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Executive Summary

The development and application of tunable diode laser (TDL) absorption sensors
to monitor the health and operating conditions in the large-scale 60 MW arc-heated-
plasma wind-tunnel at NASA Ames Research Center is reported. The interactive heating
facility (IHF) produces re-entry flow conditions by expanding the gas heated in a
constricted plasma arc-heater to flow at high velocity over a model located in a test cabin.
This facility provides the conditions needed to test thermal protective systems for
spacecraft re-entering the earth’s atmosphere. TDL sensors are developed to monitor gas
flows in both the high-temperature constricted flow and the supersonic expansion flow
into test cabin. These sensors utilize wavelength-tuned diode lasers to measure absorption
transitions of atomic oxygen near 777.2 nm, atomic nitrogen near §56.8 nm, and atomic
copper near 793.3 nm. The oxygen and nitrogen sensors measure the population density
in exited electronic states of these atoms. The measurements combined with the
assumption of local thermal and chemical equilibrium yield gas temperature (typically
near 7,000K). The nitrogen and oxygen population temperatures are redundant, and their
close agreement provides an important test of the local thermal equilibrium assumption.
These temperature sensors provide time-resolved monitors of the operating conditions of
the arc-heater and can be used to verify and control the test conditions. An additional
TDL sensor was developed to monitor the copper concentration in the arc-heater flow
yielding values as high as 13 ppm. Measurements of copper in the flow can identify flow
conditions with unacceptably rapid electrode erosion, and hence this sensor provides
valuable information needed to schedule maintenance to avoid costly arc-heater failure.
TDL sensors were also developed for measurements in the test cabin, where absorption
measurements of the populations of argon and molecular nitrogen in excited metastable
electronic states established that the number density of these excited species is much
lower than estimated using frozen-chemistry approximations. This key finding suggests
that in the post-expansion region there is not a significant energy sequestration in
electronically excited species. Finally, TDL measurements of atomic potassium seeded
into the test cabin flow were used to directly measure the static temperature of the test gas.

The results of this study illustrate the high potential of time-resolved TDL
measurements for routine and economical sensing of arc-heater health (gas temperature
and electrode erosion) as well as the time-resolved test-cabin-flow conditions in front of
the model.
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Introduction and Motivation

New thermal protection system (TPS) materials for NASA missions are
developed on the basis of testing in the large-scale, high-enthalpy, arcjet test facilities at
NASA-Ames Research Center. Hypersonic speeds of reentry vehicles and systems
produce a hot, reactive gas layer between the bow shock and the vehicle surface. A
vehicle moving at 10 km/sec in the cold air of the mesosphere (~270K, ~0.1kPa)
produces shock temperatures near 7000K with surface heating rates of hundreds of watts
per square centimeter. Arcjet facilities provide a long-duration (tens of minutes) source
of high-enthalpy hypersonic air flow for ground test of these materials. The NASA-
Ames Research Center has three arcjet facilities devoted to testing TPS.[1]
Understanding the performance is crucial to the determination of TPS safety margins
needed for reliable flight vehicles.

Currently, arc-jet test conditions are defined using either the expected heat-flux
level or the anticipated surface temperature for a particular material in its envisioned
application. While this is sufficient to evaluate relative performance levels, it is not
sufficient for establishing absolute capability for materials or for integrated TPS. This
lack of traceability of the TPS test environment to the actual vehicle performance
environment significantly- increases the required safety margin in TPS tests and thus
performance uncertainty. Evaluation of absolute aero-thermal performance requires
understanding the energy partition of the gas stream from the arc-jet facility and the
temporal fluctuations of this energy partition. Although arc-jets have been used for the
past 40 years to simulate aero-thermal test environments, the non-equilibrium nature of
the gas stream has proven difficult to characterize. Although a wide variety of
experiments have led to considerable progress in unraveling the composition of the gas
stream, there remains significant uncertainty especially for the highest enthalpy tests.
This uncertainty arises from the unknown composition of the gas stream as it freezes
during the non-equilibrium expansion of the arc-heated gas. Gas (typically air/argon
mixtures at NASA Ames) is heated in an electric arc and expanded in a high-compression
ratio supersonic nozzle into an evacuated test chamber. A significant fraction of the gas is
dissociated to atoms in the arc heater and their recombination to molecules is arrested in
the nozzle, effectively “freezing” the gas composition. This can trap a significant number
of species in meta-stable excited electronic states.

An arcjet uses a high power electrical discharge to heat a stream of air (with
added argon for electrode cooling), and this gas mixture is accelerated to hypersonic
velocities in an adiabatic expansion. A schematic of the NASA-Ames arcjet flow facility
is shown in Fig. 1.[2] A high-current arc heats the input high-pressure gas stream to
temperatures in excess of 6000 K. The equilibrium dissociation fraction of both oxygen
and nitrogen is substantial. This hot, high-enthalpy gas is accelerated via adiabatic
expansion and directed over a stationary model, simulating the high speed passage of a
space vehicle through an atmosphere.[3]
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Figure 1. Block diagram of the arcjet wind tunnel facility.
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The choice of arc-heater test conditions to simulate specific flight environments
requires knowledge of the thermodynamic state of the gas prior to expansion. Because of
the extreme conditions inside the arc-heater section, options for measurements of the test
gases are limited, and optical spectroscopy-based measurements of air-derived species
present a diagnostic opportunity. In addition, component materials in the arc-heater and
nozzle may erode and contribute non-air species to the flowfield. One consequence of
this erosion is periodic (and costly) failure of arcjet components, and measuring eroded
materials may provide a useful indicator of component health and maintenance
requirements.

In this project, we design and demonstrate tunable-diode-laser (TDL) absorption
sensors for time-resolved monitoring of gas temperature in the arc-heater, copper
produced by erosion in the arc-heater, and static temperature of the test gas in front of the
model in the test cabin. TDLs provide convenient optical sources for absorption
measurements [4], and recent development of fiber optics technology makes
measurements within the electrically isolated arc-heater feasible. TDL sensors of
dissociated air species can be used to monitor the high temperatures expected in the arc-
heater. In our laboratory at Stanford University, Baer et al. [5,6] used TDL sensors to
measure temperature and number density of argon in high-temperature RF-plasma
discharges. Baer et al. [7] also used a TDL sensor near 777.2 nm to monitor atomic
oxygen and infer gas temperature in air RF-plasmas. Here we use TDLs near 777.2 and
844.6 nm to monitor atomic oxygen and near 856.8 and 824.2 nm to monitor atomic
nitrogen, in the plenum immediately downstream of the high temperature dc-arc
discharge. An additional TDL sensor was also developed to monitor atomic copper near
793.3 nm in the flowfield. Measurements of copper in the flow can identify flow
conditions with unacceptably rapid electrode erosion, and this sensor provides
information needed to schedule maintenance to avoid costly arc-heater failure. The
copper sensor identified plasma operating conditions where atomic copper concentrations
as high as 13 ppm were observed. These results demonstrate that TDLs diagnostics have
the potential to provide routine in situ monitoring of the gas conditions in the arc-heater.

TDL sensors were also developed for measurements in the test cabin. Those
absorption measurements yielded values for the population in metastable electronic states
of argon and molecular nitrogen, providing evidence that the number density of these
excited species is much lower than estimated using a frozen-chemistry approximation.
This suggests that in the post-expansion region there is not a significant energy
sequestration in electronically excited species. In addition, TDL measurements of atomic




potassium seeded into the test cabin flow were used to directly measure the static
temperature of the test gas.

The IHF arc-jet driven wind tunnel is a large-scale engineering facility. The
physical size of the device and the magnitude of the electrical power dissipated in the arc-
heater provide significant engineering challenges to the implementation of in situ gas
sensing. Fiber optics was used successfully to transport the laser light to and from the
arc-heater, while providing the required electrical isolation. We regard the associated
optical engineering of the two TDL sensor systems to be an important part of the overall
effort.

Detailed Research Results

Details of the research performed to develop and test TDL sensors in the IHF 60
MW plasma-driven wind tunnel at NASA Ames Research center are provided in the PhD
thesis of Suhong Kim and published by the American Institute of Aeronautics and
Astronautics. This thesis: “Development of Tunable Diode Laser Absorption Sensors
For A Large-Scale Arc-Heated-Plasma Wind Tunnel” is available on the web at
(http://navier.stanford.edu/thermosciences/TSD-155.pdf) and included here as Appendix
I. The paper AIAA 0225-0900, “Gas Temperature in the Arc-heater of a Large Scale
Arcjet Facility using Tunable Diode Laser Absorption,” is available from the AIAA and
is included as Appendix II. Therefore these details will not be repeated here.

Publications

Suhong Kim, “Development of Tunable Diode Laser Absorption Sensors For A Large-
Scale Arc-Heated-Plasma Wind Tunnel” Stanford University PhD Thesis,
(http://navier.stanford.edu/thermosciences/TSD-155.pdf) (Appendix 1)

Suhong Kim, Jay B. Jeffries, Ronald K. Hanson, George A. Raiche, “Gas Temperature
in the Arc-heater of a Large Scale Arcjet Facility using Tunable Diode Laser
Absorption,” 43rd Aerospace Sciences Meeting, AIAA. 2005-900, 2005. (Appendix II)
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Abstract

Arc heated wind tunnels are the most reliable high temperature facilities to test ther-
mal protection systems and heat shields. At NASA Ames Research Center, a 60 MW
rated interactive heating facility (IHF) with a constricted arc heater and a expansion
test cabin has been used to develop thermal protection systems for space vehicles. The
work presented here involves the development and application of tunable diode laser
absorption sensors to a large-scale arc-heated-plasma wind tunnel. Two different flow
regions are studied: the arc-heater and the test cabin. For the heater, vertical cavity
surface emitting lasers (VCSELSs) are tuned across individual transitions of atomic
oxygen near 777.2 nm and atormic nitrogen near 856.8 nm enabling measurement of
atomic concentration and temperature. Due to hyperfine structure and Zeeman split-
ting, it is not feasible to infer the translational temperature in the heater from the
Doppler-broadened linewidth. The population of an excited state and the assumption
of local thermal equilibrium are used to determine the population temperature. Si-
multaneously the copper concentration is monitored with a transition near 793.3 nm,
and therefore the rate of electrode erosion is inferred. In the heater, the gas tempera-
ture was measured to be near 7,000 K. For high flow conditions, the measured copper
concentration ranged up to 13 ppm. In the test cabin, metastable states of argon and
atomic oxygen are monitored with VCSELSs near 772.4 and 777.2 nm, and the upper
limit of these mctastable states is determined. Also a translational temperature of
900 K is extracted from the lineshape analysis of a transition near 769.9 nm of atomic
potassium seeded upstream. The number density of metastable states is much lower
than estimated using a frozen chemistry approximation. This suggests that in the

post-expansion region, most atomic species are in the ground state.
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Chapter 1
Introduction

Thermal protection materials are required to prevent damage to space vehicles during
high speed reentry into the earth’s atmosphere. Arcjet facilities provide a source of
hypersonic air flow for ground test of these materials. This thesis describes the de-
velopment of tunable diode laser absorption diagnostics to monitor arcjet operations.

Since the late 1950s, thermal protection materials have been developed for the
heat shields of reentry vehicles and launch systems. The hypersonic speeds of these
vehicles produce a bow shock and a plasma layer between a shock and the vehicle.
Collision of a vehicle moving at 10 km/sec with cold air in the mesosphere (roughly
270 K, 0.1 kPa) produces a plasma layer with temperature near 7,000 K.

Different vehicle trajectorics and different gas compositions subject the vehicle
to different flow environments. For example, as shown in Fig.1.1, the space shuttle
trajectory is different from that of ballistic missiles; and therefore has a different
maximum loading condition. Also a vehicle entering another planet experiences an
atmosphere with quite different temperature, pressure, and potential chemical reac-
tions. Special facilities are required to simulate the hypersonic, low temperature,
and low pressure air flow to which space shuttles or long-range ballistic missiles are
exposed. Currently only clectric arc-heated wind tunnels can provide the high en-
thalpy flow to simulate the extreme conditions of the reentry of hypersonic vehicles.
Hence, ground-based test facilities employing arc-heaters have been developed to test

thermal protection materials.
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NASA Ames Research Center has been active in simulating the high-velocity por-
tion of the shuttle trajectory. There is an extensive arcjet testing complex at NASA
Ames with three active test facilities. All produce the high enthalpy flow necessary
for thermal protection material testing with different power ratings or flow conditions.
Samples of the material are immersed in the high enthalpy flow and heated with a
high heat flux to simulate the local flight environment. The space shuttle is exposed
to the maximum load of temperature up to 7,000 K (behind the bow shock). At such
high temperatures, air is excited, dissociated, and ionized. To match this condition,
plasma flows of typically 10 km/s at 1,000 K and 6.1 kPa, are generated in an arcjet
wind tunnel at NASA Ames Research Center.

1.1 Arcjet wind tunnels

high speed
high pressure A —A | low pressure
test gas E”) arc heater r_——'> V| flow to match
reenfty

Figure 1.3: Schematics of arc heated wind tunnel with key components

The flow chart in Fig.1.3 depicts the basic operation of the arcjet wind tunnels.
The high-pressure test gas is heated by an arc heater. Electric power heats the
test gas to obtain the designed enthalpy for the simulation. The pressure is a few
atmospheres and the temperature is scveral thousand degrees in the heater. The
converging-diverging nozzle expands high-pressure, high-temperature gas into a low-
pressure, low-temperature, hypersonic flow. In the test cabin, the test material is
exposed to the hypersonic flow.

The pressure and temperature conditions in the heater walls need to be monitored.
Pressure transducers on the heater wall can follow the static pressure of the flow,

because the pressure difference across the boundary layer is negligible. However, the
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temperature is quite different across the thermal boundary layer, and no continuous
diagnostics for the gas temperature have been available. Here, new diagnostics are
reported to provide real-time measurements using tunable diode lasers to perform
atomic absorption spectroscopy. The amount of absorption of an atomic species
provides a concentration which can be related to the temperature with an equilibrium
assumption and a measured pressure. Independently using the absorption lineshape,
a temperature related to thermal motion can also be extracted.

The How conditions in the test cabin can also be monitored; however, currently,
only calorimeters are used. Here tunable diode laser absorption spectroscopy is
demonstrated to provide a continuous monitor of gas temperature and state-specific
number density of metastable states in the test cabin.

The following sections describe the arcjet facility in detail and the specific plasma

diagnostics performed at the NASA Ames Research Center.

1.2 Arcjet facilities for thermal protection system

There are multiple types of plasma-arc-heated test facilities including multi-segment,
Huels or vortex-stabilized, magnetically-stabilized, induction-coupled, and magneto-
plasma-dynamic heaters. The review of Smith et al [1] concludes that among various
plasma gencrators, multi-segment heaters are the best choice for thermal protection
system acceptance and certification tests, and this is type of facility used at NASA
Ames.

Segmented heaters can be operated over a broad range of conditions: e.g., enthalpy
between 10 - 45 MJ/kg, with a range of pressure between 1 and 100 bar. Test
streams are very stable and test conditions are repeatable. The contamination level
is relatively low, although induction-coupled and magneto-plasma-dynamic devices
can be cleaner.

The multi-segment arc heater was first developed at the NASA Ames Rescarch
Center. This type of arc heater has been utilized for acceptance and certification

testing for all US manned space vehicles including the Space Shuttle Orbiter, Apollo,
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and Gemini. These facilities are also heavily used to develop thermal protection sys-
tems for spacecraft capsules for several planetary entry and return missions including

Galileo, Viking and Mars unmanned spacecrafts.

High-power arcjet wind tunnels have a relatively large uncertainty in flow proper-
ties: e.g., the free stream conditions and enthalpy of the flow, as well as uncertainty
in the procedures to determine flow variables at the surface of the test model. The
ground-test facility generating conditions are also different from the aviation condi-
tions. The vehicle moves at hypersonic speed, through static, cold, and low-pressure
air (Ng and O,). Ideally, the ground test facilities would provide hypersonic, cold, and
low-pressure air to the static model; however, currently there are no such ideal test
facilitics. Instead most advanced arcjet facilities, using multi-segmented arc heaters,
provide a hotter, non-equilibrium, and less-uniform mixture of N, O, Ny, O, NO,
e, etc. Only the heat flux to the model, and the impact pressure are matched to
those expected during the flight. Because of the uncertainty between the actual flight
conditions and arcjet flow properties, heat shields are designed with a large safety

margin, which adds extra weight and reduces vehicle performance [2].

Understanding the arcjet flow stream via non-intrusive diagnostics is vital to re-
duce this margin for the development of new thermal protection materials. Measure-
ments of flow conditions can verify how close the test conditions are to the expected
conditions of a spacecraft reentry. Therefore development and understanding of real-

time diagnostics are key to future improvements in spacecraft performance.

1.3 NASA Ames Arcjet Complex: IHF

The 60 MW Interactive Heating Facility (THF) gives the most flexible performance
among all Ames arcjet facilities; the various configurations were reviewed by Balter-
Peterson [3]. This facility can provide a fully immersed stagnation point environment
with a conical nozzle or a panel test environment with a semi-elliptic nozzle. Its
capability to simulate shuttle entry conditions make the testing of scaled thermal

protection system components a major task of the IHF.
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Arcjet facilities are complex and the IHF has many major subsystemns includ-
ing a multi-segment arc heater, test cabin, power supplics, cooling water systern,
high-pressure air system, steam vacuum system, and data acquisition system. A pho-
tograph of the Ames arcjet complex is given in Fig.1.4. The reader is referred to

Balter-Peterson’s paper [3] for additional details of arcjet support systems.
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Figure 1.4: Picture of NASA Ames Arcjet facilities

In this thesis, the arc heater and the test cabin are the most important compo-
nents, and their schematics are shown in Fig.1.5.
Multi-segment arc heater

The multi-segment arc heaters or constricted are heaters consist of two electrode pack-

ages, which contain- multiple stacked disks, cach disk being an individual electrode.
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anode constrictor tube cathode nozzle test cabin steam vacuum

Figure 1.5: Schematics of the IHF heater and the test cabin

The anode is located upstream, the cathode is located downstream, and the ring
segments with test gas inlet are fixed between two electrodes. Each active electrode -
in a electrode package is isolated from the others and has an individual ballast load.
Since each electrode has a specific current rating, clectrodes are added to a stack
until the number of electrode disks is sufficient to handle the total current desired.
The current is evenly distributed among the electrodes, and the arc attachment in
a multi-segment arc heater produces a smaller thermal load on the electrode surface
than other types of heaters such as Huels are heaters. And in order to reduce electrode
crosion, a magnetic field is induced by the current in the heater and used to spin the
arc attachment on the electrode. This uniform energy load over electrodes and in-
duced magnetic field reduces the electrode material contamination of the constricted
arc heater flow. The arc length is fixed by the length of the constrictor column. The
60 MW IHF constrictor tube has a bore diameter of 7.62 cm (3”), and the slightly

expanded water-cooled electrodes are 11.4 cm (4.5”) in diameter.
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Test gas

The test gas is a mixture of air and argon with the air between 75 and 90 % of total
mass flow. To assure casy start of arc and sufficient ionization in the vicinity of the
electrodes, argon gas is used to sheath each electrode disk. Argon also helps to inhibit

the formation of oxides on the clectrode surface.

Nozzles

There are two types of nozzles used in IHF: asymmetric semi-clliptic nozzles and
axisymmetric conical nozzles. With semi-clliptic nozzles, wedge type articles are
tested, and with conical nozzles, stagnation point type articles are tested. Developed
for space shuttle heat shield tile research, the asymmetric semi-elliptic nozzles are
used to test large flat surfaces in high temperature boundary layer flows. The semi-
elliptic nozzle is 81.3 cm (32”) wide and the ratio of nozzle width to height is 4:1.
The semi-elliptic nozzles have a 6 degree expansion angle, but have an asymmetric
cross section that is one half of an ellipse, with the lower surface of the nozzle serving
as the major axis of the elliptical section.

A variety of axisyminetric conical nozzles in the test facilities are used in the arcjet
complex. Only one throat of 6.03 em (2.375”) is used but several exit diameters can
be installed: 15.2, 39.0, 53.3, 76.2, and 104.1 cm (6, 16, 21, 30, and 41”). Due to
flexible arca ratios, and easy design and manufacturing, conically shaped nozzles are

more widely used.

Arcjet Support Systems

The arcjet facility requires power supplies, a deionized cooling water system, a high
pressure air system, and a steam vacuum system. A 20 MW DC power supply, and
a 120 MW DC power supply maintain up to 7,500 A at 2,500 V and 16,200 A at
5,500 V respectively. Deionized water is used for cooling of the arc heaters, model
supporters, nozzles, ete. The high pressure air system has a compressor and storage
systems with a distribution network to provide primary test gas to the heater. The

steam vacuum system exhausts a high mass (0.23 kg/sec or 0.5 Ih/sec) flow with a
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pressure near 7.9 x 1077 atm or 0.6 mTorr during arcjet operation.

DC electric discharge and gas conditions

The gas is heated by the DC-arc in the constrictor tube before it is expanded into
the test cabin. A high DC voltage between two electrodes is applied, and in the
constrictor tube between the clectrodes, the conductivity of the test gas and small
amount of argon makes the electric field roughly 20 V/cm - 30 V/cm. Electrons and
ions are accelerated in the applied electric field, and collisions with heavy neutral
particles decelerate clectrons and ions, heating the gas. At high pressures, there are
sufficient collisions for the electrons, ions, and neutral particles to reach equilibrium.
In the arcjet heater, the temperature range is 6,000 K - 8,000 K, and the pressure

range is 2 atm - 8 atm during normal operation.

Test cabin flow conditions

High pressure fluid in the arc heater expands through converging-diverging nozzle.
As the hot gas expands through the converging-diverging nozzle to the test cabin,
the flow accelerates to 5 - 10 km/s, the pressure drops to 0.001 atm - 0.01 atm, and
the translational temperature drops to a value in the range 500 K - 1,500 K. The
test cabin condition is matched to the conditions expected for reentry. Typically, the
IHF runs with a mach number between 5 and 7.5, its total enthalpy approaching 46.4
MJ/kg (20,000 Btu/lbm).

1.4 Overview of arcjet plasma diagnostics

Test articles, constructed to represent local spacecraft structures, are tested in the
hypersonic arcjet flow to understand the capability of the materials and structures
to withstand the anticipated local flight environment. The correlation between test
condition and the flight condition is determined by comparing the predicted local
flight environment to the arcjet flow environment. Understanding this arcjet envi-

ronment requires complex analytical and experimental procedures, and is based on
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numerical simulation. The accuracy of the simulations depends on the ability to mea-
sure the flow propertics to test the simulation results. However, because of harsh,
non-equilibrium, non-uniform, and fluctuating conditions, flow characterization has
been a challenging task. The main diagnostics routinely used include measurements
of heat flux, pressure, surface temperature. However, recently there has been in-
creased interest in understanding the composition of the flow and its interaction with
thermal protection materials. This has led to a few studies which implement modern
spectroscopic and laser diagnostic techniques in the arcjet facilities, and has lead to
the work in this thesis to develop diode laser hased sensors for routine monitoring of

the arcjet.

1.4.1 Diode laser based plasma diagnostics

Diode laser based trace gas sensors have been applied to harsh environments [4, 5].
Tunable diode laser absorption spectroscopy(TDLAS) has a great potential for plasma
diagnostics because diode laser based sensors are compact, rugged, non-intrusive,
sensitive, and quantitative.

The High Temperature Gasdynamics Laboratory (HTGL) has lead development
of plasma diagnostics with semiconductor lasers since the early 1990’s and different
types of plasmas were studied with TDLAS and LIF. Baer [6, 8, 7] studied air plas-
mas with NIR diode lasers. He measured the temperature and the number density
of Ar using tunable diode laser absorption spectroscopy at 811.5 nm in an rf plasma
torch. Using laser-induced fluorescence at 810.4 nm, he also measured the population
temperature and electron number density. Chang [9] measured the concentration and
the temperature of atomic oxygen at 777.4 nm with tunable diode laser absorption
spectroscopy. Cedolin [10] studied xenon Hall-thruster. He measured the concentra-
tion, the temperature, and the velocity of the excited state xenon and a metastable
state with a semiconductor laser at 824 nm and 828 nm.

Industrial plasma-ctching reactors have also been studied with tunable diode laser
absorption spectroscopy. Sun [11] measured etching gas and etch product for endpoint

detection [12] in the early 1990’s. Haverlag [13] measured sputtering gas temperature,
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and at Stanford, etching gases, HBr [14], HCI [15], and HF [16], were measured with
a wavelength modulation technique.

Matsui [17, 18, 19] in Japan studied translational temperature in arc-heater plumes
using diode laser absorption spectroscopy. A few Arl lines (840.46 nm, 842.40 nm,
852.10 nm, and 240.81 nm) and one OI line (777.89 nm) were studied. He found
that the translational temperature increases with laser intensity even though inho-
mogeneous broadening theory predicts no change in Doppler width. Also he found
that translational temperatures in the plume may differ between different species,
which is one of the typical phenomena of a non-equilibrium flow. For example, the
translational temperature of oxygen atoms can be higher than that of argon atoms by
25 to 63 %. Moreover both temperatures are far different from CFD analysis, which

underpredicts the temperature by a wide margin .

1.4.2 Plasma diagnostics in the NASA Ames arcjet facilities

Scott [20] surveyed measurements of flow properties in the arcjet facilities before 1993,
and these measurements are summarized in Table 1.1. Many of the diagnostics in
the early work are intrusive. Probes for stagnation point pressure, heat flux, and
electron temperature are inserted in the flow before the test model is inserted into
the hypersonic flow. Some probe diagnostics are not time resolved, and cannot detect
any changes during the material test. Non-intrusive optical diagnostics also have
been successfully applied. Optical emission spectroscopy (OES) with an equilibrium
assumption gives rotational, vibrational, electronic temperatures in the test cabin.
OES is simple and can measure multiple species. However, in many cases, the spectral
width is instrument limited, and scanning the wide spectral range takes a significant
amount of time, and does not provide the needed time resolution. Laser-induced
fluorescence (LIF), especially two photon LIF has been used for spatially resolved
concentration, temperature, and cven velocity in the test cabin. However, due to
complex experimental procedures, two-photon LIF will not become a routine sensor

to monitor the arcjet 21, 22].

In this thesis, diode laser absorption sensors are described to monitor N, O, Cu,
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Ar, and K.

Copper concentration

The plasma is contaminated by copper vapor evaporating from the water-cooled cop-
per electrodes and the constrictor tube, and the copper concentration is an important
paramcter for arcjet operation. First, extensive copper vapor might change clectric
conductivity of the plasma in the heater. Second, the rate of electrode erosion deter-
mines maintenance schedule. And third, if the copper concentration is high enough,
the models of flow condition on the test object could be in significant error.

Previously, the copper contamination was measured by: weighing electrode as-
semblies, emission spectroscopy, and intrusive measurement devices. However, each
of these methods provided contradictory and non-reproducible results. There is cur-
rently no commonly established and accepted standard for determination of copper
contamination in the flow stream. Previous research suggests that when the local
heat transfer rate is less than 40 MW /m?, neither the constrictor nor electrode wall
erode. If the electric discharge fluctuates, however, the instantaneous heat transfer
rate can be much higher and erosion may occur. At high pressure (~ 100 atm) and
with low L/D (length/diameter ~ 20), the average copper crosion reported up to 200
ppm by mass and 110 ppm by mole [23] into the total mass low. The most common
method to measure copper concentration is to weigh the electrode assemblies, but
this only gives averaged data, and must be done after dissembling the entire arcjet
heater package. Another method is to compare copper optical emission intensities
at 324 or 327 nm with other air emission lines. This actinometric method can be
inaccurate for quantitative copper concentration. In the test cabin, the flow is not
equilibrium, and the electronic temperatures of each species can be different, which
further confuses the prediction of copper emission data. In addition OES requires
a absolute intensity calibration to obtain quantitative data, and in the IHF heater
the calibration process may be quite difficult and changes with time. For example, a
sapphire window can become dirty, and the emission signal may decrease every run,
even though the condition remain constant.

In this thesis copper is monitored by a diode laser absorption sensor in the heater.
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Table 1.1: Various Arcjet flow parameters and diagnostics techniques

Parameters Measurement technique
Stagnation point pressure Pitot probe with pressure transducer
Heat flux Gardon gauge
Slug calorimeter
Enthalpy Energy balance

Sonic throat technique
Heat flux and stagnation pressure

Species concentration

Mass spectrometer probe

Excitation temperature of atoms

Emission spectroscopy

Rotational temperature of molecules

Emission spectroscope
Laser-induced fluorescence
Electron beam fluorescence

Vibrational temperature of molecules

Emission spectroscopy
Absorption spectroscopy
Laser-induced fluorescence
Electron beam fluorescence

Static temperature of electrons

Emission spectroscopy
Continuum spectroscopy
Doppler profiler
Thomson scattering
Electrostatic probes

Static temperature of gas
Velocity

Laser-induced fluorescence
Electrostatic probes
Doppler laser Thomson scattering
Doppler laser-induced fluorescence

Electron density

Electrostatic probes
Continuum intensity
Stark line broadening

Contamination

Weighing clectrode assemblies
Spectroscopy
Intrusive measurcment devices

13



Appendix I: PhD Thesis Suhong Kim

14 CHAPTER 1. INTRODUCTION

The measurcments reported here illustrate the potential for reliable, non-intrusive,
real-time diagnostics to monitor plasma properties such as composition, temperature,
and contamination levels using tunable diode laser absorption spectroscopy(TDLAS)

as a sensor strategy.

Atomic nitrogen and oxygen concentration

With simple optical emission spectroscopy, multiple species can be monitored by
scanning over relatively large spectral range. However, the atomic spectral width is
usually narrower than the instrumental width. To achieve narrow instrumental width,
a Fabry-Perot transmission filter can be used, but this requires extra data acquisition
time. The run time of the IHF is as short as 20 sec at 150 MW, and traditional OES
is limited. Especially in the test cabin, atomic species in excited states cascade down
to the lower states depleting excited states. OES gives information of the excited
states but cannot provide information on the metastable states or the ground state.
Because only a small fraction of the atomic species are in the excited states after
expansion, emission is weak in the free stream.

To access ground state atomic species in the test cabin, two-photon-excitation
laser-induced fluorescence has been employed. The transitions from the ground state
of atomic nitrogen and atomic oxygen are in the vacuum ultraviolet (VUV) range.
Two-photon-excitation is used to excite the ground state atoms to the excited states
using an ultra violet (UV) source which emits at half of the transition frequency.

Atomic nitrogen and oxygen are the main species in the air plasma. Diode laser
absorption sensors are used to monitor excited electronic states of atomic oxygen
and nitrogen. These absorption measurements provide real-time quantitative data
without calibration. Single-photon absorption by the ground electronic state for the
atomic species in the plasma is in the UV and the VUV, where diode lasers are not
available. The ground states for most atomic species of air plasmas are not accessible
due to limitations in available wavelength. The atomic species in metastable states
or in excited states are accessible with near-infrared lasers. In the arc heater, reliable
absorption measurements of atomic oxygen and atomic nitrogen are conducted to

provide the concentrations of the excited state and the population temperature.
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Argon concentration

To operate arcjet facilitics, argon is added to the plasma in the NASA Ames facilties.
Argon gas is only 1 % in ambient air; however to maintain the conductivity of the
plasma, to sheath electrodes, and to inhibit oxide formation, 5 to 25 % of the flow is
composed of argon. Generally OES is most often chosen to monitor argon. However,
during the material tests, fast diagnostics are required to yield data during a short
start-up period of 10 to 20 sec. Also, OES cannot measure metastable states or the
ground state. The concentration of metastable states can indicate how much energy is
stored in the electric energy states, which may impact estimates of the total enthalphy
of the flow. Previous research to measure the total enthalpy of the flow by NASA
Ames assumed that all atomic species were in the ground state. However, because
of the extra argon added to the NASA Ames arcjet, there is a concern that the total
enthalpy of the flow in the test cabin might be altered by a large concentration of
argon in metastable state excited states.

Absorption measurements of two argon transitions from different metastable states
are used here to monitor the start-up period and to set an upper limit on the num-
ber density of the metastable states in the test cabin. Two transitions in NIR are
scanned with a single diode laser. The ratio of two transitions provides the excitation
temperature, and the integrated absorbance provides the population of metastable

states.

1.4.3 Previous plasma diagnostics at NASA Ames

Spectroscopy-based plasma diagnostics have previously been reported for the NASA
Ames facilities. There are two arcjets: the acrodynamic heating facility (AHF) and
the interactive heating facility (IHF). Both have the same configuration but operate
with different conditions: the AHF is operated with up to 20 MW and the IHF with
up to 60 MW.

Significant effort has been made to measure the properties of the flow with laser-
induced fluorescence (LIF) and optical emission spectroscopy (OES) in the AHF
[24, 25, 21, 22]. Two-photon LIF of atomic nitrogen has provided spatially resolved
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ground-state nitrogen concentration, the translational temperature, and the velocity
of the free stream flow in the test cabin. LIF measurements arc spatially resolved,
relatively fast, but require calibration with a reference cell measurements. The large
laser systems and sensitive optics alignment require significant effort and large cap-
ital cost, and thus the two-photon LIF measurements arc not suitable for a routine
sensor. OES measurements have also been made in the shock layer to determine the
population and the energy distribution of excited states using a fiber optic coupled
spectrometer covering wide spectral range from 400 nm to 900 nm with a resolution
of 5 nm.

In the IHF, only non-optical diagnostics have been previously applied. High-
pressure water-cooled dwell probes, called Gardon gages, have been used to measure
heat flux and pressure, and the enthalpy is then calculated [26]. Surface heat flux, and
stagnation pressure arc matched to those expected during the flight. Calorimeters
are fundamental tools to measure propertics in the test cabin to correlate ground
test results with flight test predictions, and provide empirical data for validation of
aerothermal codes. However the Gardon calorimeter has a large uncertainty: the heat
flux measurciments and previous slug calorimeter measurements have a discrepancy
of 25 %, and relative measurements during the same test differed as much as by 15

%.

1.5 Motivation

Diode laser based absorption sensors are developed here to demonstrate the potential
for routine sensing in the arcjet facilitics. Most simulation codes assume that the
heater flow is in equilibrium and deduce temperature from energy balance. Presented
here are the first time-resolved measurcments of the heater temperature.

Diode laser absorption sensors can provide a rapid temperature data rate for the
entire process enabling fluctuations of the heater to be monitored. Temperatures
can be deduced from different species and from different physical principles, and
these measurements validate the equilibrium assumption in the arc heater. These

measurements can be used to understand changes in the plasma as the gas flow and
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electric current are changed. Finally these measurements lead to real-time heater
diagnostics, which can be calibrated to establish a proper maintenance schedule.
Copper is the dominant contamination in the arcjet facilities, and results from
electrode and constrictor ring erosion. The contamination to the test flow could
be significant and modification of simulation codes might be needed to include this
effect. The measurements here show the copper content is small and not a significant
contribution to the flow enthalpy. The electrode erosion determines maintenance
schedule, and the copper sensor provides a useful estimation of the electrode erosion.
Observation of transient start-up conditions was made in the test cabin. These
observations place an upper bound on the metastable energy content in the test cabin

flow.
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Chapter 2
Theory

In this chapter, the basic theory of diode laser operation is briefly summarized. Ab-
sorption lineshape theory is important to design and interpret the measurements
reported here. Various broadening and splitting mechanisms are discussed. Finally

the properties of a plasma in local thermal equilibrium are summarized.

2.1 Fundamentals of diode lasers

Since their invention a few decades ago, diode lasers are now used in quantity for
several very practical applications, for example, compact disk (CD) players, digital
versatile disk (DVD) players, and telecommunication network systems. Spectroscopic
measurements using wavelength-tuned diode laser sensors have become a very impor-
tant rescarch tool for a wide varicty of harsh environments. Diode lasers are compact,
rugged, casy to use, and relatively cheap. Fiber-coupled lasers are especially easy to
align for ficld measurements. The narrow spectral width and fast tunability make
diode lasers attractive as a wavelength-tuned optical absorption gas sensor. In this
thesis, diode lasers will be wavelength-tuned to match several atomic absorption lines
in the plasma heater and test cabin plume. From the amount of absorption and the

spectral shape, the gas temperature will be extracted.

13
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2.1.1 p-n junction

Light generation inside the p-n junction from energy loss by the conduction band of
the semiconductor material is the fundamental principle of semiconductor lasers. A
clear and simple theoretical description can be found in Davis [27], and more rigorous
explanations can be found in Bhattacharya [29]. For direct band gap semiconductors,
the momentum or wave vector of electron does not change significantly, and much
more efficient than indirect band gap semiconductors in recombination. Thus, direct
band gap semiconductors, such as GaAs, are used most often. The energy spacing,
between the lowest unfilled states in the conduction band and the highest occupied
states in the valence band, is called the band gap, E;. The band gap of the active
region determines the wavelength generated; A = he/E,, where h is Plank’s constant

and c is the speed of light.

~~
4]
g T>0K  |--- Fermi-Dirac distribution
1.0}~ mememeeemne, < | Number density of states
* = Number density of electrons
0.5
0.0

1 Ec/ EF 2

Figure 2.1: Fermi-Dirac distribution, the number density of state and the number
density of electrons in conduction band

Electrons are distributed according to Fermi-Dirac statistics, as follows.

. 1
H(E)= 1 + expE-Er)/KT

(2.1)
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where Ep is called the Fermi level, which is the chemical potential of electrons in
the semiconductor. The Fermi-Dirac distribution is shown in Fig.2.1. The electron
concentration in a small energy grid dE is obtained by multiplying the number of
states by the probability for an clectron to occupy that state.

Simple statistical mechanics shows that the number of states in the conduction

band per unit volume with encrgy within dF is

1 r2mN\%?
AF)E = — <_ﬁz_) JE — EdE (2.2)

where m; is the equivalent electron mass in the semiconductor and FE; is the lowest

cnergy of conduction band. The number of electrons with energy within dE is then,
dn = f(E)p(E)dE (2.3)

This can be illustrated graphically as in Fig.2.1.

For semiconductors, at a temperature 7' > 0 K, a significant fraction of electrons
are in the conduction band, and similarly holes are present in the valence band.
When doped with donors, the semiconductor is called n-type, and when doped with
acceptors, then it’s called p-type. Doping shifts the Fermi level to the conduction

band for n-type and to the valence band for p-type.

Filled electron

n Depletion P

n Depletion P :
ayer

layer

(a) (b)

Figure 2.2: pn-junction for (a) unbiased (b) biased

For a forward biased p-n junction, excess carriers are recombined in the depletion
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layer, and a conduction band electron falls into an empty valence band. The excess
energy is emitted as light. This spontaneous emission is the basis for light emitting
p-n diodes. At a high bias current, there can be a large enough fraction of electrons
in the conduction band and holes in the valence band, to produce a population in-
version. Fig.2.2 shows schematically how forward baising can generate a population
inversion. This population inversion is required for laser operation, as it provides gain
on the stimulated emission, and therefore generates coherent light. When gain from
population inversion from stimulated emission exceeds cavity loss, lasing is observed.

The injection current needed to initiate lasing is called the threshold current.

2.1.2 Lasers and double heterojunction

Lasers have three components: gain medium, optical cavity, and pumping mecha-
nism. Semiconductor lasers use injection current to provide pumping, and a narrow
doped semiconductor layer as the gain medium. Simple semiconductor lasers use both
end facets as cavity mirrors, while others such as DFB lasers use multiple layers of
dielectric coating as cavity mirrors.

Lasers are complex structures. For example, to increase recombination soon after
crossing the junction, double heterojunction structures were developed. A heterojunc-
tion is a junction of different materials with similar lattice constants. Three different
crystals, such as N-GaAlAs, p-GaAs, P-GaAlAs, are assembled [30]. The p-type to
P-type heterojunction still operates like traditional diode junction, and of course N-
type to p-type does too. With sufficient forward biasing, p-GaAs behaves as a active
layer, and population inversion in the active layer can be achieved. Schematically
this is shown in Fig.Q.Q. /

Double heterojunction structures are also index-guided. The active layer has a
higher index of refraction than the confining layers, providing excellent transverse
mode control.

Currently several different diode laser architectures are employed as gas sensors.
Cheap but difficult to use Fabry-Perot lasers have been replaced with distributed

feedback (DFB) lasers and vertical cavity surface emitting lasers (VCSELSs), which
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Figure 2.3: Double Heterojunction (a) Unbiased (b) Forward-bias and population
inversion

provide single-mode operation with a high sideband suppression ratio. VCSELs are
especially attractive light sources, for their wide wavelength tuning and low power
consumption. Other types of laser architecture such as quantum cascade lasers or
external cavity lasers have been also used in many field and lab experiments. How-
ever, they are not employed in experiments performed here and will not be discussed
further.

2.1.3 FP lasers

Fabry-Perot (FP) lasers are the cheapest and simplest type of diode lasers. FP lasers
have two cleaved edges, and these surfaces act as cavity mirrors. Between the mirrors,
there is a long stripe gain medium with perpendicular current pumping. There is no
mode-selecting mechanism except the index-guided structure, therefore FP lasers tend
to operate on multiple cavity modes simultaneously. Due to index-guided structure,
one or two transverse modes can dominate at currents well above threshold current.
Usually the operating temperature and current are selected carefully to promote one
dominate mode. In our spectroscopic application, we limit our uses of FP lasers to

devices which can be operated single-mode.
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FP lasers have a few disadvantages: the spectral width (FWHM) of single mode
lasers is around 40 MHz, which is a few times larger than common DFB lasers [31].
Also FP lasers are very sensitive to back-reflections; such back-reflections from any
surface re-entering the laser cavity causes unstable laser output. Thus, an optical
isolater is necessary when using a FP laser. Another serious problem with FP lasers
is hopping between cavity modes when the FP lasers are injection current tuned
in wavelength. When injection current increases, the output wavelength decreases
linearly until at a specific current the output wavelength jumps between cavity modes.
Because the mode spacing is 0.7 nm - 2 nm, modchops limit wavelength tuning, and

thus FP lasers should be employed carefully.

2.1.4 DFB and DBR lasers

Distributed feedback (DFB) lasers and distributed Bragg grating (DBR) lasers pro-
vide stable, single spectral operation. With a mode selecting structure, more than
50 dB sidemode suppression ratios are easily achieved. Commercial DFB lasers have
the spectral width (FWHM) of 10 MHz, and specially designed lasers can have less
than 1 kHz [32] with frequency locking.

DFB lasers and DBR lasers replace the cleaved face architecture with wavelength
selective architecture. For example, DFB lasers have periodic structures called Bragg
reflectors built over a substantial length of gain region near the active layer. On the
other hand, DBR lasers use Bragg reflectors at both ends of gain region. Light that
satisfies the Bragg condition is reflected cfficiently, and this Bragg condition sclects
lasing wavelength.

However, DFB or DBR lasers are not always the best choice for absorption spec-
troscopy sensors. For atomic spectroscopy, saturation can be a serious problem, and
saturation intensity is proportional to laser linewidth. Therefore the narrow spectral
width of DFB lasers can have a very small saturation intensity. This can broaden the
absorption via power broadening or decrease the signal to background ratio. And in
high-pressure and high-temperature environments, it can be useful to scan the wave-

length over a wider range (~ 5 em™) to cover wide absorption features. For these
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wavelength agile applications, VCSELs are preferred over DFB lasers.

2.1.5 VCSELs

Nearly 92 % of all diode lasers are edge emitting. Edge emitting lasers use end facets
or Bragg reflectors as cavity mirrors, and light propagation direction is perpendicular
to the direction of current. However some lasers are built as surface emitters, and
vertical cavity surface emitting lasers (VCSELSs) are one type of surface emitting
semiconductor lasers. VCSELs have multiple dicleetric coatings on top and bottom,
and light propagates the same direetion as current. These diclectrie reflectors enable
VCSEL architecture. With a stack of quarter waveplates, called a Bragg reflector,
reflected light. from one waveplate boundary is constructively interfered with reflected

light from another boundary, quarter wave Bragg reflectors are depicted in Fig.2.4.

Laser output
n
MAN, e ™
. . R g
Active layer i o ——— —

T T T T S I T
atats’ x;;..‘r‘.k e e a2y

m-stack of two
quarter wave plates
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AR R i
SRS TR S N
D N S Do A N,

T

Current flow

Figure 2.4: Schematic of VCSEL: gain(active) region in the center, cavity mirrors of
quarter wave plate, and pumping of injection current

The reflectivity R at the resonant wavelength of a stack with m non-absorbing

dielectric pairs assuming transverse electromagnetic mode (TEM) is given below by
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solving Maxwell’s equation.
] — Be(ma)?™
\/E _ no \ny

" Z—o(%)zm (2.4)
By selecting n; < ny and m ~20, reflectivity can be larger than 99 %.

VCSELs have several advantages over edge emitting lasers: 1) Due to their much
smaller size (edge emitting diodes are typically 100 to 200 um long, 4 um wide, and
0.5 pwm high. VCSELSs are 5.5 um high and 1 to 5 um diameter), a very large number
of VCSELs can be fabricated on a given area. 2) VCSELs have large cavity mode
spacing due to smaller dimension . Therefore single mode operation is more easily
achieved. 3) Due to the small size and cylindrical shape of emitting surface, VCSELs
have a circular beam profile unlike the elliptical beam from edge emitting lasers.
A circular beam has higher coupling cfficiency into an optical fiber than an elliptic
beam from an edge emitting diode, and this makes VCSELs attractive for sensors and
telecommunications. 4) Many VCSELs and electronic circuits can be manufactured on
a same wafer. This may make optical computing and optical interconnect applications
possible. 5) The active layer is small and therefore it has small threshold current,
or low power consumption. 6) VCSELs can have very wide tuning range without
longitudinal modehop due to large cavity mode spacing and small thermal mass of
the active volume. Thus VCSELs are attractive for wide tuning measurements such as
high-pressure or high-temperature gas flows [33]. In the plasma sensors demonstrated

in this thesis, VCSELs were the laser source of choice when available.

2.2 Lineshape and broadening

The intensity of light decrcases exponentially as the beam propagates through an
absorbing medium, known as Beer-Lambert’s law [34].
1(v)

—~= = exp(—SnLe,) (2.5)
Iy

where I(v) is the transmitted intensity at frequency v, I is the incident intensity, S

is the linestrength of the transition proportional to Einstein B coefficient, and ¢ is
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the lineshape function. A lineshape function is normalized so that the integral of a
lineshape function is unity: f¢,dv =1

Proper modeling of lineshapes is crucial for quantitative data analysis. General
formulations of lineshape functions can be made by three approaches: 1) classical
methods based on an oscillator model with the impact approximation, 2) the quasi-
classical approximation with the density matrix method, and 3) quantum mechanical
methods by solving Schrodinger’s equation considering the relative motion of atoms
and perturbing particles. These are concisely explained by Sobelman [35] and more
extensively studied by Griem [36]. For gencral lineshapes, no analytical formulac are
available without approximations, and only numerical simulation is possible. Unper-
turbed Hamiltonian and additional potentials due to perturbing gases, such as neutral
gases, electrons, and ions, are used to calculate density matrices, and general line-
shapes considering collisions are constructed from the density matrix. The Doppler
effect can be included with frequency shift due to velocity and averaging over velocity
with a Maxwellian weighting. However, general lineshape theory is beyond the scope
of this short summary, and for the practical applications here only a few dominant
broadening mechanisms and corresponding lineshapes are needed.

There are two types of broadening: homogencous which influences the entire distri-
bution of absorbers, and inhomogeneous which influences each subset of the absorber
distribution differently. These different physical mechanisms have different influence
over the absorber distribution, and therefore result in different lineshapes. Some of
the most common broadening mechanisms are discussed here: natural broadening,
Doppler broadening, Stark broadening, van der Waals broadening, resonance broad-

ening, and power broadening.

2.2.1 Natural broadening

Natural line broadening is a fundamental broadening related with the radiative decay
rates of states involved in a transition. One form of the Heisenberg uncertainty
principle is AtAw =~ 1. A finite lifetime, which is the inverse of the radiative decay

rate, then is related to a finite uncertainty of the transition frequency. This was
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classically described by Demtroder [37] and key results are summarized here. A

cffective damping constant is defined as

TYom = Z Amin + Z Apm (26)

n'

in situations where spontaneous decays to various levels m’ and n’ are possible from
upper (m) and lower (n) levels of the transition. The lineshape is a Lorentzian profile
with a full width half maximum (FWHM) of v as Eq.(2.7)

I(w - Wo) = o(pL(w - Wo) (27)

and

1 7y o
Pl ) = e+ P (25

The transitions considered here have a lower state that is either a long lifetime
metastable state or the ground state, and an upper state with a lifetime of order
10 ns. The corresponding natural width is of order 16 MHz for such transitions.
Other mechanisms, such as Doppler, Stark, van der Waals, or resonance broadening,
result in significantly broader lineshapes, and are thus more dominant than natural

broadening with the work discussed here.

2.2.2 Doppler broadening

In equilibrium, the velocity distribution of a gas follows Maxwell-Boltzmann statistics.
The velocity distribution is Gaussian and the corresponding normalized lineshape is

Gaussian as in Eq.(2.9)

2 (In2\"? v —1,\2
op(v) = Ao (—W—> erp [—4[712( Avn ) ] (2.9)
KTIn2\ "
Avp = VO(?m—(;) (2.10)

where Avp is Doppler width (FWHM), and v, is the center frequency.
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In a plasma, especially at low-pressure, Doppler broadening is one of the most
dominant broadening mechanisms. However, at high-pressure or a high electron den-

sity plasma, other mechanisms must be considered.

2.2.3 Van der Waals broadening

Van der Waals broadening is a common broadening mechanism for collisions between
neutral gases (often called pressure broadening). The van der Waals potential is
‘generally modeled as a Leonard-Jones a/R' — b/R® potential, and for long range
interaction, only —b/R® is important. Breene [38] approximated the broadening width
(FWHM) and shift due to van der Waals effect as:

w = 2.68N,b? 7%/ (2.11)

d = 0.97N,b* 5%/ (2.12)

The half width half maximum (HWHM) w and line shift d were also estimated
by Griem|40].

s 2/5
w/2 ~ 2n Nyupy = 2 N0 (9—1756%;(2—1;;)) ’ (2.13)
d~ —1/3w (2.14)
and
R = %EOOE_L i [5EooEfEa +1 =31, (1, + 1)} (2.15)

where Ny is the number density of the perturbing gas, v is the velocity of the radiator,
me is the mass of the electron, £, is the excitation energy of the perturber, Ey is the
ionization energy of hydrogen, A, is the neutral radiator’s ionization cnergy, E, is the
cnergy of the upper level of the transition, and [, is the orbital angular momentum
gquantum number of this level. Comparison of Eq.(2.12) and Eq.(2.14) allows the
coefficient for Leonard-Jones potential to be estimated. In high-temperature plasma
spectroscopy, van der Waals broadening is three orders smaller than Doppler or Stark

broadening, and is usually neglected.
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2.2.4 Resonance broadening

Another collision broadening mechanisin is possible when the collision partner is
identical to the target species. This becomes important for absorption or emission,
when the initial state of the radiator has a direct transition to the ground state. In
contrast to other types of collision broadening, resonance broadening is independent
of velocity, and the lineshape remains nearly Lorentzian. Linewidth (FWHM) due to

resonance broadening was approximated as [39):

1/2 2r
w R 3 (22> _a_ (2.16)
Gi 47['6177716‘*}1;9

where N, is the number density of the ground state, g, and g; are the degeneracy
of ground and initial state of radiator respectively, fg; is the oscillator strength of
a transition between ground state and initial state of radiator, and w;, is the corre-
sponding frequency. The oscillator strength for the transition from metastable states

to the ground state is small and resonance broadening can be ignored.

2.2.5 Stark broadening

Electrons and ions co-exist with neutral atoms in partially ionized gases. Collisions
with electrons are a more important broadening mechanism than collisions with neu-
tral species in partially ionized plasmas. The potential between neutral radiators
and charged particles is modeled as cq/RY. The Coulomb potential between charged
particles is ¢; /R, and the corresponding interaction is described by the lincar and
quadratic terms from the Stark effect. The linear Stark effect causes only broaden-
ing however, the quadratic Stark effect causes broadening, shift and asymmetry in
lineshape. A more rigorous approach can be made with calculations of electron im-
pact and local ion microfields. Readers may refer to Griem [40] for details. However
Seaton’s [41] empirical formulae for N and O can be used within a factor of 2.
The Stark broadening width (FWHM) due to collisions with electrons can be
estimated as [41]:
w = 3.41(R, + Rp)" (/10" (2.17)




Appendix I: PhD Thesis Suhong Kim

30 CHAPTER 2. THEORY

where R; and Ry are the quantities using f values.

Another approximation from the quasi-classical calculation by Sobelman [35] gives
line shape broadening (HWHM) and shift:

5/3 1

w = n, o3 (-723) r (§> C23J(8) (2.18)
5/3 1

d— %nﬁ” (g) r (—5> c?J"(8) (2.19)

where n, is the electron number density, T is the electron velocity, J is the zeroth

order Bessel’s function, and C) and § are defined as

2¢2a3 [ Ry \*
Cy= hof(A—%) - (2.20)

(. Ry\"?*nE
ﬁ—( ——AE) = (2.21)

where ag the radius of the radiator, Ry is energy difference for Rydberg line, AFE is

the encrgy difference between upper and lower state, and f is the oscillator strength.
However, Stark broadening for most atomic species may not simply estimated from
Eq.(2.17) or Eq.(2.18). Instead usually each spectral line is individually numerically
calculated [39, 40].
By extracting homogeneous broadening width from a spectral lineshape, Stark
broadening can be used to extract electron density if other parameters, such as elec-

tron temperature and neutral pressure, are measured independently.

2.2.6 Transit-time broadening with a Gaussian beam

A Gaussian beam profile is usually accepted for a singlemode laser beam operating
in fundamental mode. A fast moving gas traversing the beam perpendicular to the
direction of beam propagation, has a limited transit-time to interact with the beam;

this is another line broadening mechanism. Shimoda. [42] showed that the broadened
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lineshape is Gaussian with FWHM w
w = 1v2In2 (v/D) (2.22)

where v is the velocity of the gas, and D is the beam diameter. In free space diode
laser absorption experiments, usually beam diameter is order of 1 mm. In the test
cabin of the IHF, the transit-time broadening is maximum. With the gas velocity
of 10 km/sec, transit-time broadening is only 90 MHz, which is far less than other

broadening mechanisms and can be neglected here.

2.2.7 Voigt lineshape

If broadening mechanisms are independent, different line profiles must be convoluted
to get a correct lineshape. For example, if the Gaussian Doppler broadening and
Lorentzian collision broadening are both important, then the convolution of two line-

shapes produces a Voigt profile.

¢Voz'gt(V) = /;oo ¢Gaussian(V/)¢Lorentzz’an(’/ - V/)dl/ (223)

The normalized lineshape of the Voigt profile is called Voigt function, V(a,w).
Here a is the Voigt parameter defined as a ratio of a collision broadening width, Avg,
to a Doppler broadening width, Avp:

o= VIin2Ave (2.24)
- AI/D |
For a < 1, the lineshape is close to Gaussian, and for a > 1, then the lineshape is
close to Lorentzian. The normalized wavenumber w is defined as:
2vVIn2(v —
oo 2Vin2(v — v) (2.25)
AIJD
The Voigt profile can be approximated by complex functions [43] but usually it is

calculated numerically [44].
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2.2.8 Power broadening

At low laser intensity, the population change by the interaction with the field is neg-
ligible. Therefore, spontancous emission or absorption is independent of the laser
intensity. However at high laser intensities, the lower state of a species involved
in a transition can be depleted and significant changes can be observed in absorp-
tion or spontancous emission. The changes in signal includes broadening and peak
absorbance, and are different for homogeneously and inhomogencously broadened

spectral lines.

Saturation intensity for closed two level system

As explained by Demtroder[37], the population of states for the absorption from
ground state or metastable states can be approximated as a closed two level system.

Two closed level system has no relaxation to other levels, as shown Fig.2.5. The rate

N, - 7
1
BizplNi | Boypl; ) Fal¥z : B,
} i
N 1

Figure 2.5: Two closed level system

equations for two states are

dN aN.
Wl = ——d-t—2 = —Blgle — R1N1 + B21pN2 + R2N2 (226)

The difference of population between two states, AN can be expressed with spectral
encrgy density, p(v), relaxation constants, R; and Ry, and Einstein’s B coeflicients,

Bi, and Bo;, with steady state assumption, as Eq.(2.27).

Ble + R2 — Blgp — R1

AN
Bip+ Baip+ Ry + R,

Ml

Ny —N,=N

(2.27)
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The unsaturated population difference is given as

Ry — RlNo

AN =NO - N9 == "~
! 2 R+ R,

(2.28)
If we assume spontaneous emission is the only relaxation mechanism, and colli-
sional excitation is negligible, then Ry = Ay and R; = 0. Here Aj; is Einstein’s A
coefficient.
Then the saturation spectral energy density is the energy density when AN =
AN®/2, and given as Eq.(2.29) with the relationship of g Bis = g2Bo1:

Ry Az
= — : 2.29
P 3Ba1— Biz  Boi(3— 92/91) (2:29)
With the relation between As1 and Bgy
grhy® .
Ay = ( h ) B (2.30)
the saturation intensity is written as
8why3 Avie
I, = p;,Avic = 2.31
] Ps L ( 3 ) (3 — 92/91) ( )

Saturation intensity for closed two level system

For excited states, the saturation should be modeled with open two level energy model
which allows for the loss from the lower level. For the simplest open two level systemn,
the system diagram is presented in Fig.2.6.

In this model, only relaxation to the ground state is considered. The rate equations

are
dnN.
—Zl;fi = —Bi3pNy + Ba1pNy — RNy + Ry N2 + RoNo (2.32)
dN.
th = BiapN, — Ba1pN2 — Ry No (2.33)

where N is the ground state population.

When transit time or diffusion time is much larger than excited relaxation times
3
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Figure 2.6: Open two-level system

which is in many cases, a steady state assumption can be applied. The number density
of ground state is large enough that population change of upper state does not effect

ground state population. Thercfore Ny can be considered a constant.

The population difference in steady state is given as

NoRo(Bai1p + Ry — Biap)

AN =Ny, — Ny = Bop + R+ B (2.34)
The unsaturated population difference is obtained by setting p = 0, and
AN® = NOEQ (2.35)
R
The saturation density is given similarly to Eq.(2.29),
Ry A (2.36)

Ps = 2B,y — Bi2 - By1(2 - g2/91)

Again, with the assumption that simultancous emission is the only relaxation

process, Ry = Ayy. Similarly, the saturation intensity is written as

(2.37)

8mh?
ISZPSAVLCZ< why )( Ave

c? 2—g:/91)
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Saturation lineshape

When the intensity of the laser beam is comparable with saturation intensity, the
lineshape of absorption or fluorescence is changed. Siegman [45], Demdroder [37],
and Davis [27] all present saturated lineshapes in detail. Note that inhomogeneous
and homogeneous broadening mechanisms show different lineshapes.

In the inhomogeneous case, the saturated absorption lineshape ¢s(w) is given:

0
o) = D (230
where ¢°(w) is unsaturated absorption lineshape, S, is saturation parameter in the
linecenter, defined as S, = Ienter /s, Where Iene, is the laser intensity at the center
of a transition. Therefore a Gaussian lineshape is still Gaussian, with only amplitude
decrease by a factor of 71% while keeping the linewidth the same.

For the homogeneous case, the saturated lineshape is more complex. A Lorentzian
lineshape remains Lorentzian, but the amplitude of absorption decreases while the
linewidth increases.

Po(w)

¢s(w) = s (2.39)

_ (v/2)”
S =15 2 2
(W —wo)” + (7/2)
For a Lorentzian lineshape, the linewidth is broadened by a factor of /1 + S, as
Eq. (2.41).

(2.40)

vs =7vY1+ S, (2.41)

When collision broadening is not negligible and the intensity of the probe laser is
comparable with saturation intensity, then, the lineshape tends to broadened. How-
ever the Doppler broadened component is unchanged.

For a Voigt profile, the lineshape is a convolution of the homogeneously broad-
ened Lorentzian function and the inhomogeneously broadened Gaussian function. As
may be expected, the peak intensity decreases while the spectral width increases

for a saturated Voigt profile. When broadening mechanisms are independent, only
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the homogeneous component is broadened while the inhomogeneous component is

unchanged. Thus the Voigt parameter a, increascs

s = Qgy\/ 1+ SC (242)

where a® is the unsaturated Voigt parameter.

Therefore the saturated Voigt lineshape can be written:

oigt(
¢S,Vm’gt(’/) = ?()—"f\/j;é—)

where @ veige(0) is the unsaturated lineshape at the center.

V(as, v) (2.43)

Because of possible saturation in the heater, the laser intensities used in the ex-
periments were attenuated below 10 % of saturation intensities for cach transition,
tabulated in Table 2.1. For low intensity absorption, power broadening can be ne-

glected within the uncertainty of 5 %.

Table 2.1: Saturation intensity
N* N | O | Cu*
Wavelength, nm | 824.2 | 856.8 | 777.2 | 793.3
Saturation 450 160 210 500
intensity, uW/mm?
* Typical singlemode FP lasers with spectral bandwidth of 50 MHz
** Typical VCSELs with spectral bandwidth of 20 MHz

The linewidth (FWHM) in the heater is tabulated in Table 2.2. In the heater, the
temperature is high and the Doppler broadening is significant. However, pressure is
also high, and pressure broadening must also be considered. In the test cabin, the
pressure is low and the temperature is relatively high. Transitions from metastable
states or ground state in the test cabin are mostly broadened by Doppler broadening.
Stark broadening is negligible, due to small electron density in the partially ionized

air plasma.
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Table 2.2: Line width (FWHM in GHz) in the heater

N N O Cu

Wavelength (nm) | 824.2 | 856.8 | 777.2 | 793.3

Doppler* 5.62 | 540 | 5.57 | 4.05

broadening

Stark** 1.31 | 1.32 | 0.96 -

broadening

Resonace 008 1016 | =0 | =0

broadening

* Heater temperature was assumed as 6,500 K
** Electron number density is assumed as ne= 1.89 x10' ¢m 3

2.2.9 Zeeman effect

In a magnetic field, a transition can be split into multiple lines, and this phenomenon
is called Zeeman splitting. The physics of Zeeman splitting can be explained by a clas-
sical description. The orbit of an electron around the nucleus is equivalent to a small
electric current loop and thus produces a magnetic moment. In an applied magnetic
field, the different angular momentum sub-levels, which have a different magnetic
moment, are split by this field. To the first order approximation, the splitting is
proportional to the strength of magnetic field.

Quantum mechanics limits the angular momentum to certain discrete directions.
These magnetic sub-levels M of the angular momentum J in the direction of the field
can be only an integral or half-integral multiple of A/2m. As the energy of electron in
a magnetic field is discrete and because of discrete encrgy levels, the magnetic field
can split a single transition line into multiple lines.

Because the electron splitting is usually 1000 times larger than nuclear splitting,
we only consider electron splitting effect in a magnetic field.

The Zeeman effect is categorized as: normal Zeeman effect, anomalous Zeeman
effect, and strong Zecman effect. The normal Zceman effect occurs for singlets in
a weak magnetic field. The anomalous Zeeman effect is observed for all states that
are not singlet in a weak magnetic field. The anomalous Zeeman effect includes a
term, called Lande’s g factor, which considers both angular momentum and spin mo-

mentum. In a strong magnetic field, the anomalous and normal effects combine to
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become the strong Zeeman effect. Angular (L) and spin (S) electron momenta become
uncoupled, and instead of total angular momentum (J), to the first approximation,
two quantum numbers for angular and spin electron momentum are quantized in-
dependently. Each quantum number is then, M, = —L,—-L +1,---,L —1,L and
Mg=-8~-S+1,---,8 —1,5. The encrgy level for given My and Mg is

E = Ey + hoMy, + hoMj (2.44)

where Ej is the unshifted cnergy level, A is Plank constant, and o is the precessional
frequency called Larmor frequency. Quantum mechanics only allows the transitions
with a selection rule of AMp = 0.+1, AMs = 0, and Mg = 0 to Mg = 0 is not
allowed.

More rigorous treatment produces an energy level with a correction term for L and
S interaction. This term can increase the total number of lines, while space between
transitions are still integer of ho.

In the Ames arcjet, there are both constant and rotating magnetic fields. The
arc attachment to the electrodes is constantly rotated by a current induced magnetic
ficld in the heater to stabilize the plasma and to confine the plasma near the core of
the flow. Four turns of coil inside the electrodes with high current induces a strong
magnetic field. Therefore the Zeeman effect must be considered in a lineshape analysis

for all measurements.

2.3 Equilibrium plasmas

At the elevated temperatures in the arc heater the thermal equilibrium of air has sig-
nificant dissociation of the molecular nitrogen and oxygen, and some of these neutral
atoms and molecules are ionized. The charged species form a plasma, which is still
electrically neutral.

Local thermodynamic equilibrium (LTE) is assumed in the analysis of the arcjet
heater data. The time-scale for temporal and spatial variations due to convection

or diffusion is much larger than the collisional time scale, which produces LTE. LTE
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plasmas can be described by a few key properties. All equilibrium properties of gas of
known composition can be determined by two independent properties: temperature
and pressure or conversely temperature and volumme [46]. Complex properties such as
dissociation fraction, ionization fraction, and relative concentration of all species can
be written in terms of these two independent parameters. The governing equations

for LTE are briefly summarized.

2.3.1 Boltzmann distribution
The population distribution of a gas follows Boltzmann distribution in equilibrium:

ni__ giexp(—Ei/kTpop)
Ntotal Qt

(2.45)

where n; is the number of density of state i, nguq is the total number density of
the gas, g; is the degeneracy of state 7, E; is the energy level of state ¢, k is the
Boltzmann constant, T}, is the population temperature, and @), is the total partition
function. The Born-Oppenheimer approximation states the various energy modes
are independent, and the total partition function becomes a multiplication of the

individual partition functions.

@t = QtrQint (2.46)
2emkT\** vV
0 v (ZmT)" ¥, o

where A is called the thermal de Broglie length.

For atoms, the partition function of internal modes is straight forward:

th = QelQnuel (248)

where @Q,; accounts for the electronic excitation states, and @y nuclear spin states.

The partition function Qg is defined as:

Qe = i g exp(—E;/kT) (2.49)
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Summation to oo diverges for electronic states mathematically, however generally
the summation is carried up only to the encrgy level just below the ionization energy

[40] and the partition function becomes finite.

2.3.2 Dissociation

The dissociation of diatomic molecules can be formulated with kinetic theory. At an
clevated temperature, Ny and O, are dissociated into neutral atoms. Law of mass

action can be used to formulate dissociation of diatomic molecule AA:

AA= A+ A

NAA AA
NANA Q4QA

exp(Ep/kT) (2.50)

where N44 is the number of AA molecules, N4 is the number of A atoms, Q44 is the
partition function of AA, Q4 is the partition function of A, and Ep is the dissociation
energy of AA.

For oxygen molecules, the dissociation energy is only 5.12 ¢V, and above 5,000
K (which is about 0.12 % of characteristic temperature of dissociation), most of the
oxygen molecules are dissociated. On the other hand, due to larger dissociation energy
of 9.76 eV, nitrogen molecules start dissociating around 5,000 K. Therefore, over the
temperature of 5,000 K, molecular oxygen is well approximated as 100 % dissociated.
However the dissociation of nitrogen molecule must be considered as a function of

temperature up to 9,000 K.

2.3.3 Ionization

For simplicity, the plasma is assumed singly ionized, which is the case for the most
air plasmas. Similar to the dissociation, the ionization of an atom in equilibrium is

described by law of mass action, known as the Saha equation:

A= AT +e
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NA _ QA E;/kT
NAYNe QA Qee

where N# is the number density of neutral particles, N¢ is the number density of

(2.51)

clectrons, @)'s are the partition functions, and E} is the ionization encrgy.

In high temperature air plasmas, five dominant neutral species are Na, N, O, O,
and NO. O and N have high ionization energies of 13.6 eV and 14.5 eV respectively.
Also Og and Ny have high ionization cnergies of 15.6 ¢V and 12.1 e¢V. NO has the
lowest ionization energy of 9.26 eV, and the approximation that only NO is ionized
in the flow, is valid for T < 8,000 K.

2.3.4 Transport properties

Transport properties and fluxes may become important in non-uniform plasmas. Gra-
dients in properties, such as temperature, concentration, clectric potential, or velocity,
drive diffusion. Transport coefficients, which are directly related with effective colli-
sional areas, are very hard to estimate. Boulos [47], tabulated important quantities
such as thermal conductivity, viscosity, electric conductivity, specific heat, enthalpy,
and density. For T < 12,000K, the plasma may be considered optically thin, and the
mean free path length of a photon is much smaller than the arc radius. The temper-
ature is estimated around 7,500 K for the NASA Ames IHF generated plasmas, and
they are as optically thin both in the heater and in the test cabin.

The turbulent boundary layer thickness in the heater was estimated with the
properties by Boulos. The boundary layer is thin approximately 4 % of the path
length and the absorption is stronger in the core of the flow. This makes the boundary

layer negligible for the absorption diagnostics 49, 50, 51].

2.3.5 Equation of state

Plasmas are overall charge neutral. However within the Debye length, charge neu-
trality is not satisfied and long range Coulomb forces must be added to the ideal gas

law. Charge unbalance causes repulsive forces, with a resulting decrease in pressure
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[47], and with the Debye model, the modified equation of state for plasmas is given
[48]:

kT
P=nkT — ——— 2.52
T oA (2:52)
with 12
EokT
S L 2.5
)\D <e2ZiZi2nz-) ( 53)

where € is the vacuum permittivity, n; is the number density of ions, and Z; is the
number of ionic charges of species 1.
For the NASA arcjet heater, n, ~ n; ~ 10'® em—3, and the plasma is only weakly

ionized. For the singly ionized plasma, n ~ 10?4 > :;4—7%\?; ~ 10'% and thus P ~ nkT.

2.3.6 Composition of the arcjet plasma

Air is a mixture, and coupled equations of cach species of law of mass action for disso-
ciation and law of mass action for ionization must be solved to get the composition at
a specific condition. For calculations, modified version of the Chemkin code was used
[53, 54]. Laux [55] extended the thermodynamic database for the Chemkin database
from 5,000 K up to 10,000 K by fitting the thermodynamic [unctions of Liu {53, 54].
This software solves for species of Na, N, Oy, O, NO,N3, N+t O3, OF, NO*, and c.

Fig.2.7 shows that over the temperature range of 4,000 to 10,000 K, with the
pressure range of 2 to 8 atm, the most dominant species are No, N, and O. The mole
fraction of O is nearly constant, because the dissociation energy of Oz is only 5.12 ¢V
and most O, is dissociated above 5,000 K. N, is dissociated at higher temperature.
The dissociation energy of Ny is 9.76 eV: from 5,000 K, it starts dissociating, and at
9,000 K most of the molecular nitrogen is dissociated. NO also has a relatively low
dissociation encrgy of 6.49 ¢V, and easily dissociated. The ionization energy of NO
is only 9.26 eV (N, at 15.58 ¢V and O, at 12.07 eV), and a small amount of NO can
contribute significantly to the electron density.

It’s also important to estimate the degree of ionization of an atomic species to
estimate total species concentration in a plasma. For nitrogen, argon, and oxygen,

the ionization energies are 14.5, 13.6, and 15.7 eV respectively. In the temperature
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Figure 2.7: Simulation of air mole fraction with Chemkin code

range of our interest, the degree of ionization for nitrogen, oxygen, and argon are all
less than 0.1 % and can be neglected in number density calculations. Below 10,000
K, the ion density is low and as the plasma is charge neutral, the electron density is
low.

Chemkin does not support metal atoms such as Cu or K. For metals, the ionization
energies are much lower: 7.72 eV for Cu, and 4.43 eV for K. Because Chemkin '
supports only air simulation, the ionization of Cu or K must be calculated separately.
More than half of copper is expected to be ionized in the heater, and more than
99 % of potassium is expected to be ionized in the heater. Accurate estimation of
ionization of Cu is critical to estimate the total copper concentration in the flow.

In the heater analysis, when calculating the degree of ionization of Cu at a given
temperature, the electron number density is calculated with Chemkin simulation code
assuming equilibrium.

The degree of ionization of potassium in the test room is hard to estimate because
the expanded plasma is non-equilibrium, and the electronic temperature is quite dif-
ferent from the kinetic temperature. The degree of ionization of potassium doesn’t

have to be accurate, as long as enough potassium absorption is detected in the test
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room. However to estimate the amount of potassium to seed in the flow, a rough es-
timation is required. If too much potassium is added in the plasma, then the plasma

propertics, such as electric conductivity, may be changed.
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Chapter 3
Sensor Design

There are two quite different regions of interest: the arc heater and the test cabin.
These two regions have different temperature, pressure, and gas composition. The
heater can be considered as a plenum for the arcjet flow. In the heater, the tempera-
ture is expected to be 6,000 - 8,000 K, and pressure ranges from 2 to 8 atm. Pressure
in the heater is well monitored with pressure transducers attached on the wall, as-
suming the pressure difference between core flow and boundary layer is negligible. At
such a high temperature, a significant fraction of Ny and O, of the test gas or air, is
dissociated into N and O. The temperature in the test cabin is estimated 500 - 1,500
K, which is much lower than that in the heater, and the pressure is around 0.008 atm
(6 Torr). The velocity in the test cabin (post expansion) is hypersonic and at least
10 times larger than that in the heater, where the flow is subsonic.

Before the work reported in this thesis, there were no diagnostics for time-resolved
heater temperature measurements. In the arc heater, the dominant species are Ny,
N, and O. The clectron and ion density are less than 0.1 % for the range of interest.
Atomic species N and O have significantly stronger absorption than Ny and atoms
are attractive absorption sensor targets. Details of the sensor design will be described
for both N and O.

Several different temperatures will be defined: translational temperature, popula-
tion temperature, and excitation temperature. The translational temperature can be

deduced from the Doppler width of the lineshape. The population temperature can

45
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be calculated from the ratio of population in an excited state to that of the ground
state. Similarly the excitation temperature is defined with the ratio between two dif-
ferent excited states. In equilibrium, these temperatures are the same. In this work,
different temperatures are measured and compared to determine the best strategy for

the heater temperature measurements.

In this chapter, the sensor design of O, N, Ar, Cu, and K will be described. Then,
sensor operation is verified with a microwave plasma in a gas flow. Design of coupling

optics to propagate light in and out of the arcjet will then be described.

3.1 Line selection

N and O atoms have an excitation energy in the first excited state nearly 10 eV
above the ground state, so that a deep ultra violet light source is required to excite
the ground state of these atomic species. Diode lasers are not commonly available for
wavelengths shorter than 400 nm and thus cannot access ground state atomic tran-
sitions. In this work, NIR lasers were employed to detect exited states or metastable
states of the atomic species. The transitions employed in this work is tabulated in
Table 3.1 [52, 59, 60, 62, 63].

Table 3.1: Fundamental spectroscopic data for selected atomic transitions

N N 0O Cu Ar Ar K

Wavelength (nm) | 824.2 | 856.8 | 777.2 | 793.3 | 772.38 | 772.42 | 769.9
A (x10°, sec™ 1) 13.6 492 | 369 | 225 518 11.7 38.2

f 0.0924 | 0.108 [ 0.463 | 0.17 | 0.0278 | 0.314 | 0.34
g 1 1 7 2 3 1 2
g 6 2 5 2 5 3 2

Ef (em™) 95493 | 97805 | 86631 | 43137 | 106087 | 107496 | 12985

E* (em™) 83364 | 86137 | 73768 | 30535 | 93143 | 94553 0
i indicates upper state, and j indicates lower state
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3.1.1 O sensor design

An cnergy diagram of atomic oxygen is shown in Fig.3.1. The linccenter and Einstein’s
A cocfficient and the oscillator strength f can be obtained from the NIST database
[52]. The ground state can only be accessed by vacuum ultra violet (VUV), for
example 97.6, 98.8, 130.2, 130.4, 130.6, or 135.9 nm, where currently no conventional
laser source is available. However there are three transitions available to monitor the
relatively low-energy metastable state °S9 to the excited ® Py states using light in the
near infrared at 777.5, 777.4, and 777.2 nm respectively. These lines have been studied
extensively with diode lasers [56, 9, 57, 58, 19]. The fraction of population of O atoms
in the 55°, which absorbs light near 777.2 nin, varies strongly with temperature in the
range expected in the arc heater as seen in Fig.3.2. Thus measurements of absorbance
of °S° state can be used to determine temperature if the plasma is in equilibrium.

The lineshape of O is not complicated by multiple abundant isotopes or by hy-
perfine structure. The natural abundance of 10 is 99.76%, and therefore the isotope
shifts of 17O or O can be ignored. 0 has a nuclear spin of I = 0, and hence there’s
no hyperfine structure of O from coupling of the nuclear spin and the electron
angular momentum.

We chose the transition at 772.2 nm to monitor the temperature in the heater. A
VCSEL (Avalon Photonics) was installed at a fixed temperature of 15.0 C with the
injection current of 5.64 mA, and a function generator modulated injection current

of the laser diode to scan the wavelength over 6.0 em™*.

3.1.2 N sensor design

N has VUV transitions from the ground state, and no conventional light source is
available to excite N in the ground state. The metastable state of N is at 2.38 eV,
and the transition from the metastable state is also VUV. The excited states ,*Ps ),
at 10.3 eV and 2P, /2 at 10.7 eV were chosen instead to monitor atomic nitrogen in
the heater. The energy diagram and the Boltzmann fraction of the two excited states
are given in Fig.3.3 and in Fig.3.4. The 824.2 nm transition was first used due to

stronger absorption, however, the 856.8 nm transition was used for later work. Again
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the temperature dependence of the population in these excited states makes them
attractive temperature sensors. A FP laser at 824.2 nm was initially used, however
for wider tuning range and narrower spectral width, a VCSEL replaced the FP laser
to scan 4.5 cm ™! over 826.8 nm.

The detailed lineshape of N is complex. N comprises 99.63 % of the total
nitrogen and the isotope shift can be ignored, however the nuclear spin I is 1 and
there is hyperfine structure. Fortunately, the splittings between hyperfine lines are
small [60, 61} enough in the heater, where the lineshape is significantly broadened

and the hyperfine structure can be ignored in data analysis.

3.1.3 Ar sensor design

Ar gas is introduced in the heater. In the test cabin, it is desired to monitor metastable
states and to sct upper limits on the number density of the states. The energy level
diagrams are shown in Fig.3.5 and in Fig.3.6 [59].

Among the 1s — 2p transitions, the transitions at 772.38 and 772.42 nm are stud-
ied because the spectral difference between them is only 0.04 nm or 0.67 em™! and
the lower states of the transitions arc different metastable states. Two transitions
from 45'[1/2) and 45'[3/2] are close enough that a single VCSEL laser can scan both

transitions simultaneously.

3.1.4 Cu sensor design

A portion of the copper energy level diagram is shown in Fig.3.7. The temperature
dependence of the 2P}, population is also shown in Fig.3.8.

The energy level of 2P}, and the ionization energy of Cu are low. Thus the Boltz-
mann fraction and ionization fraction are significant. Two transitions at 793.3 and
809.3 nm were considered, and due to its simpler lineshape, the 793.3 nm transition
was chosen. It is notable that the first excited states are at 3.79 and 3.82 eV, and
the energy levels of the metastable states of copper are only 1.39 and 1.64 eV. A
UV light source at 324.8 or 327.4 nm can access to the ground state, and green light

source at 510.6 or 570.0 nm can excite the Cu atoms in metastable states. If a laser
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were available at these wavelengths, the estimated detectivity would improve by one

or two orders of magnitude.

However, in this work, the convenience of using NIR light source lead to the
selection of the transition from the first excited state 2P10/2 to another excited state
280/, at 793.3 nm.

3.1.5 K sensor design

Previous research by Wehe [62] shows that metals, especially alkali metals such as
sodium, potassium, or cesium, have transitions with strong linestrengths and can be
used as a tracer in a hypervelocity flow. For alkali metals, the transition from the
ground state to the first excited state is in NIR or visible range, where diode lasers
are available. The potassium energy diagram and ionization fraction are shown in
Fig.3.9 and in Fig.3.10.

The degree of ionization over the temperature range of 500 K to 3,000 K with
~3 indicates a small degree of jonization
at 1,500 K (0.03 %); however at 3,000 K, almost all potassium is ionized (degree of

ionization of 99.5 %). The potassium ions recombine in the nozzle, and significant

an electron density of 10° em™3 to 101 em

atomic potassium can exist in the test cabin. If the electronic temperature is 1,500 K
at a pressure of 0.8 kPa (6 Torr), 2 ppb concentration of potassium can be detected

over 40 cm path length in the test cabin with 0.1 % absorption.

Wehe chose K at 769.9 nm for its large linestrength, narrow and relatively simple
hyperfine structure, ease of sceding, and the well-known spectroscopic parameters
[63, 64]. In this work, the same line was selected to monitor the post-expansion flow
condition. Seeding potassium was done by painting salts such as KCl or KOH inside
the heater wall. By extracting the Doppler width from the absorption lineshape, the

translational temperature of potassium was obtained.
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Figure 3.9: The cnergy diagram of potassium
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Figure 3.10: The fraction of potassium ionized at various electron num-
ber densities
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3.2 Optical engineering

The environment of the IHF and the requirements for safety produce many techni-
cal challenges. High-voltage and high-current electrodes require electrical and phys-
ical isolation of the test cabin and the heater. High-pressure in the heater, and
low-pressure in the test cabin require careful sealing. The IHF offers a special chal-
lenge due to deflection of the beam and steering by the hypersonic flow or the high-
temperature high-pressure plasma. Thus careful design of optical components is re-
quired to maintain alignment. The diode lasers and detection systems are in a laser
room located roughly 3 meters from the IHF. The heater and test cabin setups have
separate design equipment and are considered separately. Optical engineering for
laser delivery systems and detection systems of the heater and of the test cabin are

presented below.

3.2.1 Diode lasers and detectors

An isolated laser room next to the IHF facility accommodates diode lasers and detec-
tors. Singlemode optical fibers deliver laser beams to the heater and to the test cabin,
and multimode optical fibers deliver the collected transmitted laser beams from the
heater and from the test cabin back to the laser room for detection.

Two of three diode lasers, N at 856.8 nm, O at 777.2 nm, and Cu at 793.3 nm,
were mixed with a 2x2 fiber coupler. Onc output connects the singlemode fiber to the
heater, and the other output connects light to the 2 GHz solid etalon (0.0667 cm™!)
used to measure the relative tuning range.

A large catch lens and a large core multimode fiber delivers emission from the
plasma. Diffraction from a 2.54 ¢m x 2.54 em (17 x 17), 1200 groove/inch grating was
used to separate the return signal from the two laser beams of different wavelengths.
To increase signal-to-background ratio, narrow bandpass filters were used. 10 nm
bandwidth optical filters were installed in front of a silicon detectors.

Lasers were scanned in wavelength over 5 em™! at 100 Hz. This wide tuning range
is required to cover Zeeman splitting and broadening mechanisms in the heater and

in the test cabin.
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A Fabry-Perot type laser requires an optical isolator to prevent back-reflection,
which can cause unstable operation and modchops. Also, unlike VCSELs, the FP
laser used in this work has a high optical power of 20 mW, and at this power level,
saturation can be a significant problem. Light from a FP laser is lincarly polarized,
thus we used a polarizer to attennate optical power to 0.2 mW before coupling light
to the fiber.

A National Instruments data acquisition card was used to record data in a com-
puter. The computer card is 16 bit accuracy; the sampling rate is 100 ks/s, and can
be extended to 16 channels. Another fast computer scope with a sampling rate of 4

Ms/s was used to monitor hypervelocity flow in the test cabin.

3.2.2 Beam delivery design in the heater

The test cabin and the heater must be isolated electrically; therefore no metal line
is allowed to cross the isolating walls. In our experiments, optical fiber was used
for light delivery and signal collection. However this fiber-coupled system must be
designed carefully to account for the physical properties of the optical fibers and the
optics. An optical fiber is a simple waveguide, and the refractive index profile for a
given fiber geometry determines the number of modes that can be accommodated at
a given wavelength. Pollak [65] and Snyder [66] explain this in detail.

Each mode of monochromatic light travels at a different effective speed because
of the different physical distribution in the fiber. The fundamental mode travels near
the core of the fiber, where the refractive index is maximum, and thercfore at the
lowest speed. The higher order modes travel near the cladding of the fiber, where
the refractive index is minimum, and therefore at the higher speed. The difference in
speed between modes cause interference between modes, called modal dispersion. For
wavelength scanned sensor applications, the interference between modes can limit the
sensitivity and must be avoided.

By reducing the diameter of the fiber, only one mode at a given wavelength can
be supported by the fiber, and this type of fiber is called singlemode fiber. To deliver

laser beams to the pitching optics, singlemode fibers are employed to prevent the
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modal dispersion at the cost of coupling efficiency and alignment tolerance.

The numerical aperture in optical fiber is defined as \/ngm — Nladding: and de-
scribes the solid angle to couple light into a fiber. Multimode fibers have larger
numerical aperture ranging from 0.2 to 0.35 with core diameter of 50 to 1000 um,
while single mode fibers have a numerical aperture of 0.11 with core diameter of 4.5
pm at 780 nm. Due to the smaller size and numerical index of singlemode fibers,
the laser-to-fiber coupling efficiency and alignment tolerance are poor compared with
multimode fibers. For an edge emitting laser, only around 15 % of the optical power
is usually coupled to a singlemode fiber, while 70 % coupling can be easily done with
a multimode fiber. With the good quality of the VCSELs, only 25 to 30 % coupling

efficiency to a singlemode fiber was achieved.

Optical alignment in THF is challenging: beamstecring duc to fast flow in the
heater and cabin is significant, and the deformation of IHF test cabin and heater by
pressure change and thermal expansion during operation is large. To overcome this
problem, a large collecting lens and a multimode fiber catching system is used to
collect the transmitted laser beam and deliver the signal to the detector in the laser

lab located a few meters far from the IHF.

Copper Ring Segment

Plasma Flow

S~

Pitching Lens Catching Lens

Figure 3.11: Optical components in the heater
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Schematics of the pitching and catching system is shown in Fig.(3.11). There
arc eight high pressure water cooling lines for each ring segment, and the heater is
composed of tens of ring segments. It is almost impossible to deliver laser beams in
free space into and out of the heater. Very limited space requires special mechanical
design to direct laser light through two small 4.76 mm (3/16”) holes, while sealing
1 - 7 atm pressure difference.  Anti-reflection coated sapphire windows and silicon
O-rings, are combined with parts fabricated to mate to the ring segment.

First, the angular and lateral alignment tolerance for the optics was tested in
a laboratory experiment. As shown in Fig.3.12 and in Fig.3.13, the lens-to-fiber
coupling efficiency increases as core diameter increases. The angular tolerance is
strongly dependent on the core diameter of a fiber, because a small change with
incident angle causes the position of a beamn spot to move on the end surface of a
fiber. Fibers with a core diameter larger than 200 pwm can tolerate 0.2 degree angular
misalignment. However, the lateral tolerance depends on the size of clear aperture.
The catching lens has a clear aperture of 4 mm, and the lateral tolerance (-3 dB)
of multimode fibers is roughly 3 mm in diameter. The numerical aperture of a lens,
which is defined by the ratio of the clear aperture and focal length of a lens, is usually
smaller than the numerical aperture of the fiber. Therefore in many cases, the clear

aperture of a lens determines lateral tolerance.

The clear aperture of the collection lens, and the core diameter of the collection
optical fiber are the key parameters to design the catching system. The clear aperture
of the lens determines lateral tolerance, and the fiber core diameter and corresponding
numerical aperture of the fiber determine angular tolerance. Design process for other

optical components using Gaussian optics and modal noise is presented in Appendix
D.

On the pitching side, a 30 m singlemode fiber (core/cladding of 4.5/125 um, 8
degree wedged end surface, and 3 mm diameter jacketed) was used. The light is
collimated with an anti-reflection coated aspheric lens with a focal length of 6 mm.
An aspheric lens minimizes a spherical aberration, and therefore most of the light
incident on the lens is focused on the same spot, and lateral tolerance of the beam

alignment with an aspheric lens is improved compared to a spherical lens. To minimize
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interference from the lens surfaces, anti-reflection coated lens was used. The beam
radius is estimated to be 0.6 mm (= numerical aperture x focal length).

For the catching side, a 30 m multimode fiber (core/cladding of 400/430 um) was
used. The catching lens was an anti-reflection coated achromatic lens of 9 mm clear
diameter. with a focal length of 20 mm. An aspheric lens was preferred to minimize
spherical aberration for maximum lateral tolerance of the beam alignment, however
a large clear aperture was only available with achromatic lenses. The combination of
large diameter multimode fiber and catching lens has large tolerances from misalig-

ment and beam steering.

3.2.3 Beam delivery design in the test cabin

Shield

Figure 3.14: Optical components in the test cabin

The difficulty of beam delivery in the test cabin is different from that in the
heater. When the test cabin is evacuated the chamber mechanically distorts. This
deflection due to pressure drop during the operation changes the direction and the
lateral position of the beam. The pitching and catching optics are located at the

upper and lower corner diagonally, and the distance is roughly 3 m. A slight angular
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change moves beam spot at the catching optics significantly. Even 0.1 degree changes
of the pitching optics cause roughly 5 mm lateral misalignment. At low pressure (~
0.01 atm), we estimated lateral displacement of 5 mm compared with the beam spot
position at 1 atm. The laser beam was aligned at 1 atm considering 5 mm travel at
low pressure.

The laser beam diameters and the profile in the test cabin were also measured
to obtain parameters required to calculate the saturation intensities. The beam size
was measured in the center of the nozzle, and the beam radius was roughly 1.1 to 1.2
mm as determined by sliding a knife edge, differentiating the measured power, and
fitting the data to Gaussian. This indicates the beam is the fundamental mode from
the fiber, and provides the data needed to estimate the saturation effect in the test
cabin. For this beam diameter, the saturation is negligible.

Optics to minimize beam diameter at the catching optics 3 m distant, were de-
signed. Gaussian beam theory was used to choose a pitching lens of 11 mm focal
length, AR coated, aspheric lens. For the catching collimator, the biggest clear aper-
ture lens available, 11 mm clear aperture, 20 mm focal length achromatic lens was

used.

3.3 Sensor validation in a laboratory plasma

To test tunable diode laser absorption spectroscopy scnsors, a microwave discharge
flow tube was employed because it is easy to operate and relatively simple to build.
A similar discharge tube with nitrogen gas was used as a reference for nitrogen atom
LIF measurements at NASA Ames [21, 22|. By changing the feed stock gas, various
atomic species can be generated in the microwave discharge tube. A schematic of the
microwave discharge flow is given in Fig.3.17

Microwave discharges are stable, reproducible and relatively quiescent, and have
been atomic sources for chemical measurements for decades. The electrons in the

microwave discharge absorb electric energy and collide with neutrals and ions. Energy

transfer by the collision of an electron with heavy particle is estimated as (m:’fme) AFE,

where m, is the mass of an electron, m; is the mass of a heavy particle, and AFE is
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Test Gas

Evenson Cavity

Laser Diode
Vacuum Pummp

Figure 3.17: The schematics of laboratory microwave discharge tube at Stanford
University

the difference of translational energy [47).

At low pressure (P < 1 kPa), the collision rate is low, and the energy transfer from
electrons to heavy particle is not efficient. Therefore the translational temperature of
heavy particles may be quite different. This non-equilibrium allows the production of
atomic species near room temperature (translational temperature), and experiments
with these non-equilibrium plasmas much easier than with thermal equilibrium plas-

mas.

A microwave generated by Opthos Instruments, Inc. at a frequency of 2.45 GHz
delivers power ranging from 0 to 120 W to an Evenson cavity. This cavity can excite
static and flowing gases at a pressure range from a few mTorr to several hundred
Torr. There are two tuning knobs: a threaded tuning stub on the top and a sliding
rod made of ceramic to withstand high temperature. The cap of the cavity can be
removed, and this cavity can be installed on an existing gas system. The flow rate to
the discharge tube is monitored by Tylan General, Model 360 V flow meters, and the
pressure is measured with a MSR, PDR-D-1 pressure gauge. Argon, nitrogen, and

oxygen gas are introduced through the flow meters, and a low pressure glow discharge
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is maintained around the microwave cavity. The windows, where a laser beam passes

through, are glued at Brewster’s angle to minimize the reflections.

] ] | |
8x10° u
O data
6 — — Voigt fit
[
Q
§
2
Q
28
<
1 ! | i | 1
07 06 -05 -04 -03 -02
Relative wavenumber { cm ™)
| T I I N N
80x10° O data |
— Voigt fit

3
cC
3]
€
o]
7]
0
<

00020406 08101214
. B
Relative wavenumber (cm )

()

Absorbance

Absorbance

1 I l |

0.16 - O data -
. — Vougt fit i
0.12 — =
0.08 — -
0.04 — —
0.00 — -
| 1 | | |
05 -04 -03 -02 -01
Relative wavenumber ( cm - )
s | 1 .I 1 |
1.5x10" :
1.0 -
0.5
008 g
0¥ . S“z Y h
T | T T
0.0 0.1 0.2 03 0.4

. -1
Relative wavenumber (cm )

Figure 3.18: Discharge tube absorption measurcments of (a) nitrogen at 824.2 nm (b)
oxygen at 777.2 nm (c) argon at 772.4 nm and (d) N» first positive system at 773.8

nm

Sample results of absorption by nitrogen, oxygen, and argon are presented in

Fig.3.18.

In the discharge tube measurcments, the lineshape is fitted to a Voigt

profile, but the pressure was only 0.5 Torr, and the Doppler broadening was the

dominant broadening mechanism. The translational temperature ranged from 345

to 1,000 K, depending on pressure, flow rate, and rf-power. The lineshape in the

discharge tube should be much narrower than that in the arc heater. In the heater,




Appendix i: PhD Thesis Suhong Kim

3.3. SENSOR VALIDATION IN A LABORATORY PLASMA 65

the temperature ranges between 6,000 and 8,000 K and the pressure ranges between
2 and 8 atm. The corresponding Doppler width is as much as 5 times wider, and
Stark broadening and van der Waals broadening can also be significant. Stark effect
and Zeeman splitting must be considered in the heater. Even though the lineshapes
in the discharge tube are quite different from the lineshapes in the heater, the line
center of each transition was successfully verified with a simple lab-based microwave

discharge tube.
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Chapter 4

Temperature Measurements in the
IHF Heater

Atomic absorption spectroscopy measurcments to infer gas temperature in the heater
are presented in this chapter. Pressure and temperature are the two fundamental
properties of a plasma flow in equilibrium. The pressure in the heater is monitored
with pressure transducers on the inner wall of the heater. However, previously the
gas temperature has not been measured. In this work, two dominant atomic species
of air plasmas, N and O, are monitored with two VCSELs near 856.8 nm and 777.2
nm.

TDL absorption measurements of atomic N or O in the heater can be used to infer
temperature in two different ways. First, if the Doppler broadening contribution to
the lineshape can be extracted from the measured wavelength scanned absorption,
then the translational temperature is readily available. Second, if the gas is in chemi-
cal and electronic equilibrinm, then the absorption measurement of the population in
a specific electronic state of N or O can be combined with the known heater pressure
to infer a temperature. In the heater there is a DC magnetic field from the arc current
and an AC magnetic field which is used to swirl the are attachment on the exit nozzle.
These ficlds lead to Zeeman splitting of the absorption transition. The combination
of the high-pressure and high-temperature in the heater lead to an absorption fea-

ture which is quite difficult to deconvolve to determine a Doppler contribution to the

66
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width. Thus, the chemical temperature determined from the measured N or O num-
ber densities are expected to provide a more accurate temperature. However, before

discussing the number density measurements, we first discuss the lineshape results.

4.1 N and O absorption lineshapes in the IHF

The absorption lineshape of atomic oxygen near 777.2 nm measured in the arc heater
is shown in Fig.4.1. The absorption feature appears as a single transition. However,
this feature is actually the blend of the 5 lines of the Zeeman split transition. Because
DC and AC magnetic fields are not known, it is very difficult to fit this feature to 5
lines. If we chose to fit the data in Fig.4.1 to a single Voigt lineshape, we obtain a
half-width-half-maximum (HWHM) for the Gaussian component of 0.149 cm™!. This
corresponds to a translational temperature of 16,240 K, which is much higher than
the temperature expected from energy balance considerations. In addition, this single
Voigt lineshape fit leads to very large fluctuation in the linewidth consistent with the
large AC magnetic field. Fig.4.2 shows a time series of the Gaussian fit widths. The
average single Doppler linewidth during 700 sec corresponds to 16,240 K and the
fluctuation was 6,690 K. Fig.4.2 illustrates that the average temperature and these
fluctuations which would suggest a temperature fluctuations, is not reasonable in the
arc heater on the basis of energy balance arguments.

The heater conditions during the temperature measurements are shown in Fig.4.3.
The fluctuation of the voltage, current, pressure and mass flow rates are negligible,
the arc heater efficiency was 49 % with only a 1.5 % peak-to-peak fluctuation. The
heater temperature from the energy balance can be roughly estimated with the air
plasma properties at 1 atm [47] using

Theater
nVI= . me,(T)dT (4.1)
where 7 is the arc heater efficiency, m is the mass flow rate, and Tyoom and Theqrer is

the room temperature and the heater temperature respectively.

Requiring energy balance, a temperature of 6,750 K is predicted at 1 atm. The



Appendix I: PhD Thesis Suhong Kim

68 CHAPTER 4. TEMPERATURE MEASUREMENTS IN THE IHF HEATER

2 0054 . .. .-
B 000 st W e S A,
g; . sep o_’ I MR L bR .'I.’: -..:u...:
-0.05 -7 :
T Tos
(]
Q
Cc
(0]
?, O Data
3 ~—— Fitting
<
'01 |||||IIIIII‘IIIllllllllllllllllllII
77712 777.16 777.20 777.24 777.28
Wavelength {(nm)
Figure 4.1: Absorbance of O near 777.2 nm
025 | ] ] I | ] ]
£
<020 —
P
s
20,15 n
T I '
£
§ 0.10 — —
3
£0.05 -
9
Q
")
0.00 T T T T 1
300 400 500 600 700 800 900 1000
Time ( sec )
Figure 4.2: Gaussian width of O near 777.2 nm from a

single Voigt fit




Appendix |: PhD Thesis Suhong Kim

4.2. N AND O NUMBER DENSITIES TO INFER TEMPERATURE 69

actual pressure in the heater was 196 kPa, and the specific heat at 196 kPa is different
from the specific heat 1 atm. Unfortunately, the specific heat at 196 kPa is not
precisely known. The dissociation of molecules in the high temperature plasma at
196 kPa is less than that at 100 kPa, and therefore a larger portion of the input energy
contributes to the gas temperature. Also the absorption is stronger in the core and
the diode laser sensor is more sensitive to the plasma core, where the temperature
is higher, than to the edge of the flow. Thus the temperature at 196 kPa should be
slightly higher than 6,750 K estimated here.

If the feature in Fig.4.1 is fit with 5 Zeeman split lines with Voigt lineshapes, the
fidelity of the data for these severely blended transitions does not allow a unique fit.
The magnetic field strength must be constrained for a reasonable fit.

The lineshape of atomic nitrogen near 856.8 nm measured in the heater is shown
in Fig.4.5. A single Voigt fit to the transition of atomic nitrogen near 856.8 nm
gives the Gaussian width (HMHM) of 0.159 ¢cm ™. Again, the Gaussian width, which
corresponds to the translational temperature of 20,330 K with fluctuation of 6,800 K,
is unreasonable. This nitrogen absorption lineshape is the blend of 30 lines resulting
from Zeeman splitting of 6 hyperfine lines. However, the combination of Zeeman and
hyperfine structure is complex and the magnetic field in the heater is unknown. Just
as in the O case, multiple line fitting was not feasible to obtain the translational
temperature.

To obtain the gas temperature in the heater, the population temperature was

measured in the heater.

4.2 N and O number densities to infer tempera-

ture

As shown in the previous chapter, the population temperature can be calculated from
the integrated absorbance arca. Even though the transition is split into multiple lines
by Zeeman splitting, the total area remains constant. The number density of the

atomic oxygen metastable state, °S9, can be obtained from the numerical integration
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of the absorbance. From Beer-Lambert’s law,
I
Sn,L = / In(7-)dv (4.2)
0

where n; is the number density of an excited state, ng is the number density of the
species, and B(T) and D(T) is the Boltzmann fraction and the degree of ionization
respectively.

1

For the data in Fig.4.1, the integrated area of absorbance is 0.178 ¢m™', and

the corresponding density of 559 is 3.60 x101 em=3. The optical path length in
the heater is the diameter of the electrode ring (11.4 cm) ignoring the thickness of
boundary layer. Boundary layer analysis is discussed in appendix. Lincstrength S is
defined as ;’% fin unit of cm™1s7!, and is 0.0122 for O near 777.2 nm. The degree of
dissociation of oxygen in the test gas, air, above 6,000 K is close to 1. With known
air composition and measured pressure, the number density of oxygen atom, ng is
caleulated as Zaal /ET.

The fraction of the total atomic oxygen in the metastable state was estimated as
1.87 x1077, which correspouds to a population temperature of 7,120 K from the
Boltzmann fraction shown in Fig.4.7. We believe due to the Zeeman effect and
the hyperfine structure, the population temperature is a better indicator than the
translational temperature in the THF heater. During the material test, all operation
parameters such as voltage, current, heater pressure, and mass flow rate were kept
constant, and the population temperature was constant as expected.

From the integrated area near 856.8 nm of 0.0146 ¢m~!, the number density of
the excited nitrogen was 1.30 x10° em =3 with the linestrength of 0.00281 cm~1s71.
With the mass flow rate of main air, and assuming equilibrium dissociation, the total
atomic nitrogen in the " Py » state is 6.31 x 1078, and yicld a population temperature of
6,850 K. More detailed discussion of the gas composition at the elevated temperature
and pressure is given in the previous chapter.

The number density of total nitrogen can be larger than that of oxygen by a factor

of 4 from the composition of air. However, at the expected temperature, oxygen is
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Figure 4.7: Boltzmann fraction of N and O over 6000 to 9000 K at 2 atm

fully dissociated and nitrogen is not. The oscillator strength of the 777.2 nm transition
of O is about 4 times larger than that of the 856.8 nm transition of N, and the
Boltzmann fraction of O in its lower state is larger than the Boltzmann fraction of N
in its lower state at a given temperature by a factor of 4 as in Fig.4.7. The signal-to-
noise ratio (SNR) of O was 20, and is 5 times better than the N measurements. For
the temperature range between 6,000 to 8,000 K, the equilibrium ionization of N and
O is small due to high ionization energy of N and O, and was neglected in the data

analysis.

4.3 Simultaneous heater temperature measurements

For a specific run, IHF 147 Run 019, the population temperatures of O and N were
simultaneously monitored. The operation conditions of IHF 147 Run 019 are plotted
in Fig.4.8. At the beginning, there is a transient period, called the start-up period
when argon flow is used to start a discharge in the heater. After the discharge is
initiated, a small amount of air is added to the flow, then the mass flow rate of air

is increased until the discharge reaches a stable condition, and the voltage, current,
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Figure 4.9: The mole fraction of IHF 141 Run 019 in the heater

pressure, and the flow rates reach their designed values. A robot arm then inserts a
Gardon gauge into the plasma flow for a few seconds. Finally the other robot arm
inserts a thermal protection tile into the plasma flow. During this run, the operation
conditions were changed to test two different conditions. For 120 sec, the pressure
was maintained at 865 kPa, the voltage was 7,100 V and the current was 4,560 A.
During the period the mass flow rates of main air, argon, and added air were: 0.73,
0.072 and 0.055 kg/sec. The argon comprised the gas in the heater by 7 % in mass,
and 5 % in mole. The power per unit mass of main air was 14.4 MW/kg, or 24.0
MW was added to 1 kg of main air. These conditions were maintained for 120 sec,
then a second set of conditions was used. The pressure dropped to 194 kPa, the
voltage to 3,170 V and the current to 2,060 A. Simultaneously the mass flow rates of
main air and argon were reduced to 0.146 and 0.0246 kg/sec, while keeping the mass
flow rate of added air was held constant. The mole fraction of air and argon in the
heater is shown in Fig.4.9. The power decreased from 32.4 to 6.49 MW, and the mass
flow rate of main air was reduced from 0.73 to 0.146 kg/sec. The conditions were
designed such that the power per unit mass of main air still was maintained at 44.4

MW /kg. Because the same amount of energy per unit mass was added to the test
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gas, the temperature of the flow in the arc heater is assumed to be the same for the
two conditions. However the diode laser absorption measurements shown in Fig.4.10

indicate the temperature changed.

7000 —

6500 —

6000 —

Temperature (K)

5500

| ] } | | |
200 400 600 800 1000 1200
Time (sec)

Figure 4.10: Population temperature of O and N in the heater during IHF 147 RUN
019

The population temperature measured with O increased from roughly 6140 to
6820 K when the condition changed. At the same time, the population temperature
of N changed from 6590 to 6720 K. There is a plausible explanation: the higher mass
flow rate has the larger velocity. As the Reynolds number increases, the boundary
layer thickness decreases. In the heater, the conditions are expected to be turbulent,
and for a smooth wall, the boundary layer thickness is proportional to 1/ Re'/" where
Re = "‘g—‘”. Here p is the viscosity, U is the characteristic velocity of the flow, x is the
characteristic length, and p is the density. The details are discussed in the appendix.
For monatomic gas, the Prandtl number is 2/3, therefore, the thermal boundary layer
is about the same order as the momentum boundary layer. The low flow condition
of IHF 147 Run 019 has a lower heat transfer rate to the wall because the boundary

layer increased, which is consistent with the higher temperature observed.
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4.4 Heater temperature vs operation condition

For the set runs of IHF test 149, the population temperature of metastable atomic
oxygen was repeatedly monitored under various conditions. The whole set of THF
149 was done over 3 weeks, and several conditions were tested. Nineteen runs were
measured and the population temperature and dissociation fraction were studied as

a function of total power, energy per unit mass of test gas, and heater pressure.
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Figure 4.11: Population temperature of O of IHF test scquence 149. The mass How
rate also increased as the power increased, so that the energy per unit mass of test
gas was nearly constant as 43 MJ/kg.

For these tests, the heater pressurc varied from 175 to 415 kPa, and the power
(clectric power to the heater) ranged 5.17 to 15.6 MW, which is much lower than the
maximum power (60 MW) rated for the THF. The energy per unit mass of test gas
varied between 41.3 and 52.1 MW/kg, and for most of the run, except at 175 kPa,
the power per unit mass of main air was relatively constant within 10 %. The pop-
ulation temperature of O was constant within our estimated uncertainty. Therefore
for the operation range above, the enthalpy of the flow in the heater remained nearly
constant. The dissociation fraction of molecular oxygen was calculated from the mea-

sured oxygen number density and from the mass flow rate of test gas, and ranged




Appendix I: PhD Thesis Suhong Kim

78 CHAPTER 4. TEMPERATURE MEASUREMENTS IN THE IHF HEATER

1 1 1 | 1 1
7200 — —
7000 — |
)
S 6800 — —
: B oo A
g 6600 — A
o
o 6400 —
£ A Py =175kPa
~ 6200 — O Py =220kPa| ™
6000 — o Pheater =350kPa —
O Proyer — 415 kP2
5800 —
T T T T T T
42 44 46 48 50 52

Energy per unit mass of test gas (MJ/kg)
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between 0.95 to 0.97 %. For example, the dissociation fraction of oxygen molecule
at 6,660 K and 415 kPa is 99.5 %. To calculate the dissociation fraction, we simply
assumed that atomic oxygen is the only species containing oxygen, however there are
other species with oxygen. For example, NO, NO*, O, and OF at that condition
comprise 3.60, 9.12 x 1072, 3.02 x 1073, and 3.44 x 107* % of the total oxygen species
respectively. This may contribute to the discrepancy of 2.5 to 4.5 % in dissociation

fraction.

4.5 Discussion

Two atomic species, N and O, were measured with diode lasers in a high power arc-
heated facility at NASA Ames rescarch center. The population temperature mea-
surements showed atomic spectroscopy with diode lasers are capable of time-resolved

measurements of gas temperature in the heater.
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Chapter 5

Electrode Erosion Measurements
in the IHF Heater

Copper electrode erosion during the IHF 147 Run 008 was monitored with two diode
lasers. To determine the concentration of copper, both the number density of an
excited state and the gas temperature must be estimated or measured. For a given
pressure, both the Boltzmann fraction and the ionization fraction can be obtained
from the temperature assuming equilibriuin. Therefore, to measure total copper con-
centration, the temperature in the IHF heater must be simultaneously measured. The
excited state population of atomic nitrogen is used to extract population temperature
simultaneously with the copper measurcments.

In this chapter, we present simultaneous measurements of a copper excited state
and the temperature in the IHF heater. First, the lineshape of copper and nitrogen
will be discussed. Then during IHF 147 Run 008 time-resolved measurements of

temperature and copper will be discussed.

5.1 Lineshape atomic copper and atomic nitrogen

The lineshape of copper is very complex due to 8 hyperfine structures of 2 isotopes.
These 8 lines are split into 40 lines duc to Zeeman effect depending on the approxima-

tion level. These multiple lines are not distinguishable from the absorption spectrum
I !

30
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in the IHF heater due to broadening.
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Figure 5.1: The lineshape of Cu at 793.3 nm

The typical lineshape of copper at 793.3 nm is given in Fig.5.1; the signal to noise
ratio is about 7. This SNR is too low to attempt multi-line curve fitting. From
the integrated area of the lineshape, the number density of an excited state, 2Pf/2,
was measured as 1.4 x10'° em~3. To estimate total copper concentration, the gas
temperature must be also measured. The population temperature in the heater was
monitored using the atomic nitrogen sensor. Fig.5.2 shows the lineshape of atomic
nitrogen at 824.2 nm, and the lower state is *Psjo. As in the previous chapter, the
population temperature was extracted from the integrated area. From the integrated
area, the number density of nitrogen in the excited state, 4 Ps /2, Was measured as 1.4
x10'°% em =3, which corresponds to a population temperature of 7,140 K.

Using the gas temperature and a pressure measurements, total copper concentra-
tion can be calculated. The number density of electron in the air plasma at a given
pressure and temperature can be calculated. With the electron number density and
temperature, the ionization fraction copper and the Boltzmann fraction of a copper
excited state can be caleulated. For example, at 2 atm, the fraction of 2Pf/2 out of

total copper species was plotted as a function of temperature and pressure in Fig.5.3
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considering the ionization fraction and the Boltzmann fraction.

From the integrated area of copper absorbance, the number density of an excited
state, ?Pyjy, was measured as 1.15 x10'° em™3. The Boltzmann fraction of a copper
excited state, >P{j,, for 7,140 K and 615 kPa, is 1.44 x107°, and the ionization
fraction of copper is 0.904 with the electron number density of 3.17 x10'® em™3.
Then, the total atomic copper concentration in the flow is 8.00 x10*2 em™2, which
is obtained by multiplying the excited number density by m. Then,
the total number density of copper species including ions is 8.31 x10¥3 em™3, or
13 ppm, which is obtained by multiplying the number density of atomic copper by

1/(1-ionization fraction).

5.2 Simultaneous measurements of nitrogen and

copper

For IHF 147 Run 008, the operation condition was monitored by the NASA Ames
Arcjet team and the conditions are given in Fig.5.4. There was a transient period
of roughly 50 sec until the plasma was stabilized. Then the voltage, current, and
pressure were maintained as 6,040 V, 3,560 A, and 615 kPa for 120 sec. The mass
flow rates of main air, added air, and argon were maintained at 0.528, 0.055, and
0.055 kg/sec respectively. Total power was 21.5 MW, and the power per unit mass
of main air was 40.7 MW /kg for the first condition.

Then the voltage, current, and pressure were dropped to 3,160 V, 2,050 A, and
195 kPa for the second condition. The mass flow rates of main air, added air, and
argon were maintained at 0.146, 0.055, and 0.0245 kg/sec respectively. Total power
was 6.48 MW, and the power per unit mass of main air was 44.4 MW /kg. This second
condition lasted for 100 sce and the are was turned off.

The in-situ measurements of copper concentration in the heater are presented in
Fig.5.5. The population temperature for the first operation condition was 7,090 K,
and it increased slightly during the second operation condition to 7,120 K. The copper

concentration for the first material condition varied up to 13 ppm, and during the
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Figure 5.4: The operation condition of IHF 147 Run 008 were plotted during the
material test (a) The heater pressure, the electrode voltage, and the total current (b)
The mass flow rates of gases: main air, argon, and added air
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second test condition, the copper concentration was below the detection limit. The
measured copper erosion in the high flow case is consistent with the thin boundary
layer and large heat flux to the copper wall.

The mole fraction of copper in the flow is converted into the mass fraction, and
the accumulated copper erosion is shown in Fig.5.6. In average, the total mass of air
during the test was 97.5 kg, and the total mass of copper was 1.04 g. Therefore, the

average copper concentration during the whole test was 10.7 ppm in average.
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Figure 5.5: The Cu concentration and N population temperature
g I

5.3 Discussion

We developed and applied a copper sensor based on tunable diode laser absorption
spectroscopy for the first time. During the material tests, at power conditions above
20 MW, up to 13 ppm copper in the flow we observed. However, for heater powers

below 15 MW, the signal dropped below the detection limit of 2 ppin.
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Figure 5.6: The Cu erosion of the heater - two electrodes and a constrictor tube
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Chapter 6

Measurements in the IHF Test
Cabin

The velocity of the flow in the IHF test cabin ranges from 5 to 10 km/s. Due to
such a high velocity, the transit time after the throat is comparable to the collisional
time scale. Therefore, the flow cannot reach equilibrium after expansion, and the gas
composition is complex.

For hypersonic flow, it is generally assumed that the chemistry in the post-
expansion region is frozen. The final flow may be far from equilibrium: the composi-
tion is expected to be similar to the composition at the nozzle throat, the translational
and rotational temperature to be much lower than the vibrational or electronic tem-
perature, and the population of metastables to be enhanced due to cascading from
higher excited states.

In this work, two metastable states of Ar and one mectastable state of O were
measured to monitor the IHF test cabin condition and to set an upper limit to the
metastable number density. A VCSEL was used to scan two metastable states of Ar
at 772.38 and 772.42 nm simultaneously. And as shown in the previous chapter, a
VCSEL at 777.2 nm was used to monitor the metastable state of O.

Because of the very small amount of metastable or excited states in the cabin
flow during the material tests, these states are difficult to monitor. This difficulty

led to a decision to introduce an alkali metal into the flow as a tracer. Potassium

87
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salt. was seeded in the heater and the ground state potassium was monitored in the
test cabin with a VCSEL at 770 nm. For IHF 149 (a set of material tests performed
during March 2004), the Doppler width of the K line was measured in the test cabin
to obtain the translational temperature. During THF 149, the magnetic field in the
test cabin was negligible, which was consistent with Ar measurements.

In this chapter, we will present our measurcments of metastable species and the

translational temperature of K in the test cabin.

6.1 Metastable Ar measurements in the IHF test

cabin

6.1.1 Ar lineshape

Two metastable states of Ar, 3P — 4s[3/2]3 and 3P — 4s'[1/2]3, were measured in
the THF test cabin with a single diode laser only during the start-up period. The

start-up period was marked in Fig.6.1 and in Fig.6.2.
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Figure 6.1: The operation condition of IHF 147 Run 009: The heater pressure, the
electrode voltage, and the total current
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Figure 6.2: The operation condition of IHF 147 Run 009: The mass flow rates of
gases: main air, argon, and added air flow rates

The argon was observed only during the start-up period. The signal then decreased
below the detection limit when the added air is introduced. At 178 see, there’s a 16
second time slot, and only argon gas was dclivered to the heater at low voltage and
current. This started arc discharge, and then the voltage, current, pressure, and mass

flow rate of air were increased to the designed condition.

The lineshape of argon during the test of IHF 147 is given in Fig.6.3. The lineshape
is different from the argon lineshape in a discharge tube, shown in the previous
chapter. In the discharge tube, only a single line was observed, however during
IHF 147 tests in the test cabin, three strong lines and two weak lines were observed
for both transitions near 772.38 and 772.42 nm. Also the spacing between split lines

1

was constantly 0.14 em ™, and the distance between two center lines, were 0.045 nm

or 0.75 em™1.
The excitation temperature is defined with the Boltzmann fraction of two different
excited or metastable states. For Argon, the excitation temperature from the ratio

of two metastable states was calculated, and plotted as in Fig.6.5.

The number densities of two metastable states are shown in Fig.6.4. The average
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Figure 6.3: The lineshape of Ar at 772.38 and 772.42nm during IHF 147 Run 009
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Figure 6.4: The number density of two Ar metastable states during IHF 147 Run 009
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Figure 6.5: The lineshape of Ar at 772.38 and 772.42nm

number density of Ar mestastables, 3P — 45{3/2]3 and 3P? — 45'[1/2]3, during the
start-up period of 10 sec were 5.5 x10° cm ™2 and 4.6 x10° cm ™2 respectively. Strong
argon absorption was observed for 16 sec, after which the signal decreased below the
estimated detection limit of 7 x107 cm ™3 for both metastable states. For the test
condition at 0.08 kPa and 1,000 K, the upper limit of both Ar metastable states are
12 ppb. The two metastable states are roughly 1,400 cm™! or 2,000 K apart, and the

excitation temperature measurements are most sensitive in this temperature range.

6.1.2 Ar splitting

The strong magnetic ficld from the heater can split lines and the spacing between
split lines is constant as discussed in the previous chapter. The spacing of 0.14 em™!

implies a magnetic field of 0.15 T.

Typically the current of 3,500 flows through the clectrodes with 4 turns. As a first
approximation, the magnetic field in the center was calculated. With Ampere’s law,

the magnetic ficld induced by circular coils is formulated as
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p = kot (6.1)
R

where pg is the permeability of air (4 7 x 1077 T-m/A), N is the number of coils, and
R is the radius of a coil (R = D/2 = 5.72 cm). Details are presented in Appendix
A. The induced magnetic ficld in the center is computed to be 0.154 T, in good
agreement with the magnetic field inferred from the line spacing of Ar in the test
cabin during THF 146 and the speetral width (HWHM) in the IHF heater.

We observed that when the current is increased in the IHF heater, there is a clear
increasc in spectral width. This strong magnetic field in the heater decreases roughly
proportional to -LR;, where L is the distance from the center of the ring segment. More
details are given in appendix. Thercfore, the magnetic field must vary rapidly along
the axial direction of the nozzle. However, for different nozzle configurations (IHF
147 and IHF 149), we obscrved quite different Ar splitting in the test cabin. For
IHF 147 we observed very strong magnetic field, while for IHF 149 no splitting was
observed. The difference may come from the nozzle material, and these two runs
used different nozzles. If the nozzle is made of non-ferromagnetic metal, the magnetic
ficld decreases with distance. However, if the nozzle material is ferromagnetic, the
magnetic field is confined along the nozzle and the magnetic field in the test cabin
can be quite strong. Another explanation is possible. The magnetic properties of
plasmas may be quite different between the high current condition (IHF 147) and the
low current condition (IHF 149). More experiemnts are nceded to understand the

difference in observed magnetic ficlds.

We investigated other possibilities that might cause the line splitting. First fluc-
tuation of the plasma was considered. A comparison of a 100-averaged lineshape and
an instantaneous lineshape is given in Fig.6.6. Averaging decreased fast fluctuations
from beamsteering and increased SNR, however the dominant features of the line

splitting remains.

The effects of non-uniformity and diverging flow were investigated. If there is non-
uniformity in the flow, then the lineshape with a beam path near the edge of the nozzle

must be different from the lineshape with a beam path through the center. Fig.6.7
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Figure 6.6: The instantaneous lineshape of argon in the test cabin (without averaging)

shows that the lineshape through the edge (x/R=0.92) of the nozzle is attenuated due
to decrease in effective path length and possibly due to decrease in number density
of Ar. However, the characteristic lineshape of splitting was still observed, and hence
non-uniformity or diverging flow effects were excluded.

Other possible explanations include: Stark effect and AC Stark effect. However,
the Stark effect gives a different number of traunsitions, and can be excluded simply
from the observed spectral shape. The AC Stark effect splits lines at equal spacing
of AC frequency, in our case 4.2 GHz. There are no such high frequency sources in

the IHF, and hence this possible effect was also excluded.

6.2 Metastable O measurements in the THF test

cabin

The atomic oxygen metastable state was also monitored in the gas flow in the test
cabin. The O transition at 777.2 nm, which is the same transition used to measure

the temperature in the heater, was observed in the flow in the test cabin during the
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Plasma flow

Figure 6.7: A schematic of beam paths in the test cabin. The laser beam passed near
the edge of the nozzle exit
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Figure 6.8: The lineshape of argon in the test cabin near the edge
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Figure 6.9: The lineshape of Ar at 772.38 and 772.42nm

start-up period. A 1 % absorption was observed for 15 to 25 sec just as air is added.
After this observation early in each run, the oxygen signal disappeared when the final

flow conditions were reached.

Fig.6.9 shows the lineshape of oxygen in the test cabin. The linewidth of oxygen
was much wider than the Doppler width due to Zeeman splitting. The split lines were
broadened and merged, so that the lineshape looked like a single line. However, the
HWHM of the lineshape is 0.162 em ™!, which is slightly larger than the spacing of

Ar lines of 0.14 em~L.

As shown in Fig.6.10, metastable oxygen was detected for 22 sec and disappeared.
The detection limit of the oxygen metastable state was 4 x108 ¢cm™3. For the test

condition at 0.08 kPa and 1,000 K, the upper limit of O metastable state is 0.7 ppb.
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Figure 6.10: The lincshape of Ar at 772.38 and 772.42nm

6.3 Metastable N, measurements in the IHF test

cabin

A measurcment of nitrogen molecules in the first positive system was investigated
in the test cabin. With the assumption of frozen chemistry, a detectable amount of
nitrogen first positive system was estimated. However, in the test cabin, the number
density of Ny (AL}, v = 2,5 = 13) was below the detection limit of 6.5 x10' em™>.
For the test condition at 0.08 kPa and 1,000 K, the upper limit of Ny metastable state
is 12 ppm.

6.4 Potassium lineshape

Fig.6.11 is the lineshape of potassium in the test cabin. Potassium has hyperfine
structures from nuclear spin of I = 3/2 and isotope shifts. Ouly the hyperfine struc-
ture has been considered and isotope shifts are ignored for its small shifts. The line
structures and the relative strengths of each split lines were determined in previous
research [67, 63, 69, 68].
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Figure 6.11: The lineshape of K at 769.9 nm

By fitting the lineshape to multiple Voigt functions, the Doppler width (HWHM)
of 0.0404 cm~! was inferred, giving a translational temperature of 784 + 156 K. This
translational temperature was consistent with the previous translational temperature
measurements in a similar facility (Acrodynamic heating facility at Ames Research
Center) [21, 22]. From the integrated area and the translational temperature, the
seeding was estimated as 200 ppb. The SNR of potassium is 140, and the seeding
level can be as low as a few ppb. This is demonstrates that the potassium seeding
strategy can be very effective without disturbing the original system. At such a low

level, the bulk plasma properties such as conductivity do not change [70].

Unlike argon measurements in the previous chapter, during [HF 149, the mag-
netic field in the test cabin was low and no Zceman splitting was observable. Argon
measurements in the IHF test cabin also show consistent low magnetic field results.
It is unclear if the difference is due to the change in arc current or to the different

nozzle.
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Figure 6.12: The lineshape of Ar at 772.4 nm showed that there was negligible mag-
netic field in the test cabin

6.5 Translational temperature vs time

The temperature in the heater and the temperature in the test cabin were simulta-
neously measured. Atomic oxygen was used in the heater and potassium was used in
the test cabin.

The heater temperature (population temperature of oxygen) was 6,660 (between
6,620 K and 6,680 K), and remained constant over 13 minutes. The temperature
in the test cabin was also relatively constant. The translational temperature in the
test cabin ranged between 657 K and 1,430 K, and the average temperature was 904
K. The potassium seeding was not continuous, and a signal was not always present.
However, there were still enough data points to cover the 20 minute test from the
start to the end. The heater temperature was monitored every second, and the test
cabin temperature was monitored sporadically. Potassium painting on the heater
wall evaporates only at high temperature. The thermal boundary layer above the high
pressure water cooling heater wall prevents the wall from overheating. However, there
can be arcing or small fluctuations, which raise the wall surface temperature enough

to evaporate potassium into the flow. To obtain continuous test cabin temperatures,
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Figure 6.13: IHF 149 Run 018 (a) Simultaneous measurcments of IHF heater tem-
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a different seeding strategy is needed: seeding through one of gas lines is a possibility.
The vapor pressure of potassium at an elevated temperature is large enough to be
secded.  Alternatively potassium salts such as KCl or KOH could be continuously
delivered to the heater by a carrier gas. These two strategics require modification of

the heater configuration, and have not been used in this work.

6.6 Summary and discussion

The metastable species concentration and translational temperature were measured in
the test cabin. TDLAS was used to monitor metastable species in the test cabin. Dur-
ing the start-up period, we observed strong absorption from the metastable species.
However when added air is introduced to the flow before the throat, these excited
metastable state species in the plasma disappeared from the flow, and the absorption
signal decreases below the detection limit. An upper limit of the metastable states of
Ar (3P — 4s[3/2)3 and *P§ — 45'[1/2]3), O (°S9), and Ny (A*Lf, v =2,j = 13) of 7
x107 em™2, 4 x108 ecm ™3, and 6.5 x10'° em ™2 were estimated. The upper limits of the
fraction were 12 ppb for the Ar metastable states, 0.7 ppb for the O metastable state,
and 12 ppm for the N, metastable A-state. From the measurements of metastable
states in the THF test cabin, we concluded that in the free stream flow, most gases
are in their ground state rather than in the excited or metastable states. This is
contradictory to the hypothesis of frozen chemistry. When air is added to plasma gas
before the nozzle, metastable or excited states of the plasma quench to the ground
state, and contribute to additional dissociation of added air. This process brings the
test gas condition closer to the flight condition of the space shuttle. During the main
material test, we seeded potassium in the heater and measured the translational tem-
perature in the test cabin, which demonstrates the feasibility of K sensors in the test
cabin. The K and O sensors were used to monitor the condition in the heater and in

the test cabin simultancously.
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Chapter 7

Suggested Future Work

7.1 Spatially resolved measurements

Absorption spectroscopy provides integrated line-of-sight measurements. This can be
advantageous when an overall parameter is needed to control the system, however
spatial information is lost. To overcome this drawback of line-of-sight measurements,
the Radon transformation techniques have been applied. Especially when the profile
of the property is radially symmetric, the Abel transform, a simple form of the Radon
transform, has been used to get a radial profile. However, the spatial resolution of
the Radon transform method is fundamentally limited by the number of lines, and
cannot resolve features smaller than the size of grid. Also, to obtain a property at a
specific position, multiple measurements and complex data analysis is required.
Laser-induced fluorescence is an alternative to line-of-sight techniques, such as
emission and absorption, with a spatial resolution. Geometry of a laser beam and
optics determines the spatial resolution for LIF, which can be as small as a few um.

Also a single measurements gives a property at a given position.

7.2 Wavelength mixing

Another limitation of diode laser sensors is the limited range of wavelengths available.

In many cases, the line selection is determined by available laser wavelengths. One
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way to widen spectral range is wavelength mixing with nonlinear crystals.

For example, currently wavelengths below 380 nm are generally not available.
However, through nonlinear optical processes, the sum frequency of two input lasers
:an be obtained. Research has been used nonlinear mixing (71, 72, 73, 75, 76, 74, 77,
78, 79, 80, 81, 82], to obtain UV light around 300 nm and 220 nm, and absorption
measurements have been demonstrated with all solid state lasers. At the cost of power
loss, the sum of two input laser beam frequencies or the second harmonic of the input
laser beam, can be generated with nonlinear erystals such as BBO (beta-BaB2Q0y) or
RDP (rubidium dihydrogen phosphate).

Atomic copper has transitions from the ground state at 324.8 nm and 327.8 nm.
By wavelength mixing of 532 nm with 834 nm or 854 nm, 384 or 327 nm can be
generated, and the measurement of copper ground state could improve the detection
limit of copper by a factor of 1,000. In the heater, using the 793 nm transition, the
deteetion limit was a few ppm. The Boltzmann fraction of the ground state is much
larger than that of the excited states 2 P, and *Py),. The ratio is roughly estimated
as exp(F/kT), which is about 1,000 at 6,000 K.

7.3 Potassium seeding

A more uniform mecans of potassium seeding is desired for test cabin monitoring
continuously over the entire material test. There are two strategics to seed potassium
in the heater. First, the vapor pressure of the potassium metal is significant at an
clevated temperature, and potassium vapor can be delivered via inert gas such as
argon to the heater. By changing the potassium temperature, the amount of seeding
*an be controlled. Fig.7.1 shows the vapor pressure of metallic potassium at 1 atm.
The vapor pressure can be significant (1 Torr) around 620 K (or 350 Celsius). In a
heated cylinder filled with argon as a carrier gas, metallic potassium gas can be heated
with a heating tape and temperature controller. Then, the heated gas of mixture of
potassium and argon can be delivered to the arc heater.

This method can guarantee uniform and continuous potassium seeding. However,

heating the whole delivery system at such an elevated temperature about 620 K
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Figure 7.1: The vapor pressure of potassium.

requires stainless or copper pipes to the heater. Any conductive object near the
electrodes must be designed carefully, and this strategy may require changes to the
heater configuration.

Another method is seeding potassium salt, such as KCl or KOH, through the air
or argon line. KOH or KCl solution can be delivered to the heater. However, for KCI,
chemically active Cl can be a safety or erosion problem, and KOH may cause other
safety issues.

In the test cabin, the kinetic energy of the flow comprises the largest portion of
the total enthalpy. Therefore the velocity of the flow is a key parameter in the test
cabin. The translational temperature and the velocity can be extracted from the
absorption of 2 laser beams at different angle. One beam perpendicular to the flow
can be a reference for the Doppler shift of the second beam, and the velocity can be
extracted.

This seeding strategy could provide very simple temperature and velocity mea-

surement methods in the test cabin.
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Appendix A

To understand Ar splitting, which is presented in Chapter 6, the effect of the magnetic
on the lineshape must be discussed. The magnetic ficld in the heater is induced by
current loops, and thus the magnetic field in the heater confines ions and eclectrons
near the core of the heater. For example, if an electron with a radial velocity is
under an axial magnetic field, the Lorentz force is exerted perpendicular to the radial
velocity. Due to the Lorentz force, the electron gyrates on the plane perpendicular

to the axial direction, and does not hit the wall.

The electrodes have four loops inside the electrode ring to multiply the induced

magnetic field.

A.1 Magnetic field in the heater

Ampere’s law is used to estimate the induced magnetic field with simplified coils. The

schematics are shown in Fig.A.1.

For N turns, current i, and radius R, magnetic ficld can be formulated as:

M()Z dl N/l,ol 2r Rdf Nﬂol
er — N — —_— = = A.l
Bheat a7 dr Jo R? 2R (A1)

The estimation of magnetic field at the center of the heater is 0.144 T with N =
4,i= 0500 A, and R = 5.22 cm.
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Figure A.1: Geometry to calculate induced magnetic field at the center of the coil

A.2 Magnetic field in the test cabin

The magnetic field in the test cabin can also be estimated. The schematic is shown
in Fig.A.2.

fot
Btestcabin = Nx ﬁszna =

sina
4

5 L2+ R?2 2R (L24 R?)*? ~ B
(A.2)
This is the magnetic field induced by N-magnetic dipole. For L = 1 m, Biegteapin =
2.88 x 107° T.
Therefore, in the heater there is strong the magnetic field during the material
test. However in the test cabin, the induced magnetic field is much lower due to the

3
decrease proportional to (%) .

dl . Nyt . 2 Rdf N ot R? (R
- heater

L
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Figure A.2: Geometry to calculate induced magnetic ficld in the test cabin
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Appendix B

B.1 Boundary layer and non-uniformity of the flow

The line-of-sight absorption measurements assume that the property of the medium
through the optical path is uniform. However, the flow in the IHF heater is not
uniform. The plasma in the heater is confined in the core due to magnetic field and
cold wall. In the IHF heater, the flow can be estimated axisymmetric, while the radial
profile is not uniform due to boundary layers and plasma confinement.

Previous research [51] shows that if the absorption at the center is larger than the
absorption near the edge or boundary, the line-of-sight absorption lineshape is close
to the lineshape of uniform profile.

The properties of air at high temperature must be used to estimate the boundary
layer thickness in the heater. Boulos [47] tabulated gas properties of air, which were
used in this work. The boundary layer thickness can be estimated as a first order
approximation as flat plate turbulent flow. In the heater, the flow is turbulent with
Rep 2 x 10%, and for the turbulent flow, the momentum boundary layer thickness
can be estimated [83] ‘

% ~ _R?;;—ll% (B.1)
D

The dominant gas species are monatomic gases such as O and N, and the Pr
number can be approximated as 2/3 [84]. Therefore dp =~ 0.037D and dr ~ 0.05D
where 07 is the thermal boundary layer thickness, 45 is the momentum boundary

layer thickness, and D is the radius of the heater tube.
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More rigorously, at NASA Ames Rescarch Center, the flow in the heater and cal-
culated temperature, velocity, and concentration profiles were calculated and shown
in Fig.B.1 and in Fig.B.2. The simulated condition of the AHF (20 MW) is some-
what different from the IHF (60 MW) condition. However, the simulation still can
still show fundamental characteristics of the flow.

For the non-uniform temperature profile, the line-average temperature is 5,630 K.
However, the atoms in the boundary layer do not contribute to the absorption, and
the linc-average temperature excluding the boundary layer is 5,820 K. This 200 K
difference is within the estimated uncertainty.

With the data above, we simulated oxygen and nitrogen absorption, as shown
in Fig.B.3 and Fig.B.4. Here we assumed no Zeeman splitting and Voigt number
of 1. Because the oxygen concentration is rather uniform across the heater, the
population temperature measured from the absorbance area was 5,870 K which is close
to the average temperature of 5,820 K excluding the boundary layer. Unlike oxygen,
for nitrogen, in this temperature range, dissociation fraction is a strong function of
temperature as shown in Fig.B.5. Due to this dissociation, the nitrogen concentration
near the core is higher than that near the wall even outside the boundary layer. This
overestimates nitrogen temperature. With the temperature and species profile, we
simulated nitrogen absorption, as shown in Fig.B.4.The population temperature of
nitrogen was estimated as 6,540 K which is significantly higher than the oxygen
temperature. Therefore, if the average temperature is to be monitored, oxygen may
be a better choice, while if the core temperature is the goal, nitrogen may be the

better alternative.
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Figure B.1: The temperature profile in the heater simulated by
Dr.Olejniczak of NASA Ames Research Center
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Figure B.2: The concentration of N and O profile in the heater
simulated by Dr.Olejniczak of NASA Ames Research Center
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Figure B.3: The simulated absorbance of O in the heater
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B.1. BOUNDARY LAYER AND NON-UNIFORMITY OF THE FLOW
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Figure B.5: The dissociation fraction of N over the temperature range of 4000-9999K
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Appendix C

C.1 Optical fibers

Interference between modes of a multimode fiber has been studied mainly to increase
bandwidth-distance product in telecommunication [86, 87, 88, 90, 91, 94, 95, 96, 97,
98, 99]. In addition the number of modes for cylindrical waveguide, such as a fiber,
has been well explained by Pollak [65] and Synder [66]. Maxwell’s equations with
boundary conditions yield cigen value problems in cylindrical coordinate or Bessel
functions. In this chapter, we’ll discuss the application of multimode fibers as a
fiber-coupled beam delivery for TDLAS.

To deliver the laser beams, optical fibers are commonly used. Especially for TD-
LAS, the modal noise must be controlled when a singlemode is employed for the
pitching side and a multimode fiber is employed for the pitching side. From the
singlemode fiber, only the fundamental mode is delivered, and the beam from the
pitching side has Gaussian distribution. And there is no modal noise. However, in
the multimode fiber, multiple modes can be excited by the input Gaussian beam.
There are two strategies to control modes in the multimode fiber for TDLAS: (1)
excite only the fundamental mode in the multimode fiber and (2) excite many modes
so that the output from the multimode fiber is incoherent. Theoretically, the first
strategy, called restricted launching condition, has no loss from modal noise, while
the second strategy has the SNR loss of -3db. However due to practical reasons such
as alignment tolerances and beam steering, the second strategy is adapted in harsh

experimental conditions.
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Modal noise comes from the phase difference between modes in the fiber due to
different group velocity between modes. The fundamental mode is more confined
near the core and therefore has the highest effective refractive index or slowest group
velocity. A higher order mode is rather confined near the edge, and has lower effective
refractive index or slower group velocity. For example, Liu [96] calculated the effective
refractive indices of 20 modes for a 50/125 multimode fiber. The refractive index
of core ng is 1.462, and the refractive index of cladding n, is 1.447. The effective
refractive indices for the first two lowest modes have the difference of 0.00079 or
0.00036 depending on the calculation methods. For the center wavelength (\g) of 780
nm, the tuning range (Af) of 1 em™ or 30 GHz, and the fiber length (L) of 30 m,

the phase difference (A¢) between lowest two modes can be significant.

6(A¢) = [¢modelat)\o - ¢mod62atAu] - [¢modelat/\0+6/\ - ¢mode2at/\o+6)\]

_[2_7r 27

- )\0 (nmodelat)\o — Nmode2at o )L] + [_m(nmodelat)\o+5)\ - nmodeZat)\o+5/\)L]

LA
~ M = 14.9rad = 2.37circle

During a scan, the phase difference changes 14.7 radian, and thercfore the laser

intensity from the multimode fiber fluctuates sinusoidally.

If the wavelength of the laser is fixed, the relative phase of the modes are constant.
Therefore, for a fixed wavelength measurement, as long as the power or intensity is
measured at a fixed position, modal noise may not be a significant problem. However,
for a scanning wavelength measurements, the phase difference between modes becomes

important.

For the scanned wavelength absorption, the ideal strategy is to excite only the
fundamental mode with another singlemode fiber as a catching fiber. However, due
to beam steering, misalignment, or deflection of the optics, only a tiny signal would
be coupled to a single mode fiber, and thus multimode fibers have been preferred for

their larger angular and lateral tolerance.

There are two types of multimode fibers depending on the profile of refractive
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index: graded-index fibers and step-index fibers. Graded-index fiber has a refrac-
tive index profile, which gradually changes from the core to the cladding such as a
parabolic profile. On the other hand, the refractive index profile of step-index fibers

is constant within the core, and abruptly drops in the cladding.

For the graded-index fibers, numerical aperture changes as the beam moves around,
while for the step-index fibers, the numerical aperture is constant. Therefore the step-

index fibers are more immune to beam steering or misaligment.

The excitation of the fundamental mode and the excitation of multiple modes
should be considered. Axial excitation with a Gaussian input beam can be simulated
by computing the launching efficiency as the overlap integral of the electric field of
each fiber mode with the electric field of an incident beam. This is quite different from
the excitation with a uniform intensity light clearly, where each mode is considered

to have the same power distribution.

Now we'll discuss two strategies: exciting the fundamental mode only, called re-

stricted launching condition, and exciting as many modes as possible.

C.2 Excitation of multiple modes

If there arc an infinite number of modes with the same energy distribution between
modes, then the relative phase differences cancel each other and modal noise becomes

negligible.

The electric field of a multimode fiber must be estimated and compared with the
beam size to estimate the number of modes in the fiber. The fundamental mode size
for a step-index fiber can be written with the fit of Bessel function and Gaussian
approximation [66]

Yo 0.65+1.610V %2 4 28716

a

__ 27a 2 —n?
where V' = 52, /n2,.. — Ngadding:
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For the graded-index fiber with a parabolic refractive index profile, the fundamen-

tal mode size is formulated as

2a

2 _
Y0 Trono (280172

where A = (ng—n,)/(n1). Here ng is the refractive index of the center, and n; is the
refractive index of the cladding. For a given wavelength of 780 nm, ny = 1.462, ny =
1.447, and a = 400 um, the mode size of a step-index fiber is 260.8 um, while that
of a graded-index fiber is only 12.3 um.

Yabre [87, 88] showed that there is a specific beam radius for a given core diameter,
which minimizes the number of excited modes in the multimode fiber for restricted
excitation. That core diameter is close to the size of the fundamental mode. For
smaller beams, the number of excited modes increases drastically. For a step-index
fiber, it is easy to make the input beam much smaller than the fundamental mode
size, and therefore to excite multiple modes by axial excitation. On the other hand,
for a graded-index fiber, due to small mode size, the input beam must be focused
tightly. Again, a step-index fiber is preferred for that reason over a graded-index
fiber.

C.3 Excitation of the fundamental mode

The excitation of the fundamental mode with a Gaussian input beam is called re-
stricted launch condition. Previous research [89, 90, 91, 92, 93] showed that 100 %
conversion from the input beam to the fundamental mode can be obtained if: (1) the
beam front curvature is very large, or the input beam enters fiber at its waist, (2)
the input enters into the fiber normally, (3) there’s no offset from the center of the
fiber axis, and (4) the size of the beam is the same as the fundamental mode size.
Experimentally, the maximum coupling cfficiency to the fundamental mode, Hy;, was
observed with the beam radius of 0.65 - (.70 of the radius the fiber core, which is the

size of the fundamental mode of the fiber.
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C.4 Summary

If a measurement in an ideal environment is designed, then the restricted launch
condition must be considered. However, in many cases, a laser beam path requires
significant amount of tolerance. Thercfore, step-index, large-core multimode fiber was

chosen in our work.
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Appendix D

D.1 Designing optical systems

In designing optical systems, more than ray tracing is sometimes necessary. For
example, there is finite beam size even with a perfect lens, and an ideally collimated
beam diverges as it propagates. In this chapter, Gaussian beam theory application to
fiber-coupled diode laser sensors will be briefly introduced. The fundamental mode
laser beam can be well approximated as a Gaussian beam, and there are cxcellent
text books [27, 45, 100).

When the beam diameter is same order of the lens diameter, the coupling of the
laser beam tends to sensitive to alignment due to aberration. Therefore, it is desired
to use a bigger lens to minimize aberrations. To minimize spherical aberration, an
aspheric lens can be adopted, and to minimize chromatic aberration, an achromatic
lens can be chosen [100]. In this work, the wavelength of lasers employed ranged
over only less than 100 nm, and only spherical aberration was considered. All lenses
are aspheric if available. However, if the range is a few hundred nm, then chromatic
aberration must be considered, too.

The schematic of the optical system of our interest is shown in Fig.D.1

The optical system has four components- a singlemode fiber, a pitching aspheric
lens, a catching aspheric lens, and a multimode fiber. For simplicity, lenses are as-
sumed thin. First, we'll determine the focal length of the pitching lens by minimizing
the beam size at the catching lens. Then, by minimizing the focused beam spot size

on the multimode fiber, we'll determine the distance of the multimode fiber.
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Figure D.1: The schematics of optical system-a singlemode fiber, a pitching lens, a
catching lens, and a multimode fiber :

D.2 Designing pitching optics

The beam from the pitching lens is usually well collimated by placing the singlemode
fiber at the focal length of the lens. The beam diameter,wg, from the pitching lens
can be approximated as

wo =~ NA, X fp
where N A, is the numerical aperture of the singlemode fiber, and F§ is the focal
length of the pitching lens.

Gaussian beam thecory states that cven if the beam is perfectly collimated, it
diverges as it propagates. This divergence becomes significant above the Rayleigh
range. At this point, beam waist increases by v2 and beam area doubles. The

Rayleigh range is defined

For z > zg, or in far-field, the spot size can be written in terms of Rayleigh range,

distance, and waist. spot size

z ZA
= 1 + (— 2 — w 1 -+ 2
w(z) = g1+ (202 = uiy 1+ (=25)

To get minimum spot size at a distance L we differentiate w(z) with respect to wp,
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then

ow _ 11, 2

B'wo 2 w02 + wij"z’ 0 ’LUO?’

where a = 4\7% By setting dw/0w = 0, the optimized waist spot size is obtained:

_ )\Lorf— 1 /AL
wo = T S NANV «

Corresponding minimum spot size is then,

w(L) = 2% = /2wy

In other words, if the catching lens is located at the Rayleigh length (2g) far from
the pitching lens, the beam size at the catching lens is minimum.

As an example, we’ll design optical system for the IHF test cabin measurcments.
Lets assume L = 6 m, and the wavelength A is 780 nm. Then, wy = 1.22 mm with
a typical NA, of 0.11 determines the focal length of the pitching lens F, =11.1 mm

and the beam spot size at the catching lens of w(L) = 1.73 mm.

D.3 Optimizing catching optics

The beam size at the waist after focused by the catching lens, wg, is formulated as:

Wao = é [z
PTNT (L= f)2+ 24

With zg = L > f., w2 becomes

w(f)*’}?

fA
0

The beam diameter can be very small by choosing a small focal length catching

lens. However choosing a catching lens, other factors must be considered. First, the

numerical aperture of the fiber must be considered to catch all the light incident on
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the fiber. Also the clear aperture diameter of the catching lens must be at least «
times larger than the diameter of the incoming beam to catch at least 99 % of the

intensity. These two requirements can be formulated as:
fe > wym[tanfarcsin(N A.)]

where f, is the focal length of the catching lens, w; is the beam radius at the lens,
and N A, is the numerical aperture of the catching fiber.

For typical multimode fiber of 400 ym core, N A, is 0.37. w; is the same as w(L)
= 1.73 mm. This gives minimum focal length of 13.6 mm. Also the radius of the

clear aperture of the catching lens should be larger than 7 x w, = 5.43 mim.

D.4 Complex radius curvature parameter, q

Two equations for w(L) and wgy can be derived with complex radius curvature pa-
rameters.

By definition, q is defined as:

11 A
g R ]wwz(z)

where, R is the radius of curvature of wavefront and w is the beam waist size.

Propagation laws and thin Iens law for q are shown below.

2
_mwg(2)

= Jz2r

qif =q + L
1 1 1
+

qir ~?; qif
g2 = qir + fc

Two equations for wyy (or w(L)), and wy (or wgy) can be derived with simple

algebra.
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Measurements of Gas Temperature in the Arc-heater
of a Large Scale Arcjet Facility using
Tunable Diode Laser Absorption
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Reacting Flow Environments Branch
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Diode laser absorption measurements of atomic nitrogen and oxygen are made in the arc-
heater of the NASA Ames IHF (60 MW) arcjet facility. Temperature of the gas in the arc-
heater is inferred from the measured mole fraction of electronically excited O and N atoms
assuming thermal equilibrium. These results are the first absorption-based temperature
measurements inside the arc-heater, where the temperature range is 5000-9000K and the
pressure range is 1.5-6 bar. Rapid scanning of the laser wavelength across the absorption
feature provides time-resolved measurements of the number density for specific electronic
states of the atoms. The agreement of the temperature inferred from redundant
measurements on atomic nitrogen and atomic oxygen suggest the eguilibrium assumption is
valid. The laser is scanned in wavelength across the absorption feature at a rate of S00Hz,
and a 100 scan average provides a time-resolution sufficient to examine the variation of
temperature with changes in the gas flow and/or electrical power input. These results
illustrate the potential of the diode laser sensors for facility performance monitoring.

1. Introduction

ew thermal protection system (TPS) materials for NASA missions are developed on the basis of testing in the

large-scale, high-enthalpy, arcjet test facilities at NASA-Ames Research Center. Hypersonic speeds of reentry

vehicles and systems produce a hot, reactive gas layer between the bow shock and the vehicle surface. A
vehicle moving at 10 km/sec in the cold air of the mesosphere (~270K, ~0.1kPa) produces shock temperatures near
7000K with surface heating rates of hundreds of watts per square centimeter. Arcjet facilities provide a long-
duration (tens of minutes) source of high-enthalpy hypersonic air flow for ground test of these materials. The
NASA-Ames Research Center has three arcjet facilities devoted to testing TPS.[1] Understanding the facility
performance is crucial to determine the TPS safety margin needed for reliable flight vehicles.

An arcjet heats a stream of air with a high power electrical discharge, which is accelerated to hypersonic
velocities in an adiabatic expansion. The process for relating test conditions to flight environments requires
knowledge of the thermodynamig state of the gas prior to expansion. Because of the extreme conditions inside the
heater section, options for diagnostics are limited, and optical spectroscopy-based measurements of air-derived
species present a diagnostic opportunity. In addition, component materials in the arc-heater and nozzle may erode
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and contribute non-air species to the flowfield. One consequence of this erosion is periodic (and costly) component
failure, and measuring eroded materials may provide an indication of component health and maintenance
requirements.

Here we describe design and demonstration of tunable diode laser absorption sensors (TDLAS) for time-resolved
measurements of gas temperature in the arc-heater of these facilities. Diode lasers provide convenient optical
sources for absorption measurements [2], and recent development of fiber optics technology makes measurements
within the electrically isolated arc-heater feasible. TDLAS of dissociated air species can be used to monitor the high
temperatures expected in the arc-heater. In our laboratory at Stanford University, Baer et al. [3,4] used TDLAS to
measure temperature and number density of argon in high-temperature rf-plasma discharges. Baer et al. [5] also
used a TDLAS near 777.2 nm to monitor oxygen and infer gas temperature in air rf-plasmas. Here we use diode
lasers near 777.2 and 844.6 nm to monitor atomic oxygen and near 856.8 and 824.2 nm to monitor atomic nitrogen,
in the plenum immediately downstream of the high temperature dc-arc discharge. An additional TDLAS sensor to
monitor atomic copper in the flowfield from electrode erosion will be reported elsewhere. The results reported here
will demonstrate that TDLAS diagnostics have the potential to provide routine in situ monitoring of the gas
conditions in the arc-heater.

A schematic of the arcjet flow facility is shown in Fig. 1.[6] A high-current, high-voltage arc heats the input
high-pressure gas stream to temperatures in excess of 6000K. The equilibrium dissociation fraction of both oxygen
and nitrogen is substantial. This hot, high-enthalpy gas is accelerated via adiabatic expansion and directed over a
stationary model, simulating the high speed passage of a space vehicle through an atmosphere.[7] The TDLAS
atomic oxygen and nitrogen diagnostics reported here were designed and developed for application in the arc heater.

0

High velocity

low pressure

flow to match
reentry for

space vehicle

The THF arc-jet is a large-scale engineering facility. The physical size of the device and the magnitude of the
electrical power dissipated in the arc-heater provide significant engincering challenges to the implementation of in
situ gas sensing. The use of fiber optics to transport the laser light to and from the arc-heater provides the electrical
isolation required, and hence the associated optical engineering to design this system is an important part of the
overall effort.

Arc heater %

High pressure gas

Figure 1. Block diagram of the arcjet wind tunne] facility.

II. Gas Temperature Sensor Concept

Emission spectroscopy measurements in the downstream plenum of a lower power (20 MW) arcjet at NASA-
Ames indicate equilibrium gas temperatures on the order of 7100 K[8]. At these temperatures, a significant fraction
of the oxygen and nitrogen in the air is thermally dissociated; an equilibrium calculation of the air composition is
shown in Fig. 2. Although the pressure dependence of the equilibrium composition is significant, the pressure in the
arc-heater is known from traditional transducer measurements, and we can account for this effect. Therefore a
measurement of atomic nitrogen and/or oxygen can be used to infer the degree of dissociation and thus the
equilibrium temperature. The results in Fig. 2 illustrate that the atomic nitrogen mole fraction is more sensitive to
temperature than atomic oxygen for the range of temperature expected.

The resonant absorption from the ground states of atomic oxygen and nitrogen occur in the vacuum ultraviolet
region of the spectrum as illustrated in Fig. 3, and absorption measurements of these atoms in their ground states is
not feasible. Absorption sensors at these short wavelengths are subject to many problems and challenges, e.g. there
are many interference absorptions in the ultraviolet, laser sources are not readily available, specialty materials are
required for optical windows, and optical fiber technology is not developed. However, there are excited electronic
states of atomic N and O which absorb light in the near-infrared wavelengths 777.2 and 844.6 nm (856.8, and 824.2
nm for atomic nitrogen), where diode lasers are available and the fiber optics technology is well developed.
Previous work in our laboratory has demonstrated the use of diode laser absorption using these transitions to detect
atomic oxygen in rf discharges.[5] Although measurements were performed on all four transitions, we found the
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777.2 nm transition in the quintet manifold of oxygen and the 856.8 nm transition in the quartet manifold of nitrogen
to have significantly superior signal to noise. This performance advantage is primarily due to the output power and
wavelength tunability of available laser devices.
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Figure 2. Equilibrium gas compesition for air plasma at 2 and 8 atmosphere pressures.
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Figure 3. Selected energy levels of atomic oxygen and nitrogen.

These excited states of oxygen and nitrogen have several eV of internal energy and thus, even at the high
temperature of the plasma, less than 1ppm of the atomic nitrogen and oxygen are electronically excited. However,
the absorption from these atomic transitions is strong and there is significant attenuation at the center of an
absorption feature for the laser beam transmitted across the 11.4 cm diameter of the arc-heater. This large internal
energy of the lower state of the optical absorption provides a strong variation in excited state population with gas
temperature as illustrated in Fig. 4. The fraction of the atom population in the excited state varies more than an
order of magnitude per 1000K. Thus, a measurement of the population in one of these excited states of oxygen or
nitrogen provides a sensitive monitor of the gas temperature for the temperature range expected in the arc-heater.

III. Gas Temperature Sensor Design J

We measure the absorption of the laser light across the flow path by scanning the wavelength of the laser rapidly
and repeatedly through the absorption feature and comparing the incident and transmitted laser power. Direct
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Figure 4. Thermal population of electronically excited N and O versus gas temperature.

absorption spectroscopy for a spectrally narrow tunable diode laser is governed by the Beer-Lambert law, which
relates the transmitted intensity /, through a uniform gas medium of length L [cm] to the incident intensity Jj:

I
—+| =exp(-k,L), N
Io v

where k, [cm™'] is the spectral absorption coefficient. For an isolated transition k, is written
k, =hwy (B, /c)X1—exp(hv/kT, ), . ‘ 2)

where n; is the lower state number density, By, is the Einstein coefficient for absorption between the lower level 1
and the upper level u, T, is the excitation temperature which describes the ratio of populations in the laser-coupled
excited states 1 and u, and ¢, the lineshape function. The frequency integral of the lineshape function is normalized
to unity. The lower state number density, n; may be related to the gas temperature, T, for a system in thermal
equilibrium with the ground state number density via

n/n=(g;/ Z)exp(-E; /1 kT) 4)

where g; and E; are the lower state degeneracy and excitation energy; Z and n is the atomic partition function and
total species number density.

The hostile environment of this facility has necessitated significant optical engineering. For safety reasons, the
entire arc-heater assembly is located in an electrically isolated room, and the lasers, control electronics, optical
detectors, and control computer are isolated from the arc-heater via 30 m of optical fiber. Diode lasers at the
appropriate wavelength are selected, protected from optical feed back, and coupled into a single mode fiber to
provide electrical isolation of the laser electronics from the arc-heater. The transmission of the laser light across the
arc-heater plasma is illustrated in Fig. 5. The arc-heater is a stack of annular copper ring segments, each water
cooled and electrically isolated from its neighbors, and electricaily floated to prevent arc attachment. Optical access
is provided via a specially-designed arc-heater segment immediately downstream of the cathode and upstream of the
nozzle; small holes are bored along a radial line of sight of the optical segment, and quartz windows mounted in the
telescope assembly allow optical access while preserving pressure and cooling seals. A telescope assembly mounted
on the copper ring segment projects the laser light from a single mode fiber into a beam directed across the plasma
flow (11.4 cm), and a second telescope assembly collects the light and couples it into a large-aperture multimode
fiber for transport to the detection electronics.

4
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Figure 5. Schematic of the arc-heater with a detail illustrating the installation of the diode laser sensor.

IV.  Gas Temperature Measurements

Figures 6 and 7 illustrate measurements of TDLAS of atomic oxygen in the °S%, state near 777.2 nm and atomic
nitrogen in the *Ps), state near 856.8. The Doppler width of the transition would provide a direct measurement of
the translational temperature; however, the complicated Zeeman splitting and collisional broadening of the
transitions make extraction of the Doppler width difficult. The absorption measurements are perturbed by a
significant, non-uniform magnetic field in the electrode assembly where the TDLAS sensor is located. This field
separates the degenerate sub-levels of the atom and complicates fitting of the pressure broadening contribution to the
lineshape. Fortunately, these transitions are isolated, and the lasers can be rapidly tuned over a sufficient
wavelength range to extract a zero absorption baseline and enable accurate integrated absorption measurements.

| 1 i 1 1 1 i 1
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£ 03—
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& 024
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Figure 6. 1HF TDLAS measurement for atomic oxygen.

The number density of excited atoms is determined from the integrated absorption. Combined with simultaneous
measurement of gas pressure in the arc-heater, we can infer a “population temperature” assuming the gas is in
thermal equilibrium. The data shown in Fig. 6 gives an excited oxygen atom concentration of 3.6(10)'° em™, and
the measured pressure is 196 kPa. Using a gas composition from the measured flow rates of air and argon and an
equilibrium assumption, the fraction of the total atomic oxygen in the metastable quintet state is 1.87( 10)7, which
implies a population temperature of 7120£200K. This is in good agreement with the equilibrium temperature of
6750 K estimated by energy balance measurements of facility input power, cooling heat extraction, and an estimate
for the heat capacity high temperature plasma at the arc-heater conditions. Similarly the data in Fig. 7 yield an
excited nitrogen concentration of 1.3( 10)'® ¢cm™, and a population temperature of 6850+£160K. The agreement
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between the atomic nitrogen and atomic oxygen population temperatures is good evidence of the validity of the
equilibrium assumption.
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Figure 7. IHF TDLAS measurement for atomic nitrogen.

The TDLAS measurements are made at 20Hz and the individual scans are averaged to provide an output
temperature measurement with one second resolution. Fig. 8 shows a time history for simultaneous measurements
of population temperature using both N and O atom measurements. The first 200 seconds of the run comprise the
turn-on sequence for the arc-heater when the discharge is initiated in argon, a small amount of air is added, and the
mass flow rate of the air is increased to develop a stable discharge. Next (200-400 s) the voltage, current, mass flow,
and pressure are increased to their target values of 44.4 MJ per kg of mass flow (power 32.4 MW; flow rate 0.73
kg/s). At 420 seconds both the mass flow and electric power input were reduced to a second operating condition
(6.49 MW; 0.146 kg/s) that preserved the power-mass flow ratio. The measurements in Fig. 8 show that there is
roughly a 10% increase in the gas temperature for the second condition, implying slightly better heater efficiency at
reduced flow rates. This may be a consequence of changing heat transfer (loss) to the arc heater wall as a function of
flow rate; higher flow rates may thin the boundary layer at the arc heater wall, allowing additional heat transfer to
the cold wall that will cool the air plasma.

Temperature (K)

| | | { | |
200 400 600 800 1000 1200
Time (sec)
Figure 8. Population temperature versus run time for single run. Note input conditions change at 420 s.

The oscillator strength of the quintet S atomic oxygen transition near 777.2 nm is approximately four times
larger than that for the quartet P atomic nitrogen transition near 856.8 nm. This difference in transition strength,
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combined with differences in oxygen and nitrogen Boltzmann populations at these temperatures, result in a larger
peak absorbance for atomic oxygen. However, nitrogen dissociation is more sensitive to temperature at these
conditions (see Figure 4), therefore a small variation in the atomic number density translates to a larger temperature
variation. Thus, even though the atomic nitrogen absorption measurements are small and have a lower signal to
noise, the atomic nitrogen population temperature is has better precision.

A set of 19 arcjet runs was made at four different heater conditions with a heater pressure between 175 and 415
kPa and the input arc power ranged from 5.17 to 15.6MW. The conditions were chosen for constant input energy of
43 MJ/kg of air mass flow. Thus, a constant arc-heater temperature would be expected, and the measured
population temperature for atomic oxygen is constant within our estimated uncertainties. It would therefore appear
that the gas temperature remains constant for a large range of facility flow rates and power settings, as long as the
energy content per unit mass—the enthalpy—remains constant. Alternatively, a substantial change in temperature
for constant input enthalpy may indicate an efficiency change in heat transfer requiring maintenance attention. This
illustrates the potential of this TDLAS sensor for routine monitoring of the arc-heater performance.
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Figure 9. Arc-heater temperature for runs with constant input energy per unit mass flow of 43MJ/kg.

Y. Conclusions

These absorption-based measurements of gas temperature inside the arc-heater plasma of the IHF flow facility at
NASA-Ames were made using TDLAS to monitor the concentration of electronic excited states of atomic O and N.
The redundant measurements confirm the validity of the equilibrium assumption for the pre-expanded gas.
Differences in gas temperature for changes in mass flow with constant arc-heater power per unit flow indicate a
slightly higher thermal transport to the walls consistent with the thinner boundary layer for higher flow rates. The
measurements reported here illustrate the feasibility of the TDLAS sensor techniques for routme monitoring of
detailed arc jet performance parameters.
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