10 InGaAs blackbody spectrum and detectivity . . . . . . . . . . . . . . . . . . . . . . . . 35

11 ICCD blackbody spectrum and detectivity . . . . . . . . . . . . . . . . . . . . . . . . . 35

12 Assigned argon spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

13 CC spectra comparing various pressures and powers . . . . . . . . . . . . . . . . . 38

14 Argon discharge spectra comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

15 Excited state population distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

16 CC population distribution comparing various pressures
and powers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

17 Electronic temperature trends as a function of pressure
for multiple gas mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

18 Comparison of population distributions of IC and CC
argon helium discharge with pure argon discharge . . . . . . . . . . . . . . . . . . . 47

19 Voigt fits for the 801.48 nm p8 → s5 transition
absorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

viii



20 Voigt fits for the 794.82 nm p4 → s2 transition
absorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

21 Lorentizan width as a function of pressure . . . . . . . . . . . . . . . . . . . . . . . . . 51

22 Doppler width as a function of power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

23 Comparison of absorbance and column density as a
function of pressure for the s5 state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

24 Comparison of absorbance and column density as a
function of pressure for the s3 state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

25 Comparison of absorbance and column density as a
function of power for the s5 state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

26 Comparison of absorbance and column density as a
function of power for the s3 state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

27 Grotrian diagram of argon with only s and p states . . . . . . . . . . . . . . . . . . 63

28 Modified Pi matching network diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

29 CC discharge spectra for 5% argon at 100 Torr with
powers ranging from 100 to 300 Watts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

30 IC discharge spectra for 5% argon at 100 Torr with
powers ranging from 600 to 800 Watts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

31 CC discharge population distributions for 5% argon at
100 Torr with powers ranging from 100 to 300 Watts . . . . . . . . . . . . . . . . 70

32 IC discharge population distributions for 5% argon at
100 Torr with powers ranging from 600 to 800 Watts . . . . . . . . . . . . . . . . 71

ix



List of Tables

Table Page

1 CC OES test matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2 CC and IC OES test matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 IC TDLAS Test Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Spectral line intensity and transition comparison . . . . . . . . . . . . . . . . . . . . 40

5 Pressure Broadening Rates for the s5 metastable state . . . . . . . . . . . . . . . 51

6 Pressure Broadening Rates for the s3 metastable state . . . . . . . . . . . . . . . 52

x



SPECTRAL ANALYSIS AND METASTABLE ABSORPTION MEASUREMENTS

OF HIGH PRESSURE CAPACITIVELY AND INDUCTIVELY COUPLED

RADIO-FREQUENCY ARGON-HELIUM DISCHARGES

I. Introduction

1.1 Motivation

The United States Air Force has had an interest in high energy lasers for use in

both strategic and tactical applications since the first kilowatt class chemical lasers

were developed the mid-1970s. In just over a decade these chemical lasers scaled

to megawatt class and proved their potential for weapons applications in multiple

tests. This began a rapid development of miltary chemical laser weapons systems;

the Mid-Infrared Advanced Chemical Laser (MIRACL), a megawatt class Deuterium

Fluoride laser developed by the US Navy and first operational in the early 1980s,

the 100 kilowatt class CO2 laser developed by the US Air Force for the Airborne

Laser Lab (ABLL) in the early 1970s and then later replaced by the megawatt class

Chemical Oxygen Iodine Laser (COIL) in the early 1980s (18). These chemical lasers

tend to be bulky systems that use or produce harmful and dangerous chemicals.

This made development of these lasers tend towards a strategic rather than tactical

approach. In 2003, Dr. William F. Krupke introduced the NIR Diode Pumped Alkali

Laser (DPAL) which was to become the new focus for high energy laser weapons

systems (13). Since its inception, the DPAL has been shown to be a high-gain system

with high quantum efficiency. The alkalis act as a light converter, absorbing the

incoherent radiation from the diodes and converting it into coherent laser light. The

1



high gain of the DPAL provides the potential ability to create smaller laser systems

than what was accessible with the chemical lasers. Scaling efforts for these systems

have proceeded rapidly due to large DoD interest. This research extends outside the

US with the Russians publishing the development of the first kilowatt class cesium

based DPAL (6). Unfortunately for these high-gain alkali systems, working with alkali

metals is difficult due to the reactivity of the metals. The alkali metals tend to react

with the windows used in the gain cells and with the organic compounds used for

spin-orbit relaxation. In December 2012, Dr. Michael Heaven at Emory University

published a paper that showed that the excited states of the noble gases can be used to

form an analogous laser system to the DPAL. Dr. Heaven’s discharge configuration,

however, uses an excimer cavity which is a high voltage pulsed discharge (11). A

recent effort to develop a continuous wave (CW) Discharge Assisted Noble Gas Laser

(DANGL) requires the ability to reach high pressure, in the hundreds of Torr, in a CW

discharge. These pressures are required in order to have enough spin-orbit relaxation

to maintain CW lasing without significant bottlenecking. There are many methods

to creating these high pressure discharges from simple radio-frequency capacitively

and inductively-coupled discharges to more complex narrow-gap dielectric barrier

discharges and micro-discharge arrays.

1.2 Research Objective

The purpose of this research was to demonstrate the ability of a standard RF

discharge, be it capacitively or inductively coupled, to be used as the gain medium

for the DANGL. This effort included showing the capability to sustain capacitively

and inductively-coupled discharges at pressures of 300 Torr and above at the DALF

on Kirtland AFB in Albuquerque, NM. The main focus of the final tests was to show

the ability of the capacitively coupled and inductively coupled discharges to lase in

2



a quasi-CW state by pumping them using a long pulse (˜200 ns), high intensity

Ti:Sapphire laser. This effort was unsuccessful, shifting the focus of the experiment

to measuring the absorbance of the metastable states in the inductively-coupled dis-

charge using TDLAS. The absorption measurements were done in order to ensure that

there was enough production of metastables to sustain laser action. Finally, fitting

of the absorption measurements provides a first estimate for the pressure broadening

rates of the argon metastable states.

3



II. Background

Chapter Overview

This chapter consists of two sections, the first of which discusses the current state

of research with respect to high pressure discharges, argon and helium plasma models,

measurement of excited state argon quenching rates and studies done on the excited

state populations in argon discharges. The second section introduces all the concepts

used in the analysis conducted later in this thesis.

2.1 Current Research

Atmospheric pressure plasmas are used in a myriad of manufacturing applications.

Because of this large interest, the physics of these plasmas and discharges has been

extensively studied for a wide range of radio-frequencies and pressures [(15),(17),(22)].

In order to support the scientific development, a large number of numerical models

have been developed that are either discharge models that attempt to describe the dis-

charge behavior, modeling the actual performance, power-loading and voltage-current

relationships of the discharge (1), or are collisional-radiative models which describe

ionization kinetics as well as production and destruction of excited states of gases in

the discharge. For the argon helium discharges of interest there are many collisional-

radiative models with large rate packages that treat pure argon [(8), (14),(26)] or

pure helium (7) but none that treat the kinetics of an argon-helium gas mixture.

These collisional-radiative models also tend to require certain conditions such as low-

pressure or cold plasmas, both outside of the regime of the discharges described in

this thesis. A cold plasma is one for which the degree of ionization is very low. Ex-

perimental measurements of the rates used in the kinetics packages are of the utmost

importance and so there is a large effort to do just that. Quenching rates for the

4



excited states of the noble gases, with a large number of collision partners, are of

interest to the discharge community and so many of these rates have been measured

[(19),(20),(23)].

In order to validate the models the ability to measure the population distribution

of these excited states and their trending behavior is required. The spectroscopic

technique of OES is used for just that [(5),(12)]. This method allows for a wide study

of energy levels since the limiting factor is the sensitivity of the detector and modern

detectors and methods do an exceptional job of measuring small signals. To measure

the metastable or higher state populations more precisely another method, known

as TDLAS, is commonly used. The use of a laser allows for a significant increase

in sensitivity and resolution as well as providing the ability to measure the spatial

distribution of these concentrations (2). High-resolution absorption spectra can be

fit to Voigt line-shapes in order to extract pressure broadening rates as well as gas

temperature.

2.2 Atomic Spectroscopy

Atomic Lineshape and Absorption Cross-section

Atomic transitions are characterized by a few main quantities: the line-shape,

the absorption cross-section and the saturation intensity. In general, there are two

main contributions to the lineshape of an atomic transition, the Lorentzian part, a

homogeneous line-shape, and the Doppler part, an inhomogeneous line-shape. The

Lorentzian line-shape is of the form

gL(ν − ν0) =
∆νL

2π((ν − ν0)2 + (
∆νL

2 )2)
(1)

where ∆νL = ∆νl + ∆νc is the FWHM and is a combination of the natural line-

5



width of the transition, ∆νl =
Aij
2π where Aij is the Einstein A Coefficient of the

|i >→ |j > transition, and the collisionally broadened line-width, ∆νc = 1
πT2

, where

T2 is the mean time between collisions (24).The collisionally broadened line-width

is often represented as the product Pb where P is the gas pressure, usually in Torr,

and b is the pressure broadening rate, in MHz/Torr. The Gaussian line-shape is a

Doppler-broadened line-shape resulting from the velocity distribution of the atoms in

the medium. The Doppler-broadened line-shape is of the form

gD(ν − ν0) =
2

∆νD

√
ln(2)

π
e
−4ln(2)(

ν−ν0
∆νD

)2

(2)

where the Doppler line-width is defined by ∆νD = 2ν0

√
2ln(2)kBT

mc2
(24). In general,

an atomic transition will be neither entirely Lorentzian nor completely Gaussian,

rather a convolution of the two. This convolution of the two line-shapes has been

named the Voigt profile and is defined as

gV (ν − ν0) =

∞∫
−∞

gD(ν′0 − ν0)gL(ν − ν′0)dν′0 (3)

Unfortunately, the nature of being a convolution makes using the Voigt line-shape

complex and often difficult to work with. Other things may influence these lineshapes

such as transit-time broadening, power broadening and most importantly hyperfine

structure. The three naturally occurring isotopes of argon have no nuclear spin and

so there is no hyperfine structure. For the argon-helium gas discharges there is likely

an electron broadening of the atomic transitions, a large Stark broadening due to

the large electric fields inside the discharge, and a possible Zeeman effect from the

magnetic fields.

The absorption cross-section for the transition is defined by
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σ(νij) =
gi
gj

Aij

8π
λ2
ijg(ν) (4)

The cross-section is often used at its line center value of σij(ν0) (24). The absorption

cross-section combined with the lifetime of the upper-state is used to define the sat-

uration intensity of a transition. This is the intensity at which the gain drops to half

of the small-signal gain. The saturation intensity also defines the transition from an

exponential increase in stimulated emission with a linear increase in pump intensity

to the linear regime. The saturation intensity is defined as

Isat =
hνij

σjiτj
(5)

where νij is the frequency of the transition, σji is the stimulated emission cross-

section related to the absorption cross-section by σij =
gi
gj
σji, and τj is the lifetime

of the upper state (24).

Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) is used to study the population distribution

of excited atomic species. If the Einstein A Coefficients are known for the transition

then an effective population can be derived from the spectral intensity. The total

intensity of a line is proportional to the population in the upper state and the Einstein

A coefficient, if only spontaneous emission is considered. That population is then

proportional to the degeneracy of the upper state times the Boltzmann factor for the

transition:

Iij ∝ AjNj ∝ Aijgje
− ∆E
kBT (6)

where i denotes the lower state, j denotes the upper state, Nj is the population in the
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upper state, Aij is the Einstein A coefficient of the transition, gj is the degeneracy of

the upper state, ∆E is the energy of the transition, kB is the Boltzmann constant and

T is the gas temperature. This equation can be rewritten as the following relationship:

ln(
I

Ajgj
) ∝ −∆E

kBT
(7)

The term on the LHS is related to the population as defined above and so it is

referred to as the effective population. If the system is in equilibrium then the LHS

can be plotted against the RHS and it should fit on a line with slope − 1
kBT

. While

generally used to extract gas temperatures, this is the method can be used to derive

a temperature from any Boltzmann distribution and is used in Chapter 5 to get an

electronic temperature from the effective population.

Tunable Diode Laser Absorption Spectroscopy

Another method for studying the population of a certain excited state is Tunable

Diode Laser Absorption Spectroscopy (TDLAS). This method uses a laser, with in-

tensity much lower than the saturation intensity of the transition of interest, to scan

over the absorption feature. By measuring the intensity before and after the medium

an absorbance can be calculated. Then, if we know the absorption cross-section and

path length we can use Beer’s law of attenuation (24) to get the number density:

I = I0e
−σnl (8)

Solving this for the number density we get:

n =
1

σl
A (9)

where A = −ln( II0) is the absorbance.
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Flow Rates

The flow rate of the gas through the cell can be calculated using the incompressible

Bernoulli equation as it relates to streamline flow. The pressure drop over an orifice

is given by:

∆p =
1

2
ρV 2

2 −
1

2
ρV 2

1 (10)

where ρ is the gas density and V is the flow velocity (4). We can convert this to a

volumetric flow rate using the continuity equation which gives us:

∆p =
1

2
ρQ2 1

A2
2

[(1−
A2
A1

)2] (11)

where Q is the volumetric flow rate and A1, A2 are the cross-sectional areas of the

flow (4). Solving for the volumetric flow rate and substituting in the flow coefficient

Cf and orifice area to account for the real flow conditions and the unknown area of

the flow downstream we get the expression:

Q = CfA0

√
2∆p

ρ
(12)

The velocity of the flow will be given simply by the ratio of the volumetric flow

rate to the area of the flow tubes:

v =
Q

A
(13)
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2.3 Argon Kinetics

Racah and Paschen Notation

Angular momentum coupling schemes are used to describe and organize the energy

level spacings of an atom. For most light atoms, where electrostatic effects dominate

any magnetic interactions, Russell-Saunders or L-S coupling is used. In this scheme

the orbital angular momenta of the electron, ~l and their spins ~s are combined sepa-

rately. The two are then summed to give a total angular momentum, ~L+ ~S = ~J . For

heavier atoms, where the dominant interaction is magnetic, the j-j coupling scheme

is used. For this scheme the orbital angular momentum and spin of each individual

electron are first summed, ~s+~l = ~j and then these individual total angular momenta

are added in order to get the total angular momentum,
∑

~ji = ~J . The energy level

of the excited noble gases are not well described by either j-j coupling or l-s coupling.

An intermediate coupling scheme has been developed and is known as j-l coupling.

The coupling scheme is referred to as Racah notation (9). This notation is of the form

nl(Jcore)[K]J , where n is the electronic quantum number, l is the electron orbital

angular momentum, Jcore is the total angular momentum of the core represented by

L-S coupling notation, K is the total angular momentum of the core coupled with the

orbital angular momentum of the electron, ~K = ~jcore+ ~le, and J is the total angular

momentum given by ~J = ~K+~s. Paschen notation is also used for this complex energy

level distribution. It is a simple notation that combines a letter, the letter associated

with the orbital angular momentum, and a number that is unrelated to the energy

and only an ordering.

The energy levels denoted with both Paschen and Racah notation for the for the

s, p and d excited states is shown in Figure 1. Vertical lines represent the dipole

allowed transitions. A version of the Grotrian diagram that focuses on the s and p

states can be found in Appendix A.
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s1 1s0

s5 4s(2P3/2)[3/2]2
s4 4s(2P3/2)[3/2]1

s3 4s(2P1/2)[1/2]0
s2 4s(2P1/2)[1/2]1

p10 4p(2P3/2)[1/2]1

p9 4p(2P3/2)[5/2]3
p8 4p(2P3/2)[5/2]2
p7 4p(2P3/2)[3/2]1
p6 4p(2P3/2)[3/2]2
p5 4p(2P3/2)[1/2]0
p4 4p(2P1/2)[3/2]1
p3 4p(2P1/2)[3/2]2
p2 4p(2P1/2)[1/2]1
p1 4p(2P1/2)[1/2]0

d12 3d(2P3/2)[1/2]0
d11 3d(2P3/2)[1/2]1

d10 3d(2P3/2)[3/2]2
d9 3d(2P3/2)[7/2]4
d8 3d(2P3/2)[7/2]3
d7 3d(2P3/2)[5/2]2

5s4 5s(2P3/2)[3/2]2
5s3 5s(2P3/2)[3/2]1
d6 3d(2P3/2)[5/2]3
d5 3d(2P3/2)[3/2]1
d4 3d(2P1/2)[5/2]2
d3 3d(2P1/2)[3/2]2
d2 3d(2P1/2)[5/2]3
5s2 5s(2P1/2)[1/2]0
5s1 5s(2P1/2)[1/2]1
d1 3d(2P1/2)[3/2]1

0

93143.8
93750.6

94553.7
95399.8
104102.1

105462.8
105617.3
106087.3
106237.6
107054.3
107131.7
107289.7
107496.4
108722.6

111667.8
111818.0

112318.9
112750.1
113020.4
113426.0

113468.5
113643.3
113716.6
114147.7
114641.0
114805.1
114821.9
114861.6
114975.0
115366.9

Term Symbols
Energy [cm-1]Paschen Racah [K]J

Figure 1. The energy level diagram for excited argon is shown. The levels are denoted
both by their Paschen and Racah designations on the left as well as their distance from
ground on the right.
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Clearly, the energy level scheme for the noble gases is more complicated than that

of the alkalis. This can be both a benefit and a drawback. The benefit is in the

potential tunability of a laser system. There is the potential capability to construct

both three and four level lasers in a myriad of different transitions. The drawback

is in the complicated kinetics of the excited states in the discharge and the strong

coupling between them. The laser performance may also be reduced due to the multi-

photon and multi-electron ionization paths that arise from the proximity of ionization

to these excited states.
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III. Experimental Apparatus

3.1 Chapter Overview

Two separate experiments using three different sets of equipment and configura-

tions and two discharge types were set up over two separate experiments at the DALF

on Kirtland Air Force Base in Albuquerque, NM. The first was set up to conduct OES

experiments on a high pressure capacitively-coupled radio-frequency discharge. The

second, also an OES apparatus, and third, a TDLAS apparatus, were both set up

during a laser demonstration test, also at the DALF. The two distinct discharge con-

figurations are first introduced and are followed by an explanation of the experimental

setups.

3.2 CC RF Discharge

The capacitively-coupled RF discharge cell consisted of an MDC Pyrex tube mea-

suring 1” in length and 7/16” in diameter. The RF electrodes (HV, ground) were

separated by 57.6 mm (2.27”). The effective discharge length is that of the cell since

the plasma connects the HV to the ground by means of the Pyrex-Steel boundary.

Air flowed over the tube using the 120 PSI building air source. A diagram of the cell

is shown in Figure 2.

3.3 IC RF Discharge

The inductively-coupled radio-frequency discharge cell consisted of an MDC Dou-

ble Ended 7052 Glass (Pyrex) - UHV Series tube measuring 67.9 cm (26.71”). A

solenoid is coiled around the tube and insulated using a fibrous cloth. The solenoid

has a diameter of 1.5” and contained 15 turns separated by 0.69 cm (0.27”) over a
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Faraday Cage

Matching NetworkRF Signal Generator

Ground

CCP RF Discharge

Gas Flow

HV In

Figure 2. Shows the basic apparatus used to directly couple the RF source to the
discharge cell. The diagram does not include the vacuum equipment or cooling flow.

total length of 20.07 cm (7.9”). Deionized water was flowed through the solenoid in

order to keep the coils cool. A diagram of the cell is shown in Figure 3.

3.4 CC OES Apparatus

The fluorescence spectroscopy apparatus is shown in Figure 4.

The radio-frequency signal was generated by an ENI RF Generator, Model GHW-

12A-13DF2NO. The RF generator is a water-cooled signal generator that produces

RF power ranging from 1 - 1250 Watts at a set frequency of 13.56 MHz. It was

wired to a custom designed matching network, the design details of which are left to

Appendix B. The RF generator was directly connected to the CC cell. The cell was

air cooled using the 120 PSI building airflow.

Fluorescence was collected from the end of the discharge cell through a window

1/2” in diameter. A trifurcated fiber with a collimating lens was placed 1/2” from

the end of the cell. One section was coupled directly into a ARC SpectraPro 300i

0.3 meter triple grating monochromator set to 300 gr/mm with a 1.0 micron blaze.
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Faraday Cage

Matching NetworkRF Signal Generator

Ground

Solenoid

ICP RF Discharge
Gas Flow

HV In

Figure 3. Shows the basic apparatus used to inductively couple the RF source to the
discharge cell. The diagram does not include the vacuum equipment or cooling flow.

Ocean Optics
Spectrometer

0.75 m Spectrometer
ICCD Camera

0.3 m Spectrometer
InGaAs Camera

Trifurcated Fiber

Discharge Cell /
Faraday Cage

Figure 4. Shows the basic apparatus used to collect fluorescence of the discharge.
Light emitted at the end of the cell enters a collimation optic on the fiber which is then
coupled directly to the 0.3 meter and 0.75 meter monochromator with an InGaAs and
ICCD detector, respectively, and the Ocean Optics spectrometer
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The monochromator was connected to an Acton 7498-0001 InGaAs detector array of

1024x1. The detector response for the InGaAs is between 800 and 1600 nm. The

second was coupled into a SpectraPro 2750 0.75 meter triple grating monochromator

set to 600 gr/mm and a 1.0 micron blaze. It was connected to a Roper Scientific

7346-0001 Intensified CCD detector array of 1340x100. The detector response for

the ICCD is between 500 and 950 nm. The third fiber was connected to an Ocean

Optics spectrometer which was simply used to monitor the whole spectral range. This

because useful when spectral lines appeared around 590 nm as the cell heated up.

Welding Grade Argon, with a 99.996% purity, flowed into a 500 PSI mixing tank

along with Helium before entering the cell. This was done to allow a precise mixtures

of argon and helium to be made and flow consistently for long periods of time. The

gas flowed from the mixing tank into a regulator that controls the pressure on a

0.01” orifice before flowing into the cell before the High-Voltage input and out after

the electrical ground to vacuum. A needle valve at the end of the flow was used to

control the gas pressure. Flow rates were calculated to be on the order of a few cm/s.

3.5 CC and IC OES Apparatus

The fluorescence spectroscopy apparatus is similar to that of the previous test.

The same ICCD detector was used connected to the 0.75 m monochromator. Some

minor changes were made from the previous fluorescence apparatus. The ENI RF

generator was used for the CC spectra. For the IC spectra the RF signal generator

was changed to a Macaroni Instruments 10 kHz - 1 GHz signal generator (2022C).

The signal was fed into a Amplifier Research Model 3500A100 10 kHz - 100 MHz

3500 Watt RF signal amplifier. A TENMA spectrum analyzer was set up to track

RF radiation in the room, of which there was a measurable amount.

For the changes in the fluorescence collection the InGaAs detector was removed.
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PD

Discharge Cell

PD

FPD

FP

NFD

Figure 5. Shows the basic apparatus used to measure the input power and output
power of a laser used to investigate the number density of metastable argon. The
laser is split twice, the first of which goes through a Fabry-Perot etalon in order to
calibrate a relative frequency axis. The second reflected piece goes to a photo-diode as
the incident power. The beam that goes through the cell goes through a pinhole and
is reflected to a photo-diode in order to minimize the fluorescence signal picked up by
the photo-diode. The diagram does not include the vacuum equipment or cooling flow.

The grating in the SpectraPro 2750 0.75 meter monochromator was changed from

600 gr/mm and 1.0 micron blaze to 1200 gr/mm and a 500 nm blaze. This allowed

for collection of higher resolution spectral data. The trifurcated fiber was replaced

with a CeramOptec 9393 WF200/220P28 5.0 meter fiber with a Thor Labs LA1951-

C 25.4 mm focus, planoconvex lens to focus the light into the fiber. The gases were

switched out to Ultra-High Purity Argon (99.999% purity) and Ultra-High Purity

Helium (99.999% purity).

3.6 TDLAS Apparatus

For the absorption tests the discharge cell was changed from a CC RF discharge

to an IC RF discharge. The apparatus is shown in Figure 5.

The absorption measurements were done using a New Focus Diode Laser Model

6314 with a tunable wavelength range of 794 - 804 nm. The laser was controlled using

a Velocity TLD-6300-LN Controller with the laser scanning controlled externally by

a wavefunction generator.
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The laser was sent through two Thor Labs EBP1 30:70 economy beam splitters

and then through the center of the discharge cell. The first reflected piece of the laser

was sent through a Coherent 33-6263-001 Fabry-Perot etalon with a 300 MHz FSR

and was collected by a New Focus Model 1621 visible fast (1 ns rise time) photo-diode.

The reflection from the second beam splitter was sent to a New Focus Model 2033

visible photo-diode. On the exit of the cell the laser was fed through a pinhole to

block the discharge fluorescence and then reflected off of a Thor Labs EO3 broadband

mirror to another New Focus Model 2033 visible photo-diode. The fast photo-diode

was connected to a PSI Voltage Amplifier to compensate for the weak signal due to

the low intensity exiting the etalon. The photo-diodes were connected to an Agilent

InfinitiiVision DSO5034A Oscilloscope with a 300 MHz Response. The oscilloscope

was connected to a computer to allow readouts at higher sampling rates, of 100,000

points per scan, than the oscilloscope alone, at a maximum of 1,000 points per scan.

The RF radiation, mentioned previously, was large enough to impact the voltage

measured on the fast photo-diode. This was only a mild problem, however, as the

peaks of the etalon were still discernible for most test conditions.
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IV. Radio-Frequency Gas Discharge Behavior

Chapter Overview

In this chapter the qualitative behavior of the low and high-pressure capacitively

and inductively-coupled discharges is discussed. This discussion includes any cell

pacification, temperature regulation and heating issues, and overall discharge perfor-

mance in the large range of pressures and powers tested. The first section discusses

these behaviors in a CC discharge. The second discusses the same for the IC dis-

charge. The last section introduces some design improvements that could be made

to improve performance.

4.1 Capacitively Coupled Radio-Frequency Discharge

The performance of the CC RF discharge, in the configuration described previ-

ously, is sensitive to a broad range of parameters. Of those parameters the most im-

portant are passivation, internal and external temperature, gas flow rate, gas pressure

and Argon/Helium ratio. It is also worth noting that the RF interference generated

by the CC discharge is significantly lower than that of the IC discharge. The RF

radiated into the room tended to be so low that the Faraday cage could be left open

without causing interference with electrical equipment.

Passivation

The cells used for the CC discharge undergo a level of passivation before discharges

inside are stable. The discharge in the cell terminates on any defects on the inside

of the cell, mainly near the Pyrex-steel boundary. These defects heat up locally

and likely melt. This occurs because the electrodes are connected to the steel pipe

which causes the steel itself to act as the RF source and ground. Passivation is
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only important for the cells at high pressure when the discharge volume is greatly

reduced and appears as a pillar rather than filling the whole cell. The location where

the discharge pillar terminates on the ends of the cell is highly dependent on the

passivity and will oscillate before passivation occurs. At low pressures, however, the

discharge is stable in the cell and likely extends farther than what is visible inside the

Pyrex cell. This implies that passivation is a result of the Pyrex-steel boundary being

close to the discharge volume, offering a better electrical connection than any other

surface. Passivation leads to inconsistent discharge behavior as the high pressure

pillar will terminate on the boundary in the location that gets passivated first due

to either its proximity to the RF source or because of material or manufacturing

inconsistencies.

Temperature Regulation

The CC discharge suffers greatly in the area of temperature regulation. The RF

electrodes must be directly cooled in order to prevent the steel from heating up to

temperatures greater than 300 ◦C. Temperatures in this range quickly break the

Pyrex due to the rapid heating and different expansion rates of the two materials.

Unfortunately, external cooling appears to be insufficient even if one could keep the

surface temperature well below 70 ◦C. Flow rate influences both the internal temper-

ature of the plasma. The increase in flow rate will reduce the impact of heating from

diffusion of the plasma to the Pyrex boundary. It also reduces the amount of time

the gas spends inside the discharge, reducing its overall temperature. As mentioned

previously, the discharge pillar connects with the Pyrex-steel boundary. The binding

material has a relatively low melting point and will heat up sufficiently to disconnect

the Pyrex from the steel tube. This limitation inhibits the ability to use the discharge

at higher powers in order to produce a larger metastable population. At powers of
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300 W and above, the cells only last for 3 - 5 minutes of continuous use before break-

ing. Powers greater than 500 Watts seem necessary to produce enough metastable

population to build a laser for the capacitively-coupled system and so a solution to

this internal heating issue will be required. At these higher powers an orange glow is

clear and the Sodium D lines show up in the spectra.

Pressure and Gas Mixture Impact on Performance

At low pressure the CC discharge fluorescence fills the whole discharge cell and

likely spreads beyond what is visible. This is because observable part of the fluo-

rescence is from the Pyrex cell and any other fluorescence is obstructed by the steel

pipe. The fluorescence brightness gives a qualitative measure of the excited state

population. The discharge being completely illuminated implies a large excitation

and a relatively homogeneous excitation in the cell. As power is increased for a fixed

pressure the fluorescence intensity increases. For a pressure increase at a fixed power

the fluorescence intensity decreased. Discharge length appears to be independent

of pressure but this is likely only because the cell was so short that the discharge

could terminate on the cell ends. An example of a low pressure discharge is shown in

Figure 6.

As pressure is further increased not only does the discharge fluorescence decrease

but the diameter also drops significantly. The final result is a barely illuminated

cell with a bright discharge pillar between the steel ends. While the pillar is bright

relative to the background it is much less so than the fully illuminated low pressure

cell. The pillar is clearly seen in Figure 7.

The pillar becomes increasingly unstable and dims as pressure increases. As pres-

sure continues to increase the discharge flickers as it continues to dim and will go out

unless an increase in power is used to restore some stability and brightness. Power-
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Figure 6. The capacitively coupled discharge is fully illuminated and glows a bright
purple color. The color originates from the large number of transitions in the red part
of the spectrum, from the first p-state to the first s-state, and the blue lines from the
higher excited s-states to the first excited p-state. The ground and high voltage source
are held by clamps on the left and right sides of the cell, respectively. The discharge
conditions were an Ar/He mixture with 5% argon at 10 Torr and 100 Watts.
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Figure 7. The discharge volume is partially illuminated and glows a bright purple
color. The discharge pillar is clearly visible towards the bottom of the cell and curves
to terminate near the RF source on the bottom right of the cell. The discharge pillar
is also asymmetric, widening as it approaches the ground on the left. The discharge
conditions were an Ar/He mixture with 5% argon at 100 Torr and 150 Watts.

loading is limited, however, by the internal heating it causes, as previously mentioned.

The last parameter that greatly impacts performance is the ratio of argon to

helium in the gas mixture. From the low to high pressure tests conducted, perfor-

mance of the mixtures is basically indistinguishable at low pressures (<50 Torr) but

as pressure reaches 300 Torr the stability of the discharge varies widely for the various

mixtures. As the percentage of argon in the gas mixture increases the discharge be-

comes continually more difficult to ignite at low pressures and collapses more rapidly

as pressure increases. The main observation that distinguishes the cases is the color of

the glow in the discharge. In general, helium glows a very light pink and argon glows

a deep purple. These colors come from the energy level distribution of the atoms.

The Grotrian diagram for the argon atoms for the first few states is shown but the

full diagram would have energy levels that go to 30d. There are a large number

of intense transitions from these higher lying states to the 4p states studied in this
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document. The purple glow comes from the combination of these blue lines with the

large number of red and NIR lines that arises from the 4p→ 4s transitions and 3d→

4p transitions. Helium in the discharge emits over the whole visible spectrum with a

majority of the visible lines in the red and NIR. This creates the mostly white fluo-

rescence with a pink tint. Most of the strong transitions in Helium are in the UV and

in the NIR-FIR range and so do not impact the observed color of the fluorescence.

Another trend that arises from increasing argon percentage is the discharge becoming

increasingly difficult to ignite as the percentage of argon in the gas mixture increases.

Also, high pressure performance changes with increasing argon percentage. That is,

more argon in the gas mixture increases the instability of the discharge pillar at high

pressures.The plasma becomes more sensitive to small changes in the aforementioned

parameters. Often this instability reveals itself as an oscillation of the discharge pil-

lar about the inside of the cell. These instabilities are likely thermally driven. The

ionization level of argon is significantly (70,000 cm−1) lower than the ionization level

of helium. At higher argon percentages we would expect the discharge performance,

from the perspective of ionization, to increase. This is not what is observed as so

thermal effects must be considered. The higher argon percentages mean lower helium

percentages. Helium, being a light atom, is an effective thermal manager and increases

the thermal conductivity of the plasma. Lower percentages of helium in the discharge

should cause the plasma to run hotter. Unfortunately, the plasma temperature is not

a quantity that was measured during these tests nor is it an easy quantity to measure

with this apparatus. There is, however, a clear trade between thermal management

of the plasmas in the discharge and the ionization percent. The last impact that a

large percentage of argon has on the discharge has to do with the RF source itself.

The RF signal generator is connected to a custom matching network as described in

Chapter 3. For high percentages of argon the load changes more significantly with
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pressure causing large increases in reverse power with moderate increases in pressure.

Furthermore, as the discharge pillar oscillates in the cell the reverse power oscillates

with the same frequency making load matching extremely difficult and allowing for

heating in the components of the matching network. Finally, worth considering are

the influence of the inner diameter (I.D.) of the cell on the stability of the discharge.

Tests were repeated using a 9/16” I.D. cell and some notable changes were observed.

For the larger I.D., the discharge fluorescence was visibly reduced. The discharge in

the larger cell tended to run with a reduced heat load but suffered from the previously

mentioned instabilities at lower pressures than the smaller I.D. cases.

4.2 Inductively Coupled Radio-Frequency Discharge

The performance of the IC RF discharge is sensitive to a narrower range of pa-

rameters when compared to the CC discharge. Performance is strongly dependent on

internal temperature, gas pressure and argon/helium ratio. RF interference for the

IC case is significantly greater than for the CC case. The solenoid is a much larger

RF source than the simple antennae formed by the CC RF source on the cell. This

makes the matching network significantly more important since a better matching

of the source to the load reduces not only the reverse power fed into the RF signal

generator but also minimizes the RF emitted into the room, thereby minimizing the

electrical interference.

Passivation

As mentioned above, the IC discharge does not require passivation. This is be-

cause at higher pressures the IC discharge does not form a pillar that connects with

the Pyrex-steel boundary and so the discharge is not dependent on the condition of

that boundary. The lack of passivation allows for more consistent behavior and less

25



dependence on manufacturing.

Temperature Regulation

In contrast to the CC case, the IC case is significantly simpler to externally cool, or

cool the RF source. The long cell configuration also removes the discharge termination

effects on the Pyrex-steel boundary. Unfortunately, the need to run at significantly

higher powers exacerbates the internal heating problem of the cell. The solenoid

that is used to generate the discharge has deionized water flowing through the coils

and so is cooled effectively, except for a small distance about the HV source. This

only partially solves the external heating problem. In the configuration described in

Chapter 3 the solenoid is resting on the tube. Even though it is insulated from the

coil, the section of the tube closest to the RF source heats up significantly. This

heating caused a distinct orange glow in the discharge. This orange glow is apparent

in Figure 8 extending far beyond the HV source.

Over time this heating causes a softening of the Pyrex which causes it to warp

under vacuum and gas flow leading to the divot seen in Figure 8.

Pressure and Gas Mixture Impact on Performance

The IC discharge at low pressures (<30 Torr) illuminates the full glass tube. Up-

stream of the discharge tends to glow a white/pink implying more Helium excitation

and downstream tends towards a darker purple. Asymmetric performance is a poten-

tial problem in the IC discharge. As pressure increases the downstream glow shortens

first until it reaches the solenoid. The insulation is opaque and so any changes in

discharge length beyond that point were not visible but it is assumed that the dis-

charge length continued to decrease until it reached a couple of centimeters left of the

RF source. Through this change the full width of the cell remains illuminated. This
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Figure 8. The discharge volume glows brightly along the whole cell but the bright
orange Pyrex fluorescence overwhelms the weaker purple glow of the Argon/Helium
discharge. A divot in the Pyrex is visible on the right side of the solenoid. This glow
became common when working with the IC discharge at pressures above 200 Torr and
powers above 800 Watts.

27



is in great contrast to the CC discharge in which the length remains a constant but

the radius of the discharge decreases with increasing pressure. Increasing RF power

restores discharge length and increases fluorescence in a similar manner to the CC

case. During these increases in pressure the upstream fluorescence tends not to change

brightness. Increasing pressure further, beyond the point where the downstream glow

receded into the solenoid, leads to decreases in the fluorescence brightness and length

of the upstream glow. This continues until the discharge is fluorescing a couple of

centimeters around the RF source in a spherical shape. Unlike the CC case, no insta-

bilities are seen when the discharge approaches the limit of remaining lit. The ratio

of Argon to Helium in the gas mixture also has less impact than in the CC case.

For high percentages of Argon, like the CC case, the discharge became increasingly

difficult to ignite. Unlike the CC case, however, that is where the difficulty ends. The

higher Argon percentage appears to have no impact on discharge performance beyond

the initial difficulty. It is interesting to note that as Argon percentage increases the

upstream fluorescence does take on a more purple tone. This is caused by a larger

amount of upstream Argon being excited.

4.3 Suggestions for Improvement

Both the CC and IC configurations would be greatly improved by changing the

cells currently used. Replacing this short cell, in the CC case, with a long Pyrex

tube, as in the IC case, will help reduce both external and internal heating problems

as well as remedying the inconsistencies caused by manufacturing. For both cases, a

deionized water jacket should be placed on the cell provided the RF source is insulated

properly. A diagram of this apparatus is given in Figure 9.

This water flow would provide quieter and more effective cooling of the cell in com-

parison to the air flow used previously. In the CC case this insulation is as simple as
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Figure 9. An improved discharge cell configuration has a water jacket around the
discharge cell. Deionized water flows through this jacket and will cool the cell and
prevent it from melting when the discharge is operating at high power.

providing a copper jacket for the RF source. In the IC case this becomes significantly

trickier. A first step would be to study the heating of cell if the solenoid floats above

the cell instead of resting directly on it. This simple change will likely minimize the

heat loading issue allowing air cooling of the tube to be sufficient. If not, a more

complex solution may be necessary, such as dielectric cooling of the whole system.

A liquid nitrogen jacket is not recommended as Pyrex has a tendency to crack when

subject to large thermal gradients, as it would be in this case. Reducing the I.D.

of the cell will likely offer more stability as well since the parameter of interest in a

discharge is the pressure diameter product and so lowering the diameter to 1/4” will

allow a 175% increase in pressure without changing this product.
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V. Results and Analysis

Chapter Overview

In this chapter, the data analysis conducted with the fluorescence spectra and

absorption data is discussed. The first section shows the full test matrix for the two

tests. The second and third sections explain the details of the wavelength and black-

body calibration, respectively. The third section shows an example of the fluorescence

spectra and compares the spectra for different discharge types. The fourth section

discusses the population distributions derived from the spectra in the CC and IC

discharges and their trending behavior. The fifth section discusses the collected ab-

sorption data and line-shape fits done to extract line-widths and pressure broadening

rates.

5.1 Test Matrix

Data was collected for a significant number of different pressures, powers, gas

mixtures and discharge configurations. For the first CC OES tests the main limitation

was the heating problems associated with the RF which limited both peak RF power

and the peak pressure. The full test matrix for the fluorescence spectroscopy is given

by Table 1 and Table 2. The test matrix for the absorption spectroscopy experiment

is given in Table 3

5.2 Wavelength Calibration

The data was broken into monochromator scans with separate wavelength centers.

These scans overlapped by 40 nm for the four scans of the InGaAs over the range of

700 - 1600 nm and overlapped by 6 nm for the six scans of the ICCD over the range

of 700 - 1000 nm.
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Table 1. Capacitively-coupled OES test matrix

Argon Percentage Pressure [Torr] Power [Watts] Cell I.D. (in.)

5 100 - 300 100 - 225 7/16
10 100 - 400 100 - 225 7/16
15 100 - 300 100 - 225 7/16
20 100 - 300 100 - 225 7/16
25 100 - 300 100 - 225 7/16
30 100 - 300 100 - 225 7/16
35 100 - 300 100 - 225 7/16
40 100 - 300 100 - 225 7/16
45 100 - 300 100 - 225 7/16
5 100 - 450 100 - 225 7/16
10 100 - 300 100 - 225 7/16
15 100 - 300 100 - 225 7/16

Table 2. Capatively and Inductively-Coupled OES test matrix

Argon Percentage Pressure [Torr] Power [Watts] Discharge Type

5 100 100 - 300 CC
5 100 600 - 800 IC

In order to combine these scans into a single spectra, a wavelength calibration

was done. The calibration involved fitting a straight line to the peaks of the Argon,

Krypton and Xenon pen lamp spectra to their respective pixel locations as well as

using one CC discharge spectrum. Spectral resolutions were simply calculated as the

ratio of the wavelength range on the detector and the pixel count of the array. The

error in the fits is a measure of the predictive power of the wavelength scale and is

dependent on the number of peaks used to fit the axis.

The ICCD detector, connected to the 0.75 m spectrometer, had a spectral reso-

lution of 0.04 nm/pixel. For the ICCD, fit error was less than 0.4 Å except for the

last two scans which cover the wavelength range of 880 - 980 nm. The average fit

error in these scans is 4.5 Å and 3 Å, respectively. This order of magnitude increase
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Table 3. Inductively-Coupled TDLAS test matrix

Argon Percentage Pressure [Torr] Power [Watts]

2 10 - 100 at 500 Watts 100 - 600 at 50 Torr
3 10 - 100 at 500 Watts 100 - 600 at 50 Torr
4 10 - 100 at 500 Watts 100 - 600 at 50 Torr
5 10 - 100 at 500 Watts 100 - 600 at 50 Torr
10 10 - 100 at 500 Watts 100 - 600 at 50 Torr
25 10 - 100 at 500 Watts 100 - 600 at 50 Torr

in the error is because of the number of peaks fit, proximity of some spectral lines in

the different gases and the change in starting position associated with the mechanical

rotation of the grating inside the monochromator.

The InGaAs detector, connected to the 0.3 m spectrometer, had a spectral res-

olution of 0.25 nm/pixel, about a factor of 6 greater than the ICCD detector. For

the InGaAs detector the fit errors have values of 2.3 Å over the range of 700 - 950

nm, 16 Å over the range of 900 - 1150 nm, 9 Å over the range of 1100 nm - 1350 nm

and 7 Å over the range of 1300 - 1550 nm. The error in the InGaAs wavelength axis

is significantly larger than that of the ICCD detector due to the wide range of the

scans compared to a relatively small number of spectral lines as well as the atomic

and mechanical problems addressed above.

For the IC OES tests the ICCD spectrometer grating was changed to one with

double the groove density and half the blaze and so, as expected, the resolution

increased to 0.02 nm/pixel, an improvement by a factor of two.

Microwave spectra was collected at AFIT by Ryan Richards. The spectra were

collected using a 0.3 meter monochromator with a 1200 gr/mm and 750 nm blaze.

This monochromator has a resolution of 0.03 nm/pixel

The spectra were combined by removing the overlapping data keeping the data

associated with the smaller wavelength error. This allows us the individual spectra
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to be combined into a single spectrum for each case in the test matrix.

5.3 Blackbody Calibration

In order to calibrate the y-axis a blackbody calibration was performed. The

calibration allows us to get a power axis for the spectral lines. Data was collected for

a blackbody source at 1000 ◦C using both detectors. The blackbody spectrum was

combined in the same way as the rest of the spectra. Following the combination into

a single spectrum, the intensities were adjusted in order to create a single continuous

spectrum and the data was smoothed using a 50 point moving average to prevent a

large introduction of noise into the data.

The detectivity is then calculated as the ratio of the measured signal, adjusted

for integration time, to the Planckian for a blackbody at 1000 ◦C (1273.15 K). This

Planckian is given by (24):

L(λ) =
2hc2

λ5
1

e

hc
λkbT − 1

(14)

where h is Planck’s constant, c is the speed of light, λ is the wavelength, kb is

Boltzmann’s constant and T is the blackbody temperature. L is a spectral radiance

and so it has units of power per area per unit wavelength per steradian.

The spectral radiance is related to the power per unit wavelength by the equation

L(λ) =
∂2φ

∂A⊥∂Ω
(15)

where ∂A⊥ = ∂As cos Θs and ∂Ω =
∂Ad cos Θd

R2 , where As is the area of the source

and Θs is the angle the normal of the source makes with the vector ~R that connects

the centers of the two detectors. Similarly, Ad is the detector area and Θd is the

angle made by the normal of the detector and ~R. A⊥ is then the area of the source
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seen by the detector and Ω is the solid angle seen by the detector. Using the fact

that there is normal incidence, Θs = Θd, and using the approximation R2 � As,

the equation can be solved by integrating over the detector and source areas giving

the final expression for the power per unit wavelength:

φ(λ) =
LAsAd
R2

(16)

If this radiometrically adjusted radiance is divided by the blackbody signal, Sd, which

has units of counts/pixel, by its integration time and the power above, we get the

detectivity:

D =
Sd

τdΦ(λ)
(17)

which has units of counts-unit wavelength per joule per pixel. In order to get this

into the right units it must finally be multiplied by the reciprocal of the spectral

resolution which has units of wavelength per pixel. Furthermore, if the spectrum,

which has units of counts, is divided by its integration time and the detectivity, the

result is a calibrated y-axis with units of watts. The blackbody curve and detectivity

for the InGaAs is shown in Figure 10 and for the ICCD in Figure 11.

5.4 Fluorescence Spectra

Spectra were collected using both the ICCD and InGaAs detectors. All expected

dipole allowed transitions were observed. The full assignment, including the upper

and lower levels using Paschen notation, is provided in Figure 12.

These spectra are a result of the kinetics of the discharges. Different intensity

distributions for the spectral lines relate to different populations in the excited state.

These spectra can be used to inform the kinetic changes that occur for a large number
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Figure 10. The 1000◦C blackbody spectrum for the InGaAs detector is shown as the
original separated data, the solid line, the combined, smoothed blackbody data, the
dotted line, and the radiometrically adjusted Planckian in units of Watts, the dash-
dot line. The Planckian has been multiplied by 10 to be visible on the scale of the
blackbody curve. Below it is the detectivity, in 1010 counts/Watt.
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Figure 11. The 1000◦C blackbody spectrum for the ICCD detector is shown as the
original separated data, the solid line, the combined, smoothed blackbody data, the
dotted line, and the radiometrically adjusted Planckian in units of Watts, the dash-
dot line. The Planckian has been multiplied by 10 to be visible on the scale of the
blackbody curve. Below it is the detectivity, in 1010 counts/Watt.
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of discharge types and conditions. First, in Figure 13 the variations in the spectra for

a CC discharge at 5% argon for three different pressure and power levels is compared.

The spectra shows some interesting behavior as both the pressure and power

are increased. Some of the spectra lines decrease in intensity while others increase

informing the complex relationship between the production and destruction rates of

the excited states and how they depend on the gas pressure, electron density and

electron temperature. The increases in pressure can both reduce the excitation rate,

by decreasing the electron temperature in the discharge, or the destruction rate,

by increasing the quenching rate. The increase in RF power, however, only really

increases production by increasing the electron temperature. There is little quenching

associated with it as the superellastic collisions required to quench the excited states

with electrons have small cross-sections. A look at these spectra show that as the

pressure and power change the 826.45 nm p2 line as well as the 750.39 nm p1 and

751.47 nm p5 pair and the 800.62 p6 and 801.48 nm p8 pair all decrease in intensity.

The 840.82 p3 and 842.47 nm p8 pair increase in intensity, as do the 810.37 nm p7

and 811.53 nm p9 pair. The excitation and destruction kinetics are what impact

these spectral line intensities for which there is no clear trend. Quenching rates are

expected to increase linearly with increasing pressure which should be even across

all states. That fact reveals that the lower states are more sensitive to increases in

RF power, increasing in population despite the increase in pressure compared to the

higher states which only show a reduction in population. It is also worth noting that

both the 844 nm and 777 atomic oxygen triplets decrease in intensity.

Next four different discharge configurations are compared: a capacitively-coupled

discharge with 5% argon at 100 Torr and 100 Watts, an inductively-coupled discharge

with 5% argon at 100 Torr and 600 Watts, a microwave discharge with 5% argon at

100 Torr, and an argon pen lamp in Figure 14.
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The intensity distribution of the lines varies fairly significantly between the four

spectra. The microwave spectrum had wider spectral lines due to the instrument

resolution and lineshape. A comparison of the pairs of lines about 750 nm, 800 nm,

810 nm and 840 nm provides some field for comparison of the spectra. Those lines

and the transitions they are emitted from are given in Table 4.

Table 4. A comparison of some closely spaced spectral lines and the transitions from
which they are emitted

Wavelength [nm] Transition in Paschen notation

750.39 p1 → s2
751.47 p5 → s4
800.62 p6 → s4
801.48 p8 → s5
810.37 p7 → s4
811.53 p9 → s5
840.82 p3 → s2
842.47 p8 → s4

We see that the line ratios are consistent between the microwave and argon pen lamp

spectra. This tells us that the kinetics of the two discharges are similar and will have

similar excited state population distributions. The CC discharge is the next closest

with the 800 nm, 810 nm and 840 nm line ratios the same as the bottom two spectra.

The 750 nm line ratio, however, is significantly different with the 750.39 nm line

being much more intense than the 751.47 nm one. This tell us that the CC discharge

produces more of the p1 state. This increased production is reasonable to expect as

the CC discharge runs at higher powers than either the microwave discharge or the

argon pen lamp. The p1 state is the highest lying p-state and so it would require

a higher electron temperature in the discharge in order to be excited. Finally, the

IC spectrum is the most different with all the line ratios close to 1. This is not a

result of a line saturating the detector as being below saturation was insured. The
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IC discharge appears to be producing significantly more population in all the levels

when compared to the other three discharges.

5.5 Population Distribution

From the collected spectra effective population distributions were derived as well

as electronic temperatures, by the method described in Chapter 2. In this case the

temperature parameter in the Boltzmann term is the electronic temperature. The

populations vary for different discharge configurations, gas mixtures, and pressures

which implies that different mechanisms dominate the production and the destruction

of the excited states. The effective populations are plotted as a function of the

upper state energy in Figure 15 with the intention of fitting a line to extract that

temperature.

The InGaAs spectral lines provide more information about the d-state population

distribution whereas the ICCD spectral lines provide information about the p-state

population distribution. This is because most of the 3d to 4p transitions fall in the

NIR and the 4p to 4s transitions are between the visible and NIR. The population

distributions are clearly non-statistical with the 3d state appearing more wideyl dis-

tributed then the 4p states. The non-statistical nature implies either the equilibrium

kinetics of the argon and electrons in the discharge are non-Maxwellian, the pop-

ulations even at equilibrium would not be representative of a Maxwell-Boltzmann

distribution, or that the system is in a non-equilibrium state. The error in these

points arises not from the noise or any systematic error but from the error involved in

the Einstein A coefficients which are 25% for the lines that originate on the 4p states

and range from 25% to 50% for the spectral lines that originate on the 3d states(25).

Upon further examination of the p-state distribution it becomes apparent that the

spectral lines that terminate on metastable states underestimate the population of the
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upper state. This is true for all but the p7 state for which the opposite is true. This

trend is consistent across all the data and likely occurs because of radiation trapping

in the cell. The reason that the p7 state is reversed may be due to the kinetics of

the p7 state but is more likely due to the incorrect A coefficient. The Einstein A

Coefficients are not known to good stastical accuracy and may potentially be entirely

incorrect. The difference in the populations does not arise from the spectral line be-

ing in a low detectivity region as all the p7 - s transitions fall in within the spectral

response of the ICCD. In order for there to be radiation trapping in the cells there

must be a large concentration of metastables which would be ideal for the design of

the laser system.

The question of radiation trapping is worth further investigation. An examination

of these population distributions for different discharge conditions can reveal the

existence of this phenomena. Figure 16 shows the population distributions of the CC

discharge at 100 Torr and 100 Watts on the left and 300 Torr and 200 Watts on the

right.

The p6 state gives the best evidence for radiation trapping as both the metastable

and resonance transitions are present. The population of the metastable transition

drops significantly as the pressure rises to 300 Torr and the power to 200 Watts. This

is most likely due to absorption of the emitted light by the metastables. A comparison

of the CC and IC population distributions can be found in Appendix D.

In order to extract an approximate electronic temperature, a linear fit to the p-

state distribution was done and is shown in Figure 16. The clearly non-Maxwellian

nature of the population distribution and the exclusion of the higher lying states are

the reasons, among others, for why the temperature is only an estimate. The p10

state has a much larger population than a Boltzmann distribution would imply and

so a single temperature fit is insufficient. Instead, a two-temperature fit, the p10 -
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Figure 17. The electronic temperatures are shown for the p9-p1 state, left, and the
p10-p9 state, right, for multiple argon mixtures. The p9-p1 state temperatures trend
downwards from approximately 11,000 K to 3,500 K. The p10-p9 state temperatures
are significantly lower, around 1100 K, and do not show any significant trends. Some
of the populations trend upwards but this is not a consistent trend in the data. The
argon mixtures are represented by the different markers as follows: 5% argon - �, 10%
argon - ◦, 15% argon - �, 20% argon - F, 25% argon - C, 30% argon -C, 35% argon -B,
40% argon - 4.

p9 states and the p9 - p1 states, was used to examine the two separate trends. The

temperature trends shown in Figure 17 are derived only from the ICCD data as it

contains the largest number of p-state population points.

Interestingly, the electronic temperature of the p9 - p1 state temperature decreases

with increasing pressure but increases with increasing argon percentage.This may be

due to the lower ionization energy of argon relative to helium. The ionizing electrons

do not need to have as much kinetic energy and will, therefore, lose less kinetic energy

in those collisions. The overall effect would be to increase the mean energy of the

electrons which is what we are estimating with these electronic temperatures. The

p1-p9 temperature also appears to move towards a constant value, different for each

mixture. This may mean that the gas in the discharge is approaching an equilibrium

as the pressure is increased. This equilibration points to the role that helium plays
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in the argon-helium discharge. As the total gas pressure, which is predominantly

helium, is increased the population distributions of the p states approach a Boltzmann

distribution. The trend implies that the helium is mixing the population of the states

at a rate which approaches the non-Maxwellian production and destruction rates of of

the argon states in the discharge and is forcing them into a Boltzmann distribution.

Unfortunately, there is no definitive trend in the p10-p9 electronic temperature. It

appears to be increasing with increasing temperature but is too scattered to allow

any definite statements.

Another important consideration is on the impact of Helium on the excited state

distribution. Comparing the CC and IC p-state distributions to Optical Emission

Spectroscopy measurements made by Zhu, et. al. (26) reveals the large impact that

helium has in Figure 18.

The populations of the high pressure, high power IC and CC discharges are in great

contrast to the population distribution in lower pressure, low power, pure argon IC

and CC discharges as measured by Zhu, et. al. The different population distributions

are explained by the fact that the kinetics of the argon helium discharge are quite

different from that of the pure argon discharges of the same configuration. The

mechanisms by which helium moves population around in the excited argon states is

unknown, a problem that is yet to be addressed.

5.6 Absorption Spectra

Absorption data was collected for a wide range of test conditions in the IC dis-

charge. This data can be categorized into two separate sets, one that keeps the

pressure fixed and varies the RF power allowing for an analysis of the Doppler width

and estimations of the plasma temperature, and the second which keeps the RF power

fixed and changes the pressure allowing for a study of the Lorentzian width and an
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extraction of pressure broadening rates. This data was fit using the approximation

to the Voigt line-shape defined in Chapter 2. The approximation is given by

g(ν) = 2

√
ln(2)

π

1

∆νD
Re[w(iz)] (18)

where w(z) is the Faddeeva function defined as w(z) = e−z
2
Erfc(−iz) (21) and the

parameter z is defined as z = a+ iu where

a =
√
ln(2)

∆νL
∆νD

(19)

u = 2
√
ln(2)

ν

∆νD
(20)

The approximate Voigt profile was fit to the data recursively. For low pressures

the absorbance was significantly higher than the system can detect. The data was

excluded in order to fit the maximum amount without allowing the low-detectivity,

central region to interfere with the fit. The reason for the large exclusion region is

in the unknown behavior of the photo-diode at low signal strength. The detector is

known to have a linear response in normal signal ranges but behavior at extremely

low signal was unexplored. A higher detectivity would have been accessible if the

detector was connected to a voltage amplifier. Since most of the information of the

Voigt profile is contained in the wings, the exclusion of data in the center of the scan

is not expected to greatly impact the fidelity of the fit. In addition to the exclusion

of the data, a fit where both the Lorentzian and Doppler widths were allowed to

float was conducted. This fit allowed for an examination of the variation in the

two parameters across the data. The wide variation in the two parameters required

fixing of one parameter while allowing the second to float. For the data in which the

pressure was varied the Doppler width was fixed and the Lorentzian width is floating

and vice versa for the power varying data. Since the power broadening data is all
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Figure 19. The fits are for an IC discharge with 5% argon at 500 Watts and 10 Torr,
left, or 100 Torr, right. Apparent structure in the fit residuals arises from striation in
the data.

conducted at 50 Torr an estimate of the Lorentzian width at 50 Torr of 0.95 GHz

was used. For the pressure broadening data a Doppler width of 1.6 GHz was fixed,

which corresponds to an approximate plasma temperature of 1350 K. Both of these

estimates for the widths were derived from the recursive analysis for obtaining the fits.

A more appropriate method for the Doppler and Lorentzian widths would take into

account the variation of the widths with temperature. The Lorentzian width varies

as 1√
T

and the Doppler width varies as
√
T , so fixing these parameters is, strictly

speaking, a rough approximation. The plasma temperature is expected to depend on

both the gas flow rate, which is increased for the pressure to increase, and the RF

power. In Figure 19 the quality of the Voigt fit for a low pressure and high pressure

case are shown for the 801.48 nm transition that terminates on the metastable s5

state.The 794.82 nm transition that terminates on the metastable s3 state was fit

similarly and can be seen in Figure 20.

The fits show larger residuals towards the edge of excluded data. These residuals
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Figure 20. The fits are for an IC discharge with 5% argon at 500 Watts and 10 Torr,
left, or 100 Torr, right. Apparent structure in the fit residuals arises from striation in
the data.

and the apparent structure arise from the striation in the data and the magnitude

of the residuals come from the striation width of about 0.04 in absorbance. Better

data, for which I, the measured signal after transmission through the cell, and I0,

the measured signal before entering the cell, were properly matched, the RF noise

was removed, and a more robust exclusion method that accounts for the baseline was

included, would lead to a better fit.

From the Doppler and Lorentzian line-widths an approximate temperature trend

and the pressure broadening rate can be derived. First, the trend in the Lorentzian

width is examined. In Figure 21 the Lorentzian FWHM appears to increase linearly

for both the s5, right, and s3, left, transitions.

The pressure broadening rate is the slope of these linear increases and so a single

line is fit to the pressures in order to calculate an approximate pressure broadening

rate. The broadening rate is different for the different argon percentages and is

likely due to the combination of the low fidelity of the data and other broadening
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Figure 21. The line-width, as measured by the Voigt fit, increases as the total gas
pressure rises. The line-width for the s5 transition ranges from 1.5 GHz to 3.2 GHz,
and from 0.25 to 2 GHz for the s3 transition, as the pressure rises from 10 to 100 Torr.
The symbols correspond to argon mixtures as follows: 2% argon - ◦, 3% argon - �, 4%
argon - �, 5% argon - B, 10% argon - C, 25% argon - 5.

mechanisms associated with the plasma such as electron broadening and resonance

broadening. The pressure broadening rates are given in Table 5 and Table 6. The

average broadening rates are 18 ± 5.8 MHz/Torr and 22 ± 1.2 MHz/Torr for the s5

and s3 transitions, respectively.

Table 5. Pressure broadening rates for the s5 metastable state

Argon Percentage Broadening Rate [MHz/Torr]

2 17± 2.4
3 19.0± 0.9
4 15.7± 0.9
5 20± 2.9
10 19± 3.8
25 15± 1.9

Any trends in the Doppler widths can also be examined. These widths are plotted

as a function of RF power in Figure 22.
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Table 6. Pressure broadening rates for the s3 metastable state

Argon Percentage Broadening Rate [MHz/Torr]

2 23.1± 0.9
3 22.3± 0.4
4 22.1± 0.8

100 200 300 400 500 600
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Power [Watts]

D
op

pl
er

 W
id

th
 [G

H
z]

100 200 300 400 500 600

1.6

1.8

2

2.2

2.4

2.6

2.8

Power [Watts]

Figure 22. The line-width, as measured by the Voigt fit, is scattered as a function of
RF power. The line-width ranges from 1.2 to 1.9 GHz for the s5 metastable transition,
and 1.5 to 2 for the s3 metastable transition, as the power rises from 100 to 600 Watts.
The symbols correspond to argon mixtures as follows: 2% argon - ◦, 3% argon - �, 4%
argon - �, 5% argon - B, 10% argon - C, 25% argon - 5.

Unfortunately, there is no clear trend in the Doppler width. Solving the equation of

the Doppler width for the temperature using the above widths provides a temperature

range for the plasma. The temperature is given by

T =
mc2

2kb
(
∆νD
2ν0

)2 (21)

The temperature range for the plasma given by the large scatter in the plasma widths

as 1000 K to 2300 K corresponding to Doppler widths between 1.4 GHz and 2.1 GHz.

The s3 range is slightly narrower, between 1.6 and 2.1 GHz, giving a temperature
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range of 1300 K to 2300 K and providing evidence for real plasma temperatures in

the higher part of the estimated range.

In addition to the study of the Doppler and Lorentzian widths, the Voigt fits

give an estimate for the peak absorbance as a function of both pressure and power.

This provides allows for an examination of the metastable column densities as they

trend with pressure and power for the different percentages of argon in the Ar/He

plasma. A column density, not a number density, is the only quantity that can be

calculated. Despite the fact the total fluorescing length of the discharge was tracked

approximately, there were sections of the discharge blocked from view and so the

full discharge length trend is unknown. Using Beer’s Law for the transmission, the

column density is given by:

Nl=− 1
σ(ν0)

log( II0
) (22)

The above cross-sections come from evaluation of the approximation of the Voigt

profile at line-center. In the above derivation of the Voigt approximation the term ν

is a relative frequency and can be written ν − ν0. At line-center the Voigt line-shape

evaluates to

g(ν0) = 2

√
ln(2)

π

1

∆νD
Re[w(ia)] (23)

We note that u = 0 when ν = ν0 and so z = a. The absorbance and column

density as they trend with pressure for the s5 metastable state is shown in Figure 23

and for the s3 metastable state in Figure 24.

The absorbance and column density both decrease as the pressure increases. This

is an unexpected conclusion as the discharge continues to fluoresce brightly. The

number density in the discharge should stay relatively constant. It was previously
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Figure 23. The absorbance of the s5 metastable state, left, shows a distinct trend, as
pressure increases the absorbance decreases. When a line-width adjusted cross-section
is used to calculate the column density, right, the trend becomes less distinct but is
still apparent. The argon mixtures are represented by the different merkers as follows:
2% argon - ◦, 3% argon - �, 4% argon - �, 5% argon - 5, 10% argon - F, 25% argon - C
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Figure 24. The absorbance of the s3 metastable state, left, shows a distinct trend, as
pressure increases the absorbance decreases. When a line-width adjusted cross-section
is used to calculate the column density, right, the trend becomes less distinct but is still
apparent The argon mixtures are represented by the different markers as follows:2%
argon - ◦, 3% argon - �, 4% argon - �
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noted, however, that the discharge length decreases as the pressure increases. These

decreases in the column density are likely due to the decrease in this discharge length.

The discharge length decreases from the full cell (≈ 60 cm) to (≈ 20 cm). This factor

of three decrease in the discharge length alleviates the factor of three decrease in

column density seen in the 794.42 nm, s3 transition and the factors of two to three

decrease in the column density of the 801.48 nm, s5 transition. An inclusion of the

discharge length will give a number density that, as expected, will remain constant.

In contrast to the expected stability of the metastable number density with changes

in pressure, the density is expected to increase with RF power. As the RF power is

increased the electric field in the discharge should increase, increasing the electronic

temperature and density of electrons. There should be a corresponding change in

the number density as the production rates are functions of the electron density and

temperature. The absorbance and column density of the s5 and s3 metastable states

are shown in Figure 25 and Figure 26.

The column densities of the s5 and s3 states increase by factors of 2 and 7, respec-

tively. This shows the difference in sensitivity of the s5 and s3 metastable concen-

trations as the power increases, that is, the production rate of the s3 state is a much

stronger function of the RF power. For a full understanding of the metastable con-

centration the discharge length must again be considered. As the RF power changes

from 200 W to 600 W the discharge length would be expected to increase, which it

does. This increase, however, is relatively small. As the power increases from 200

- 600 Watts the discharge length increases by 25%. The behavior of the discharge

length in response to RF power is not smooth at low RF powers where the discharge

is not strongly lit. In this regime the discharge length increases rapidly between steps

(100 W and 200 W). The trends in the discharge length are then only considered for

the range of 200 W to 600 W where the discharge length increases smoothly. The
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Figure 25. The absorbance of the s5 metastable state, left, shows a distinct trend, as
power increases the absorbance increases. When a line-width adjusted cross-section is
used to calculate the column density, right, the trend becomes less distinct but is still
apparent. The argon mixtures are represented by the different markers as follows:2%
argon - ◦, 3% argon - �, 4% argon - �, 5% argon - 5, 10% argon - F, 25% argon - C
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Figure 26. The absorbance of the s3 metastable state, left, shows a distinct trend, as
power increases the absorbance increases. When a line-width adjusted cross-section is
used to calculate the column density, right, the trend becomes less distinct but is still
apparent. The argon mixtures are represented by the different markers as follows:2%
argon - ◦, 3% argon - �, 4% argon - �
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number density, considering this small increase in discharge length, is increasing as

the RF power is increased.

The final point of interest in the absorbance and column density data is in thehigh-

pressure, high-power points found in Figure 25. As the RF power increases from 600 -

800 Watts for the 200 Torr case and from 800 - 1500 Watts in the 300 Torr case there

is a rise in the absorbance. This trend looks favorable for producing a large enough

metastable density at higher powers. Unfortunately, while the trend appears favorable

the actual values of the column density and the corresponding number density are

very low. These low metastable densities are likely the reason for an absence of laser

performance early in the tests.
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VI. Conclusions and Future Work

Capacitively-coupled and inductively-coupled radio-frequency discharges were shown

to be maintanable and relatively stable at high pressures, around 300 Torr, and high

RF powers, about 1 kW. OES and TDLAS were used to examine the metastable

population and p-state population distributions as a function of the discharge param-

eters: total gas pressure, argon percent in gas, RF power and discharge type. OES

measurements made a study of the p-state population distribution in many different

discharge configurations possible. The p-state populations appear to approach a local

equilibrium as the pressure in the discharges is increased. Furthermore, the popula-

tions become less statistical as the RF power is increased. The comparison of line

intensities and the comparison of these p-state populations revealed that the argon

pen lamp and microwave spectra excite a similar p-state distribution and that the

CC discharge differs only in a higher production rate for the higher lying p-states.

The inductively coupled discharge produces an order of magnitude more population

in all the excited states. The significant affect of helium on the IC and CC discharge

was shown by a comparison of the argon-helium population distributions to the pure

argon population distributions in Zhu et. al (26). The s5 and s3 metastable col-

umn densities were found to decrease with increasing pressure and to increase with

increasing RF power but a roll-over is present in the power curve leading to the

belief that increases in power are not a viable compensation for loss in metastable

column density due to increases in gas pressure. These column densities likely have

their respective trends due to the change in the discharge exciation length implying a

smaller decrease in the number densities when compared to the column densities with

increasing pressure. Approximate Voigt fits to the absorbance data give Lorentzian

and Doppler widths for the absorption profiles. From the Lorentzian widths an esti-

mate of 18±5.8 MHz/Torr was derived for the pressure broadening rate for the 801.48
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nm p8 → s5 transition and a rate of 22± 1.2 MHz/Torr for the 794.82 nm p4 → s3

transition. The Doppler width showed scattered behavior but was used to calculate

an approximate temperature range for the gas of 1300 - 2200 K for the IC discharge

between 10 and 300 Torr and RF powers ranging from 0.1 to 1.5 kW. Large errors

arise from the low fidelity of the data and the method by which the fits were con-

ducted. These large errors correspond to the large range of pressure broadening rates

for the s5 transition as well as the wide range of potential gas temperatures extracted

from the Doppler width. A fitting routine that took into account the temperature

dependence of the Lorentzian width with improved data will allow for extraction of

a more accurate pressure broadening rate and an accurate gas temperature.

6.1 Future Work

Comparison of CC and IC metastable density trends

In order to effectively decide which discharge configuration is optimal a metastable

absorption comparison test must be done. This will include measuring absorption

for the s3 and s5 metastable levels in a CC discharge at the same pressures pre-

viously done for an IC discharge. The powers for the CC case are expected to be

significantly lower with the hopes that similar powers to the IC case will produce

considerably more metastable population. Once this comparison is done and the

trends are compared, the decision can be made to tackle the heat loading problem

associated with a specific configuration. Ideally, the study is expanded to consider

different types of discharges. An expansive absorption study would include dielectric

barrier discharges, micro-discharge arrays and high voltage narrow gap discharges for

which both the metastable concentration and p-state population distribution could

be examined. This extensive study would provide the evidence required to decide

which discharge configuration is optimal for development of a low discharge power
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CW DANGL. Future work should also examine the influence of the AC frequency

on the production and destruction of metastables to find the optimal frequency for

operation. This would be a fairly straightforward test, potentially using the same

variable frequency RF equipment that was used in the high power experiments dis-

cussed. High metastable populations are developed in DC pulsed (1 kHz) discharge

configurations and so there is an expectation of a large variation in the excited state

distribution based on the discharge frequency (11).

Discharge Engineering Design

As mentioned in Chapter 4 there is much area for improvement in the design of

the CC and IC discharges. A smaller I.D. should allow for improved high pressure

performance and scaling up to higher pressures if deemed necessary. A better cooling

system is required in order to function at high pressures due to the higher powers

necessary to maintain the discharges. The discharge cell must be cooled using at best,

a water jacket and at minimum, a high-pressure air flow. In order to improve laser

performance the metastables should also be pumped downstream of the discharge.

This is as simple as adding a cross to the flow downstream of the discharge with

Brewster angle windows and constructing the laser resonator at that location. This

design would allow pumping perpendicular to the flow of the gas.

If high power discharges cannot produce the necessary amount of metastables

then the simple, single cell RF discharge idea must be changed. One possibility

is in dielectric barrier discharges where, in the simplest sense, a parallel-plate or

cylindrical capacitor partially filled with a dielectric is run at high voltage. In this

case the high-pressure argon-helium gas would flow through a small-gap discharge

(on the order of millimeters) and then expand upstream of the discharge where it

can be pumped by the laser. These narrow gap discharges are commercially available

60



making this method a fairly straightforward approach. Another approach would be a

high-power multi-cell configuration where multiple medium-pressure, medium-power

cells, which together provide the necessary pressure and metastable concentration,

are used together. These cells flow together and are then pumped downstream of the

discharges. The problems with such an arrangement is due to the easy deactivation

of the metastables. The multiple cells would have to flow into a large pipe which

would then have to narrow slowly to acheive the required pressure. Any sharp turns

will be bad for the system as metastable deactivation through collisions with these

edges is likely.

Discharge and Gas Kinetic Model

The kinetics of the argon helium gas discharge are complicated. Incomplete sets

of hundreds of kinetic mechanisms and rates for argon-electron and argon-argon colli-

sions can be found in the Zhu et. al paper (26) and helium-electron and helium-helium

collisions can be found in Fujimoto paper (7). These rate packages tend to cover many

different regimes in the discharge from the low-pressure regime, dominated by electron

excitation and optical de-excitation, to the high-pressure regime dominated by gas

collisions that cause mixing between the levels. In general these rates are functions

of the electron density, electron temperature, and the gas temperature. This repre-

sents the need for a kinetic model that describes not only the gas kinetics but also the

power loading and energy transfer kinetics from the discharge to the gas as well as the

model of discharge behavior, which has spatial variation. Presently, no such model

exists. The development of such a predictive model would be an important asset in

assessing discharge conditions and how they impact the metastable concentration in

order to optimize the discharges for a laser system. In order to develop such a model

the gas kinetics would have to be expanded to include the argon-helium collisions and
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not just the relatively well known argon-argon, argon-electron, helium-electron and

helium-helium collisions. A first step would be to use the hard-sphere approxima-

tion with a Boltzmann energy offset to approximate the argon helium mixing kinetics

(3). The introduction of a power loading model that relates the input RF power, the

absorbed power, electron density and electron temperaure would also be necessary.

There are many codes that, provided a rate package, can do just that. An example of

one of those codes is Bolsig, which solves the Boltzmann equation for different gases

given the conditions of gas composition and the E/N ratio (10). Another code that

is an expansion of Bolsig+ is ZDPlasKin, a zero-dimensional plasma kinetic model.

ZDPlasKin is essentially a wrapper for Bolsig+ and solving the Boltzmann equation

using an input of chemical reactions and rates as well as the plasma conditions (16).
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Appendix A. Grotrian Diagram

An energy level diagram that only includes the s and p states is shown in Figure 27.

s1 1s0

s5 4s(2P3/2)[3/2]2

s4 4s(2P3/2)[3/2]1

s3 4s(2P1/2)[1/2]0

s2 4s(2P1/2)[1/2]1

p10 4p(2P3/2)[1/2]1

p9 4p(2P3/2)[5/2]3

p8 4p(2P3/2)[5/2]2

p7 4p(2P3/2)[3/2]1

p6 4p(2P3/2)[3/2]2

p5 4p(2P3/2)[1/2]0
p4 4p(2P1/2)[3/2]1
p3 4p(2P1/2)[3/2]2

0
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Energy [cm-1]Paschen Racah [K]J

Figure 27. The energy level diagram for excited argon is shown focusing only on
the s and p excited levels. The levels are denoted both by their Paschen and Racah
designations on the left as well as their distance from ground on the right.
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Appendix B. Matching Network

Figure 28. The diagram of the modified pi matching network used in these experiments.
The input power goes through a current transformer to allow for current measurement.
The current then runs through a solenoid which is designed to be a good resistance
and impedance match to the plasma load. Connected in parallel to the set up are two
capacitors with tunable capacitances. The current leaves the solenoid and runs to the
discharge.

The matching network depicted in Figure 28 is a variation of the Pi matching

network. The matching network has a load specific design which is important in

allowing the network to properly impedance match. The impedance of any circuit

element is given by:

Z = R + iX (24)
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where Z is the impedance, R is the resistance and X is the reactance. The solenoid is

designed to match the resistance of the expected load including the wires. In general,

this is done by filling a reference cell with an atmosphere of gas and testing the

resistance on the discharge. The solenoid is also designed to match the impedance

of the system load. Since exact matching of these values is dependent on the exact

plasma conditions some tuning ability is required. If the solenoid in the matching

network is properly resistance matched then this impedance matching can be done

purely for the imaginary part of the impedance, or the reactance. The reactance is

given by:

X = ωL− 1

ωC
(25)

where ω is the AC frequency. The reactance matching is done by adding two tunable

capacitors, of different capacitance ranges, in parallel to the solenoid. By tuning

these capacitors the reactance can be properly matched. The large difference in the

capacitances seen in Figure 28 allows for a fine and coarse tuning. Since the reactance

has a 1
C dependence the smaller capacitance capacitor acts as a coarse tune since it

will impact the total reactance in a much more significant way. The large capactiance

will then be the fine tune to allow for a more precise matching of the reactances.
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Appendix C. IC and CC Spectra

The influence of RF power on the overall intensity and the relative intensity of

certain lines is examined. Spectra of the CC discharge are shown in Figure 29 as the

RF power varies from 100 Watts, top, to 200 Watts, middle, to 300 Watts, bottom.

The overall intensity of the lines increase but this increase in intensity is not uniform

and changes the comparative height of closely spaced lines. This is most clearly seen

in the 810.37 nm and 811.53 nm pair for which the former increases more rapidly than

the latter. This is consistent with a more rapidly increasing population in the upper

states as the 810.37 line originates on the p7 upper state whereas the 811.53 nm line

originates on the p9 upper state. Similarly, the relative intensity of the 750.39 nm

and 751.47 nm pair changes. As stated, the higher lying states are being populated

more rapidly with increases in power and so, as expected, the 750.39 nm line which

originates on the p1 state intensifies faster than the 751.47 nm line which originates

on the p5 state.

Worth noting is the increasing intensity of the 844 nm and barely visible 777 nm

atomic oxygen triplets. As the power increases more of the oxygen in the welding

grade argon is dissociated and excited. The IC discharge in Figure 30 has a drastically

different spectrum compared to the CC discharge.

The intensity of the spectral lines in the IC discharge do not increase dramatically

as the RF power increases from 600 to 800 Watts. The atomic nitrogen lines about

819 nm increase as the RF power increases.

66



75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
5

Power [mW]

75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
5

75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
5

F
ig

u
re

2
9
.

T
h

e
sp

e
c
tr

a
l

sh
o
w

n
a
re

fo
r

a
C

C
d

is
ch

a
rg

e
w

it
h

a
5
%

a
rg

o
n

m
ix

tu
re

a
t

1
0
0

T
o
rr

w
it

h
R

F
p

o
w

e
r

in
c
re

a
si

n
g

fr
o
m

1
0
0

W
a
tt

s,
to

p
,

to
2
0
0

W
a
tt

s,
m

id
d

le
,

to
3
0
0

W
a
tt

s,
b

o
tt

o
m

.
In

te
n

si
ty

o
f

th
e

o
b

se
rv

e
d

sp
e
c
tr

a
l

li
n

e
s

in
c
re

a
se

s
a
s

th
e

R
F

p
o
w

e
r

o
f

th
e

C
C

d
is

ch
a
rg

e
in

c
re

a
se

s.
In

te
n

si
ty

o
f

li
n

e
s

o
ri

g
in

a
ti

n
g

o
n

h
ig

h
e
r

e
n

e
rg

y
u

p
p

e
r

st
a
te

s,
7
5
0
.3

9
n

m
a
n

d
8
1
0
.3

7
n

m
,

in
c
re

a
se

m
o
re

ra
p

id
ly

w
it

h
p

o
w

e
r

w
h

e
n

c
o
m

p
a
re

d
to

n
e
a
rb

y
sp

e
c
tr

a
l

li
n

e
s.

67



75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
52

2.
5

M
on

oc
hr

om
at

er
 W

av
el

en
gt

h,
 λ

 [n
m

]

Power [mW]

75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
52

2.
5

75
0

76
0

77
0

78
0

79
0

80
0

81
0

82
0

83
0

84
0

85
0

0

0.
51

1.
52

2.
5

F
ig

u
re

3
0
.

T
h

e
sp

e
c
tr

a
l

sh
o
w

n
a
re

fo
r

a
IC

d
is

ch
a
rg

e
w

it
h

a
5
%

a
rg

o
n

m
ix

tu
re

a
t

1
0
0

T
o
rr

w
it

h
R

F
p

o
w

e
r

in
c
re

a
si

n
g

fr
o
m

6
0
0

W
a
tt

s,
to

p
,

to
7
0
0

W
a
tt

s,
m

id
d

le
,

to
8
0
0

W
a
tt

s,
b

o
tt

o
m

.
In

te
n

si
ty

o
f

th
e

o
b

se
rv

e
d

sp
e
c
tr

a
l

li
n

e
s

a
p

p
e
a
rs

to
ch

a
n

g
e

li
tt

le
a
s

th
e

R
F

p
o
w

e
r

in
c
re

a
se

s.
T

h
e

a
to

m
ic

N
it

ro
g
e
n

li
n

e
s

a
b

o
u

t
8
1
9

n
m

in
c
re

a
se

a
s

th
e

R
F

p
o
w

e
r

in
c
re

a
se

s.

68



Appendix D. Population Distributions

The population distributions for the spectra shown in Appendix C are compared in

Figure 31 and Figure 32. The squares in these figures represent populations calculated

from transitions that terminate on the metastable states and the diamonds for those

that terminate on resonance states. The population distribution for the CC discharge

at 100 Torr, 100 Watts, left, and 300 Watts, right, are marked with their appropriate

p-state labels. As before, we see that the p7 spacing between the resonance and

metastable states is flipped compared to that of the p6, p4, p3 and p2 states. There is

clear evidence, however, for radiation trapping as the spacing between the metastable

and resonance populations calculated from those spectral lines increases as the power

increases.

The populations distributions for the IC discharge at 100 Torr, 600 Watts, left, and

800 Watts, right, are shown. The populations of the excited p-states increase slightly

between the left plot, at 600 Watts, and the right plot, at 800 Watts. The peaks of

the aforementioned pairs are all about equal despite the shift to higher populations.

This small increase in population points to the excitation of higher lying states. If

the production and destruction of the p-states has reached a kinetic steady state that

is independent of the RF power then we would expect this trend to occur. Additional

RF power may be exciting states above the p-states and so not dramatically changing

the intensities of the lines originating on p-states.
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