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Uncertainties in surface catalytic reaction rates in a CO2 plasma has led to over-design
of thermal protection systems which has caused atmospheric entry vehicles for the Martian
atmosphere to be heavier than necessary and therefore decreased the available payload of
various missions. A better understanding of these reaction rates will allow for more precise de-
velopment of thermal protection systems leading to safer and more effective atmospheric entry
vehicles. Near wall measurements in a plasma facility using laser spectroscopic techniques with
sub-millimeter spatial resolution provides a method to determine surface-catalyzed reaction
efficiency measurements over a cooled copper surface. This work provides laser induced fluo-
rescence measurements of oxygen atoms and carbon monoxide molecules in a predominantly
CO2 plasma produced by inductive coupling. These measurements are used to determine tem-
perature, relative number density, surface-catalyzed reaction rates and catalytic efficiencies
for CO2 recombination and O2 recombination. Catalytic recombination efficiency values of
0.0274 ± 0.0090 for recombination of O2 and 0 ± 0.0004 for recombination of CO2 suggest that
molecular oxygen recombination is the dominant reaction and that a super-catalytic boundary
condition is overly-conservative.

I. Introduction

Aero-thermodynamic heating is one of the most important considerations when designing atmospheric entry
vehicles and their corresponding Thermal Protection System (TPS) [1]. The TPS makes up a large portion of the

mass of the vehicle, thereby making it a priority to minimize the weight of the TPS to allow a maximum payload to
be delivered. At sufficiently high speeds, a shock layer forms ahead of the vehicle where the quiescent equilibrium
atmospheric gases dissociate into a mixture of molecules and atoms. In the post shock region, if the pressure is
sufficiently high and the temperature is sufficiently low, recombination of these constituent components may occur.
Depending on the surface material of the entry vehicle and its catalycity, further exothermic recombination can occur
causing additional heating to the surface of the vehicle. Design of Thermal Protection Systems takes a conservative
approach when calculating the expected thermal load the vehicle will encounter [2–4]. There is a particular uncertainty
in the surface catalyzed recombination reactions in a predominantly CO2 plasma [5]. A better understanding of these
reactions will allow for development of reduced TPS mass and more payload availability.

The Martian atmosphere is made up of approximately 95% CO2, 2.6% N2, 1.9% Ar, and trace amounts of O2
and CO. Equilibrium conditions, calculated using CEA [6] and seen in Fig. 1 , shows the evolution of the CO2 gas
at a constant pressure and varying temperature, which corresponds to conditions experienced in the University of
Vermont (UVM) 30 kW Inductively Coupled Plasma (ICP) Torch Facility. Argon is added as a buffer gas to aid in the
development of the plasma but does not contribute to surface reactions as it is an inert gas. Plasma is generated at about
10,000 K in the induction zone, creating a plasma ball. The plasma is ejected into the chamber as a free jet where the
temperature corresponds to a large amount of dissociated O and CO. With further cooling, as the distance to the sample
surface decreases, the O and CO molecules begin to recombine into other forms which may or may not be the original
gas chemistry. The rate at which this recombination occurs is dependent on the catalycity of the sample surface if a
sample is inserted in the flow.

There are three cases when discussing catalycity. The first is super-catalytic. This is when all the available chemical
energy in the boundary layer is deposited on the surface. The fully-catalytic case recombines to equilibrium at the
surface. The non-catalytic case produces low heating rates and minimal recombination on the surface. When making
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conservative design choices, typically a super or fully-catalytic model is used. Even a fully-catalytic model can produce
twice the heat flux as a non-catalytic model at hypersonic speeds [7]. When using these higher catalytic cases, heat
shields are designed to be heavier and more robust than likely necessary, diminishing the available payload for the
mission.

Fig. 1 Mars Equilibrium Chemistry with Argon Buffer at 160 Torr Calculated Using CEA.

Chen [8] first developed a rate model and determined that surface catalysis was an important parameter to consider.
A catalysis model was soon developed for the Mars Pathfinder Program by Mitcheltree [9] consisting of the following
reactions:

$ + (B) → $B ; �$ +$B → �$2

�$ + (B) → �$B ; $ + �$B → �$2 (1)

In this model, it is assumed that recombination to CO2 is the predominant reaction and that a super-catalytic
condition takes place. It is already noted why a super-catalytic assumption is unfavorable, but it is also important that a
substantial reaction is neglected in this model. The atomic to molecular oxygen recombination reaction, seen in Eq. 2,
is neglected.

$ +$ → $2 (2)

Sepka used two photon laser induced fluorescence on quartz in a diffusion tube side-arm reactor to probe O and CO
to determine how dominant CO and oxygen recombination are. The findings from this study were that the presence
of CO in the gas phase does not significantly affect the oxygen recombination reaction on quartz and gas-phase CO
concentration is not significantly altered by atomic oxygen [10]. These results suggest that atomic to molecular oxygen
recombination is the dominant reaction, contrary to the Mitcheltree model and suggesting that a super-catalytic model is
an unlikely case.

Further testing done in an inductive plasmatron by Kolesnikov held the view that only homogeneous catalytic
reactions, such as the O2 reaction, are possible in a dissociated CO2 gas mixture [11].

The Mars Science Laboratory (MSL) Program launched in 2011 with an on-board suite of instrumentation to
develop entry descent and landing design. Studies needed to be done to determine the design of the heat shield to be
used on the mission. MacLean [12, 13] utilized the LENS shock tunnel at CUBRC and Wright [14] utilized the T5
shock tunnel at GALCIT to compare with numerical simulations of test cases. It was found that the heat fluxes of the
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facilities only matched the numerical simulations if a super-catalytic condition was used. This contradicts the previous
findings by Sepka where it was determined that a super-catalytic model was unnecessary.

Soon after these findings Marschall [15] found that oxygen molecule recombination was partially catalytic and that
the CO2 reaction was non-catalytic using a side-arm reactor on varying metallic samples. This agrees with Sepka’s
findings and disagrees with MacLean and Wright. Gnoffo concluded that an assumption can be made that either the O2
reaction or the CO2 reaction can be used in the Martian atmosphere as long it is fully-catalytic [16].

With these findings and the uncertainty between the two competing theories, the conservative approach of a
super-catalytic boundary condition was used in the design of MSL as this was the safer approach and was at the time
accepted as the normal [17].

An new facility at CUBRC known as the LENS-XX provided further testing for an extensive database of heating,
pressure, and flowfield measurements in high-enthalpy carbon-dioxide flows. Fully-catalytic and non-catalytic
simulations were used to bound the experimental data as it is noted that prior uncertainty in catalytic recombination
heating is high. The uncertainty in the prior results has resulted in previous testing to be considered invalid. The bound
between non-catalytic and super-catalytic is imposed only on the homogeneous atomic recombination of O2, and all
other reactions, such as Eq. 1, are considered to be non-catalytic. Results showed that the data was typically bounded
between the fully-catalytic and non-catalytic simulations and also trended towards the non-catalytic bound [18, 19]. It is
of note that previous testing from this facility, [12, 13], found that only a super-catalytic model agreed with experimental
heat flux results. This shows a reversal and data seems to be trending towards a more accepted semi-catalytic boundary
condition that agrees with the Sepka and Marschall findings. Continuing to unravel these past contradictions will prove
to be useful to future Martian missions as TPS can be designed less conservatively and allow for higher payloads.

Objectives and Methods
The objective of this work is to better understand surface catalyzed recombination reactions in a CO2 plasma on a

copper surface, so as to further the understanding of the reactions and reduce the uncertainty described above. The
UVM ICP Facility will be utilized to create the conditions necessary for this study. Probing of oxygen atoms using
two-photon absorption laser induced fluorescence (TALIF) is an already proven method used in the lab, and a new
approach to probing CO will be developed that can be used in conjunction with oxygen atom measurements to determine
temperature and number density measurements. With these techniques the recombination efficiency can be determined
for both O2 and CO recombination.

The following sections present the UVM ICP Facility, the test conditions used in this investigation, and the laser
diagnostic methods employed for testing. The theoretical approach follows with a discussion on previous results and
than current results of measurements taken over a water-cooled copper sample. A summary is given to conclude as well
as planned future work.

II. UVM Inductively Coupled Plasma Facility Description
The University of Vermont houses a 30 kW ICP Facility. This facility allows for the testing of advanced aerospace

materials through means of replicating the conditions experienced through atmospheric re-entry. The US more typically
houses arc-heated facilities for similar investigations. Arc-heaters produce contaminated flow because the arc is attached
to electrodes which produce molten copper that is entrained in the flow. ICP facilities match the heat flux experienced by
the object as well as the physical environment through plasma generation. The method by which the plasma generation
occurs is through an induced RF magnetic field created by a helical load coil. The load coil surrounds a quartz tube
which sits upon an injector-block assembly. This is shown in Fig. 2. The 30 kW power supply creates an induced
magnetic field through the RF coils. The magnetic field oscillates at a known frequency and couples with the injected
gas which dissociates and ionizes the present gases thereby creating a plasma [20]. This provides a contaminant free flow
as there are no electrodes in the flow. Because of this spectroscopic measurements are more suitable in an ICP facility
than an arc facility. A benefit of arc-heated facilities is that they can cover a wide pressure range therefore making them
able to cover a wide range of flight-trajectories. ICP facilities are operated at or lower than atmospheric pressures.

The 30 kW power supply is a Lepel Model T-30-3-MC5-J-TL1 induction heating generator that operates at a
frequency between 2.5-5 MHz and is checked periodically with a bnc loop. Operation for this work is near 2.5 MHz. It
provides high output DC power which is converted to the RF field [20]. After the plasma is created it exits the quarts
tube vertically into a vacuum chamber as a free jet. The vacuum chamber is made of stainless steel to avoid contaminants
and is water cooled due to the high heat that the plasma generates. It also has multiple ports which allow for a variety of
sample holders (known as probes) as well as viewing windows which are used for spectroscopic measurements, laser
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diagnostics, temperature measurements, etc.. A vacuum pump exhausts the gases in the chamber which are initially
supplied by high pressure tanks. Mass flow controllers restrict the flow from the high pressure tanks and allow for a
steady, known gas supply. These components are shown in Fig. 2.

(a) (b)

Fig. 2 a) Gas Injection Schematic. b) Schematic portraying the UVM ICP Torch facility.

The facility is able to replicate a variety of different conditions with various gas mixtures. An overview of the
conditions which can be achieved in the facility are shown in Table 1.

Table 1 University of Vermont Inductively Coupled Plasma Torch Specifications.

The goal of the facility is to replicate the conditions experienced at hypersonic speeds in various atmospheric
conditions. This is done by matching boundary-layer edge velocity gradient, enthalpy, and total pressure of a flight-
trajectory for a given atmospheric composition [21]. At hypersonic speeds, a detached bow shock will form in front of a
blunt body such as a re-entry vehicle, as seen in Fig. 3a. Behind the shock wave the flow is subsonic. The slowing of the
flow and increase in pressure causes a large increase in temperature behind the shock. Added to this is the increase in
temperature at the surface of the vehicle caused by friction from the surrounding atmosphere. CO2 begins to dissociate
at about 2400 K and most of the molecules are dissociated by 4000 K according to a Gibbs free energy analysis [22].

In the UVM ICP torch, the plasma exits the quartz tube vertically and moves upwards in the chamber. As the
plasma moves away from the exit, it slowly begins to expand outwards and cool, evolving toward a local thermodynamic
equilibrium (LTE) state. Using mass flow controllers to limit the amount of gas that is injected into the chamber, and a
PID to control the pressure within the chamber, the plasma flow remains laminar which is necessary to obtain reliable
results. By the time the plasma reaches the surface of a sample, it has cooled sufficiently to produce similar conditions
to those experienced by entry vehicles in the Martian atmosphere. A view of the sample is shown in Fig. 3b. A small
boundary layer forms above the surface of the sample just as on a flight vehicle. Measurements can be taken at this
location to determine the chemical reactions and the rates they are occurring. The samples used have a geometry with a
body diameter of 25.4 mm, a leading edge corner radius of 3.2 mm, and a depth of 12.7 mm. The samples are mounted
on a probe which holds the sample perpendicular to the flow in a stagnation-point configuration.
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(a) (b)

Fig. 3 a) Comparison between in flight conditions and the UVM ICP facility. b) Schematic portraying water-
cooled copper sample with key dimensions.

III. Two Photon Absorption Laser Induced Fluorescence of O and CO
Two photon laser induced fluorescence is the main method used for determining temperature and number density

measurements. It’s a spatially resolved, species selective probe of atomic or molecular species. TALIF can probe
a specific excitation state of a species using a laser at a precise wavelength which corresponds to the excitation of
the species in question. The molecule or atom is excited and spontaneously relaxes back down to a lower energy
state. When it relaxes, it emits a photon at a different precise wavelength. This is known as fluorescence. Using
specific narrow-bandwidth filters, this emission can be captured whereas blocking other emitted wavelengths. Laser
induced fluorescence was first developed by Tango [23] in 1968 and soon after Bamford [24] used TALIF to detect the
3?3%2,1,0 ← 2?3%2 transition using a Nd:YAG pumped dye laser. Loge and Aldén [25, 26] used a similar setup to
excite CO to the �1Σ+ state with 230 nm absorption. These are the same transitions used by the UVM facility. These
early experiments had low resolution and improvements in technology over the years have allowed for much higher
resolution in the transitions especially for CO [27].

(a) (b)

Fig. 4 a) Oxygen atom excitation scheme and energy levels. b) CO excitation scheme and energy levels.

The excitation schemes for both the oxygen transition and the CO transition is shown in Fig. 4. The oxygen atom
transition excites from the 2?3%2 ground state to the 3?3%2,1,0 excited state at 225.6 nm and relaxes to the 3B3( state
with emission at 844.9 nm. This transition is a triplet state with three rotational levels spaced very close together. The
CO excitation occurs from the -1Σ+ (E′′ = 0) ground state to the �1Σ+ (E′ = 0) state at 230 nm. The excited state emits
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at 451 nm to the �1Π(E′′ = 0) state, this is known as the (0,0) band. There are multiple closely spaced vibrational levels
for emission so a narrow bandwidth filter is used to block these other wavelengths. The absorption wavelengths for both
the oxygen atom and CO transitions are relatively close to each other. This has allowed for easy switching between
probing both species thanks to the setup of the laser system.

The UVM Plasma Test and Diagnostics Laboratory (PTDL) is home to a Continuum Powerlite Nd:YAG (neodinium-
doped yttrium aluminum garnet) laser as well as a Continuum ND6000 dye laser, as seen in Fig. 5. The Nd:YAG laser
pumps 532nm light into the dye laser. The dye laser is able to produce a range of wavelengths ranging from 615 to
greater than 655nm. Following the dye laser is a series of harmonic instruments which produce a final wavelength range
between 224 to 230nm if the sum frequency mixing (SFM) method is used.

Fig. 5 General laser configuration used for sum frequency mixing.

This method was recently developed for generating UV light and allows for a greater range of tuning using a single
dye, which makes changing between probing for oxygen atoms to CO extremely easy and fast. A change can now be
done in minutes rather than days. Because of this both species can be probed during a single test [28]. For this method,
532nm light pumps the dye laser. 355nm light is extracted from the YAG using a third harmonic generator located
inside the YAG. Both of these frequencies are extracted from the fundamental frequency which is 1064nm. The 355nm
light bypasses the dye laser and is summed with the dye fundamental frequency before entering the third harmonic
generator. A harmonic separator uses prisms to separate out each of the frequencies leaving UV light in the 224 to 230
nm range. An 80/20 beam splitter than splits the laser beam into two paths. The first of the paths reaches the Microwave
Discharge Flow Reactor (MDFR) where baseline measurements are made with a photo-multiplier tube and energy
meter. The second path is directed into the inductively coupled plasma chamber and through the plasma jet. Another
photo-multiplier tube and energy meter takes measurements at this location.

A. TALIF Scan Improvements
A previous study of surface catalysis using oxygen atom and CO was done in the UVM ICP Facility but had limited

success due to less than sufficient equipment available at the time [29]. A dual-grating installed in the dye laser has
allowed for much more fine-tuning in scans and SFM allows for more resolution in transition structures that are close
together in wavelength. A comparison between scans done previously and current scans are shown in Fig. 6. CO scans
are especially improved as the individual rotational transitions are much more distinguishable than in the past.
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(a) (b)

(c) (d)

Fig. 6 a) Previous O-atom scan. b) Current O-atom scan. c) Previous CO bandhead scan. d) Current CO
bandhead scan.

B. Temperature and Number Density Determination
A gaussian fit is implemented to each scan as collisional broadening is assumed to be negligible due to low pressures

in the flow reactor and high temperatures in the ICP. If this was not the case a Lorentzian line shape would need to be
accounted for and a Voigt fit would need to be implemented. These gaussian fits are shown in Fig. 6a and 6b, as well as
Fig. 7.

Each scan is done at a different location over the sample surface. The laser is tuned over a wavelength range around
the transition and scanned through the transition at a specified rate. As the wavelength passes through the transition and
excites the atoms or molecules, the photo-multiplier tubes capture the emission from the fluorescence. Fig. 6b and
Fig. 7 both show how the transitions broaden as temperature increases. The hyper-fine structure of the O-atom scan is
distinguishable at low temperatures in the flow reactor but is not distinguishable at higher temperatures in the ICP. The
broadening from temperature is known as Doppler broadening. The other mechanism causing broadening is the laser
line width, which is the frequency span of the laser output. The two are related in that the square of the total spectral
broadening contribution at each location is equal to the sum of the doppler broadening and laser line width each squared,
since both are a gaussian shape. This occurs at the transition resonant wave number in the VUV [30].

(ΔâC>C )2 = (Δâ�)2 + 2(Δâ;0B4A )2 (3)

Doppler broadening is derived from kinetic theory and can be described with Eq. 4:

Δâ� = 7.162(10)−7 â0
√
)/" (4)

where ΔâC>C is the total line width, Δâ� is the doppler width, Δâ;0B4A is the laser line width, â0 is the center wave
number, T is temperature, and M is the molar mass. Relating Eq. 3 and 4 produces Eq. 5 in the ICP:
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]
(5)

Fig. 7 CO B-X(0-0) scan based around J” = 20.

The relative number density is proportional to the spectral integral of the normalized LIF signal [31]:

= ∝
(∫

(!��

�2
?

(_)3_ × ?

)1/2

)
× 58 ())−1 = � × 58 ())−1 (6)

where (!��/�2
? is the LIF signal normalized by the square of the laser energy and ?/)1/2 accounts for collisional

quenching. 58 ())−1 is dependent on the species and is a temperature correction term as the population atoms or
molecules in each state depend on the temperature. For O-atom the hyper-fine triplet ground-state must be corrected
for and in CO there are a number of rotational states within the vibrational band that is being scanned through. The
Boltzmann fraction is used to determine the temperature correction needed for the � ′′ = 2 transition in oxygen [32]:

5$ ()) =
(

5
5 + 34−228.75/) + 4−326.59/)

)
(7)

as well as for the distribution of molecules among rotational energy levels for a heteronuclear molecule.

5�$ ()) = (2� + 1) \'
)
4G?

(
−� (� + 1) \'

)

)
(8)

C. Catalytic Reaction Rate Coefficients
A summary on the steps required to determine the catalytic reaction rate efficiency is described, with further details

found in [33].
The approach follows Goulard’s mass balance at a catalytic wall [34]. First, the sample surface needs to be found.

This is done using the ratio of beam energies measured with molectrons located after the flow reactor and ICP. Beam
clipping is apparent when the ratio begins to drop suddenly, as seen in Fig. 8, done during a CO boundary layer survey.
A linear fit is implemented over the clipped data points. The 50% value between no clipping and 0 (fully blocked)
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is determined to be where the sample surface is located. Twice the distance from the sample surface to the onset of
blocking is determined to be the beam diameter. O-atom scans had a beam diameter of 1.2 mm and CO scans had a
beam diameter of 0.8 mm.

Fig. 8 Method for determining where the sample surface is located using beam energy.

A temperature fit is implemented due to the large uncertainty in the temperature measurements. The catalytic
reaction rate efficiency is ultimately calculated using the fit temperatures rather than the measured temperatures. The fit
used is a two-component exponential growth model seen in Eq. 9. This model is not physical but provides a good fit to
the temperature trend:

) = )BDA 5 + �1

(
1 − 4G?

(
−H
�2

))
+ �3

(
1 − 4G?

(
−H
�4

))
(9)

where �8 represents the fit parameters. From the temperature fit, the number density distribution can be calculated:

= 5 8C (H) =
?BC0C82

:�) 5 8C (H)
(10)

where ?BC0C82 is the chamber pressure and :� is the Boltzmann constant (1.3806 × 10−23<2 · :6 · B−2 · � ·  −1).
The relative atom or molecular mole fraction is found from the integrated area, temperature fit, and number density

distribution. It is normalized by free-stream conditions at approximately 3 mm from the sample surface.

ĵ8 (H) =
� × 58 ())−1/= 5 8C (H)

�(3<<) × 58 ())−1/= 5 8C (3<<)
(11)

A diffusion coefficient is needed to determine how O and CO interact with each other [33]:

� = �0

(
?0
?

) (
)

)0

)1.841
(12)

where �0 = 0.272<2 · B−1 at reference conditions of 298 K and 760 Torr [35]. This diffusion coefficient is for a Oxygen
Argon mixture, which is similar to the mixture of this work, but there has not been success in finding a diffusion
coefficient for an O-CO or CO-O mixture which consists of two polar species diffusing through each other.

A surface reaction rate can now be determined:

:F =
�8F

ˆj8F

(
mĵ8

mH

)
F

(13)

where �8F is the diffusion coefficient at the wall, ˆj8F is the relative specie mole fraction at the wall, and (mĵ8/mH) is the
near-wall relative atom or molecular mole fraction gradient.

Finally, the catalyzed reaction efficiency can be determined which represents the ratio of atoms recombined at the
surface to the number arriving:
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W8 =
:F8√

')F/2c"8
(14)

where ' is the universal gas constant (8.3144598� ·  −1 · <>;−1) and "8 is the molar mass (:6 · <>;−1).

IV. Results

A. Previous Results
The UVM ICP Facility previously undertook boundary layer surveys over a cooled copper surface using oxygen

atom and CO scans [29]. As described earlier, there were limitations from equipment at the time of these tests, and
various improvements such as a dual grating in the dye laser and the SFM method have been implemented since this test
campaign.

It is shown in Fig. 9 that there were a limited number of scans performed for the survey, especially for CO. The
temperature measurements do, however, match well. The oxygen atom relative number density suggests that molecular
oxygen recombination is occurring close to the surface. CO2 recombination does not appear to be occurring based on
this data, as the relative number density does not show a trend in any one direction.

(a) (b)

(c)

Fig. 9 a) Previous temperature measurements of oxygen atom and CO over a water cooled copper sample. b)
Previous oxygen atom relative number density measurements over a water cooled copper sample. c) Previous
CO relative number density measurements over a water cooled copper sample.

B. Radial Free Stream Temperature Survey
Before boundary layer scans could be done, a reliable method for CO temperature scans needed to be obtained.

CO scans had not been done using the SFM method up to this point, so new code needed to be written to produce
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temperatures that should agree with O-atom temperatures. O-atom is considered to be a reliable method of temperature
measurement as it has been utilized many times with the same SFM method, and has produced consistent results over
time.

A series of free stream radial temperature scans were conducted and are shown in Fig. 10. The objective of these
tests were to produce repeatable measurements that agreed with the accepted O-atom measurements, as well as to
determine an optimal Argon-CO2 mixture. Argon is an inert gas that does not react with any of the other species in the
flow. It also acts as a good coupler allowing the facility to operate in a stable condition and for a longer period of time.

Measurements were made at the center of the plasma jet, the edge of the plasma jet, and various points in between.
The center of the jet should be the hottest and the edge should be the coolest.

Fig. 10a shows multiple scans performed on different days and with different gas mixtures, whereas Fig. 10b, 10c,
and 10d show scans done with only the same gas mixture. This is important because different mixtures will produce
different temperatures. Because Argon is a good coupler, it produces a high temperature plasma compared to CO2. The
more Argon in the flow, the hotter the overall plasma should be. Also, the facility runs different on some days compared
to others. Over time, general conditions of the facility will change and could produce slightly different temperatures
even when all the variables are held the same. The laser line width contribution to the line broadening causes a large
uncertainty in temperature measurements of about ± 500 K [33].

(a) (b)

(c) (d)

Fig. 10 Radial temperatures in a CO2 plasma. a) Varying Mixtures b) 23 slpm CO2 c) 12 slpm CO2 / 20 slpm
Ar d) 21 slpm CO2 / 5 slpm Ar

With these uncertainties taken into account, the temperature values measured for both O-atom and CO match
reasonably well. High temperatures at the center of the jet trend downwards towards the edge, as expected. A higher
Argon mixture case also produced higher temperatures.

From these various testing cases, an ideal gas mixture was also determined, which was a qualitative decision. While
performing these tests, it was found that on average a mixture of about 5 slpm Argon and 21 slpm CO2 was an ideal
case because it generally produced longer run times in the facility and also made detecting the CO B-X transition and
O-atom transition easier, as Argon caused background noise that made it difficult to see the signal in the ICP. With
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confidence in temperature measurements, catalytic boundary condition scans are possible.

C. Boundary Layer Survey Over Water-Cooled Copper
Boundary layer surveys consist of taking TALIF scans at various points in front of a sample surface. For this work, a

survey was taken ahead of a water cooled copper sample. Copper is known to be a catalytic material that allows for the
$ +$ → $2 reaction. Temperature and relative number density measurements for both O-atom and CO are shown
in Fig. 11. The shaded grey region represents the sample surface, the blue dotted line represents the onset of beam
clipping during the O-atom scans and the dotted red line represents the onset of beam clipping during the CO scans.
Temperature measurements for both O-atom and CO match well and show a decreasing temperature towards the surface
of the sample, as expected. Temperature values begin to level out as measurements move out of the boundary layer
and into the free stream. The relative number densities were normalized to one so that the trends could be compared
to each other. Relative number density measurements for O-atom show that O2 recombination is likely occurring, as
the number density of O is decreasing towards the surface. The jump in number density for both O-atom and CO
measurements ahead of the clipping is expected and indicates non-catalytic behaviour right above the surface. CO
exhibits a fairly constant number density throughout most of the boundary layer. This suggests that CO2 recombination
is a slow reaction. The overall number density of the gas mixture will increase as temperature decreases while pressure
remains constant. The slight rise in CO number density towards the surface is likely a result of this.

(a) (b)

Fig. 11 a) Boundary layer temperature scans over a water-cooled copper sample with CO and O-atom. b)
Boundary layer relative number density scans over a water-cooled copper sample with CO and O-atom.

Fig. 12 and 14 show the general approach for determining the surface catalyzed recombination efficiencies for
O-atom and CO, respectively. The temperature fit is seen on the upper left and indicates the sample surface temperature
and free stream temperature. The sample surface temperature is an estimated value based on the trend of the temperatures.
In future measurements, a two-color pyrometer or IR camera will be used to directly measure the surface temperature.
The fit lines follow the temperature values well and red dots indicate the wall temperature and free stream temperature.
The upper right shows the relative number density individually for a more clear view. The lower left shows the number
density from the temperature fit described by Eq. 10. The lower right shows the relative atom mole fraction with a
linear fit to determine the near-wall relative atom mole fraction gradient. The fit is constrained to within 1 mm which is
within the boundary layer. Fig. 13 shows the relative mole fraction near the sample wall. O-atom shows a positive slope
indicating recombination near the surface and CO shows a zero gradient slope indicating no recombination.

Table 2 shows relevant data from the measurements. The catalytic efficiency of O-atom was found to be 0.0274 ±
0.009 and the catalytic efficiency of CO was found to be 0 ± 0.0004. This indicates a stronger O2 recombination model
than CO2 recombination.
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Table 2 O-atom and CO relevant data.

Species )BDA 5 ,  )4364,  (mĵ8/mH)F , <<−1 ĵ8F �8F , 2<
2/B :F , </B W8

O-atom 600 4500 0.344 0.2837 4.65 6.10 0.0274 ± 0.00090
CO 2000 5700 0 0.710 4.65 0 0 ± 0.0004

(a) (b)

(c) (d)

Fig. 12 Water-cooled copper O atom measurements in a CO2 plasma. a) Temperature and fit. b) Number
density from normalized integrated area. c) Number density from temperature fit. d) Near-wall linear fit of
relative atom mole fraction.
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Fig. 13 Normalized near-surface relative mole fraction for O-atom and CO on water-cooled copper sample.

(a) (b)

(c) (d)

Fig. 14 Water-cooled copper CO measurements in a CO2 plasma. a) Temperature and fit. b) Number density
from normalized integrated area. c) Number density from temperature fit. d) Near-wall linear fit of relative
molecular mole fraction.

14



V. Conclusion
This work used spatially resolved TALIF measurements to determine the surface catalytic efficiency of molecular

oxygen and carbon dioxide recombination reactions above a water cooled copper sample in a predominantly CO2 plasma
simulating Martian atmospheric entry.

Results indicate that O2 recombination is the dominant recombination reaction occurring near the surface of the
sample while CO2 recombination is minimal. This supports Sepka’s model of a dominant O2 recombination environment
which has been the more prevalent model recently. A super-catalytic boundary condition is not supported with these
findings and instead a partially-catalytic model would be supported. This would mean that TPS has been overbuilt in the
past and available payload has been lost to unnecessary heat shied mass. These results may aid in the development of
TPS with a more optimal mass design.

A. Future Work
This work was a first attempt at determining boundary layer conditions in a CO2 plasma while probing both O-atoms

and CO molecules with recent upgrades to the UVM facility. To progress further, more boundary layer scans will be
done over varying catalytic surfaces with higher spatial resolution. Direct measurements of the surface temperature will
also provide more accurate results. A diffusion coefficient for O-CO and CO-O will also utilized at such time as it is
found in literature and will replace the current use of an O-Ar diffusion coefficient mixture where it is assumed that the
value of the coefficients is similar.
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