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Advanced laser-based diagnostics have been developed to examine catalytic effects and atom/surface
interactions on thermal protection materials. This study establishes the feasibility of using two-photon
laser-induced fluorescence for detection of O and N atom loss in a diffusion tube to measure surface
catalytic activity. The experimental apparatus is versatile in that it allows fluorescence detection to be
used for measuring species selective recombination coefficients and for performing diffusion tube and
microwave discharge diagnostics. Many of the potential sources of error in measuring atom recombination
coefficients by this method have been identified and taken into account. These include scattered light,
detector saturation, sample surface cleanliness, reactor design, gas pressure and composition, and selec-
tivity of the laser probe. Recombination coefficients and their associated errors are reported for N and
O atoms on a quartz surface at room temperature.

Nomenclature
D = diffusion coefficient
F = surface roughness factor
fL = laser fluence
/ = fluorescence intensity
J = spin-orbit splitting level
M = atomic mass
P = reactor pressure
R = ideal gas constant
r = inside radius of diffusion tube
T = reactor temperature
v = average atomic speed, (8RT/7rM)m

X = distance from center of microwave discharge cavity
y = atom recombination coefficient
IJL - slope of atom decay curves, €w(7) vs XIr

Introduction

T O develop more effective advanced thermal protection
materials for spacecraft, an understanding of the behavior

of these materials under atmospheric entry heating conditions
is essential. It has been shown that, during Earth entry, het-
erogeneous atom recombination with an exothermic heat of
reaction can account for a significant fraction of the surface
heating rate.1'2 There have been numerous experimental inves-
tigations of this phenomenon over the past 25 years. Although
some benchtop laboratory studies have been made, most of the
catalytic recombination data on spacecraft materials results
from arcjet testing at high enthalpy in dissociated airflows.
These arcjet studies provide relative catalytic efficiency com-
parisons of candidate materials at flight temperature.3'7 Re-
cently, coefficients have been calculated using both arcjet data
and data obtained in a laboratory diffusion reactor to define
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the surface catalytic efficiency of several materials.8 Arcjet
measurements are limited to surface temperatures in excess of
1100 K and diffusion reactor measurements are required for
measurements at lower temperatures. Arrhenius expressions
for the recombination coefficients, derived from the tempera-
ture-dependent data, are used in computational thermochem-
istry codes that predict surface heating rates for the real flight
case. To predict the full envelope of surface heating rates, atom
recombination coefficients are required for surface tempera-
tures ranging from near room temperature to ~1800 K. To
determine the catalytic behavior of thermal protection systems
at low surface temperatures, a versatile diffusion/flow reactor
has been developed that incorporates laser-based diagnostics.
This laser diagnostic method alleviates the experimental limi-
tations associated with previous reactor studies that use ther-
mocouple probes to monitor atom concentrations.

A number of laboratory reactor designs have been used to
study surface catalysis on materials of low catalytic efficiency
such as quartz, Vycor®, Pyrex®, and reaction cured glass
(RCG) (Refs. 8-15). Diffusion reactors are particularly well
suited for the study of materials of low catalytic activity (i.e.,
y < 10~2). In a diffusion reactor, an rf or microwave discharge
dissociates the parent molecule to create atoms. The atoms
diffuse down a tube where they can recombine on the walls
that are coated with a material of interest and quickly reach a
steady-state condition. In some reactor designs atoms may also
recombine on a traveling thermocouple probe placed at the
center of the diffusion tube. This recombination raises the
probe temperature by an amount Ar. The temperature rise on
the probe is measured as a function of distance from the atom
source and gives a measure of the atom loss due to wall re-
combination down the diffusion tube. At proper experimental
conditions and within the assumptions of the reactor model,
the coefficient y can be determined from the slope of the line
generated in a plot of €n(A7) vs X/r.15

For studies of low y materials it is essential to carry out
experiments at low pressure (<0.2 torr) to avoid competition
between homogeneous and heterogeneous recombination pro-
cesses.15 At pressures below ~0.3 torr, diffusion effects are
significant, therefore, in a flow reactor, diffusion and convec-
tion need to be taken into account. It is simpler to use a dif-
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fusion design alone for reactor modeling. This is the reason
for choosing to make y measurements in a diffusion reactor
as opposed to a flow system. The reactor used for this work
has been designed for versatility. It is used in the diffusion
mode for making y measurements and in the flow mode when
doing titratipn to determine absolute O- and N-atom concen-
trations and detection system calibrations.

Most of the previous work in diffusion reactors has been
limited to studies of simple first-order surface reactions in-
volving H-, O-, or N-atom recombination because of the lack
of species selectivity of the thermocouple probe used for atom
detection. The reactor used in the present development is sim-
ilar, but as an alternative to the thermocouple, applies two-
photon laser-induced fluorescence (LIF) to study the effects of
atom/surface interactions on catalytic material. LIF offers sev-
eral advantages over previous detection methods including the
nonintrusive nature of the technique that eliminates probe in-
terference with the flowfield, contamination of the reactor from
the metal surfaces, and instability of the thermocouple. The
technique is species selective, so that, in many cases related
to spacecraft entry, the reactant and product concentrations can
be monitored directly. Systems containing two or more atomic
species can also be investigated. Because of these features, the
study of more complex reactions such as N + O -» NO (there
is little data currently available on this surface catalyzed re-
action) or CO 4- O —> CO2 (which is an important issue for
entry into the Martian atmosphere), is feasible. Although more
involved than relative measurements, LIF is used often for
absolute concentration measurements that are essential for de-
termination of second-order or more complex reaction systems.

This article describes the design, operation, calibration, and
integration of the two-photon LIF detection methods into the
well-established diffusion reactor approach to evaluate its
unique attributes to test the reactor models. The state specific-
ity and high spatial resolution are exploited to examine the O-
atom fine-structure equilibrium and to study radial population
distributions. Many of the experimental complications in-
volved in measuring atom recombination coefficients by this

method have been identified, evaluated, and minimized in
these preliminary investigations. The application of LIF pre-
sented here focuses on room temperature detection of O and
N atoms generated by a microwave discharge in a diffusion/
flow apparatus. A quartz surface is chosen for measurements
to compare and evaluate the detection methods because the
surface is fairly well defined and atom recombination on quartz
has been well studied.9'15 The material is also readily available
and optically transparent. In addition, quartz is expected to
behave similarly to RCG, which consists primarily of silica.16

This evaluation is critical in establishing a design for an im-
proved, temperature controlled diffusion reactor for future sur-
face catalysis investigations.

Experimental Approach
Reactor Description

The reactor design is based on a modification of the simple
design first introduced by Smith in 1943.15 A schematic dia-
gram of the reactor is shown in Fig. 1. The main body of the
reactor is a quartz cross with 28-cm-long arms in the primary
flow direction and two quarter-in, gas inlet ports located 3 and
6 cm upstream of the cross. The o.d. of the primary tube is 25
mm. The gases to be discharged enter this tube after flowing
through calibrated mass flow meters permitting the determi-
nation of the partial pressures of stable species from a mea-
surement of the total gas pressures and the individual flows.
The tube is exhausted through a flexible vacuum hose and a
valve attached to the pumping system. The pumping line is
refrigerated close to the roughing pump to minimize back-
streaming of pump oil into the reactor. The system base pres-
sure is 10-20 mtorr. On one side of the cross is a quartz tee.
One connection on the tee is used for a quartz window to allow
for the exit of the laser beam from the diffusion side arm and
the second port is used for a 10-torr capacitance manometer
pressure gauge to monitor the total pressure in the reactor. The
diffusion side arm (80 cm long) is attached to the last remain-
ing port on the cross. At the end of this diffusion tube is a
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Fig. 1 Schematic diagram of diffusion reactor experimental apparatus: a) on axis and b) perpendicular fluorescence detection.
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removable quartz window for entry of the laser beam axially
down the tube and a port to evacuate the tube when it is used
as a flow tube. By the opening and closing of two valves the
diffusion reactor can be transformed into a flow reactor with
the entire flow of gas passing through the diffusion side arm.
The reactor is mounted on a track to translate the reactor rel-
ative to the position of the focal point of the detection laser
beam to obtain concentration profiles of the detected species
down the diffusion side arm. The system can be equipped with
a furnace as shown in Fig. la for temperature-dependent y
measurements. The furnace is not used for these initial inves-
tigations and all of the experiments are performed at room
temperature.

Active species are generated in a microwave discharge. A
2.5-cm-diam microwave cavity can be mounted in the system
at several positions. Experiments are performed with the cavity
attached on the diffusion side arm and also on the upstream
end on the primary flow tube. In the latter configuration other
gases can be added to the discharge products to reactively
generate atomic species or titrate the atoms to obtain absolute
concentrations. Power is applied to the cavity through a double
stub tuner from a 100-W microwave power supply. The mi-
crowave cavity is forced air cooled.
Atom LIF Detection

Two-photon LIF is used for detection of ground state O and
N atoms.17"22 The energy level diagrams in Fig. 2 show the
detection scheme for these processes. For the O-atom case,
tunable uv laser radiation near 226 nm excites O atoms from
a specific fine-structure component of the 2p 3Pr ground state
to the 3p 3Pj> state (/" and /' can equal 0, 1, or 2). After this
initial excitation, fluorescence to the 3s 3S state near 845 nm
is monitored. The excited 3p 3P atom radiative lifetime is about
35 ns.19 For the N atoms, laser radiation near 211 nm excites
N atoms from the 2p3 45° ground state to any of the four fine-
structure components of the 2p23p 4D° state. After excitation,
the N atoms will fluoresce near 870 nm to the 2p23s 4P state.
The radiative lifetime of the 4D° state is about 43 ns.20

In both atoms the intensity of the fluorescence signal (/ =
photons per laser pulse) is directly proportional to the popu-
lation in the ground state times a fluorescence efficiency factor.
The fluorescence efficiency factor or fluorescence quantum
yield is reduced from a maximum value of 1 by collisional
quenching that is sensitive to temperature, gas composition,
and pressure. In these experiments, the density of atoms rela-
tive to the density of efficient quenchers (diatomics) is low
so that atom concentration changes along the diffusion tube
are not expected to influence the quenching rates.20'22 The fluo-
rescence intensity, after making corrections for collisional
quenching, can be used to extract the atom concentration. Be-
cause both O- and N-atom LIF are two-photon processes, most
of the signal comes from the area near the focus of the exci-
tation laser beam and, therefore, the atom concentration can
be measured at various positions in the diffusion reactor by
either moving the reactor or moving the focus of the laser
beam and the detector. A combination of the laser beam ge-
ometry and the optical characteristics of the fluorescence de-
tection system determines the spatial resolution of the detec-
tion method.

In this study, a Lambda Physik excimer pumped dye laser
(EMG 102, LPD 3002) generates tunable blue light between
420-460 nm. The laser output is frequency doubled in a j8
barium borate crystal to generate light near the atom two-pho-
ton transitions (226 and 211 nm). The dye laser fundamental
and the doubled light are separated using either a Pellin-Broca
prism or dichroic mirrors and the uv light is directed into the
diffusion reactor. The power of the uv laser light is monitored
using a joulemeter (Gentec) interfaced into a gated integrator
(SRS). A red sensitive photomultiplier tube (PMT, R666) de-
tects the fluorescence. A colored glass and an interference filter
select only the wavelength region near 840-880 nm for de-
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Fig. 2 Energy level diagrams depicting the two-photon fluores-
cence detection schemes for a) O and b) N atoms.

tection. The output of the PMT is amplified and the signal is
extracted using a gated integrator. The fluorescence and laser
power signals are both monitored by a computer and stored
for analysis.

Fluorescence measurements are made on axis (Fig. la) as
well as by detection at right angles to the incident laser (Fig.
Ib). With the axial fluorescence collection geometry, the signal
can be obtained from regions that have limited optical access.
The right angle fluorescence measurements are not possible
with the furnace in place. In future high-temperature experi-
ments where the furnace is permanently installed, the entire
fluorescence detection system, rather than the reactor, will be
mounted on a translation stage.
LIF Technique Diagnostics

Several preliminary experiments are required prior to the
measurement of the atom signal profiles down the diffusion
tube. Laser fluence [fL (photons cm"2 s"1)] effects must be
studied and the LIF detection system evaluated. Measurements
of the laser fluence dependence are useful in the selection of
optimum conditions for LIF such as lens focal lengths and
geometry of collection optics. If the laser fluence is too high,
several processes can interfere with accurate concentration de-
termination by causing a decrease in the fluorescence intensity.
These include generation of amplified spontaneous emission
(ASE, Ref. 23) and saturation of the two-photon transition.
Absorption of a third photon may occur which, for atom de-
tection, will cause photoionization and loss of a fluorescent
photon. Two-photon photodissociation of O2 (Ref. 24) and
one-photon dissociation of vibrationally excited species25'26

have been reported to influence fluorescence intensity during
O-atom detection. Ideally, for two-photon atom detection by
LIF the fluence dependence of / will be proportional to /£,
where n = 2. A log-log plot of 7 vs the laser fluence yielding
n * 2 is a clear indication that processes other than two-photon
fluorescence are having a significant influence on the fluores-
cence intensities. These, at times, undesirable effects will be
significant at high laser fluence and can be minimized or elim-
inated by using lower pulse energy and softer focusing of the
laser beam. Changing the focusing and pulse energy changes
the spatial extent of the LIF in a complicated manner27 and
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will affect the spatial resolution of the method. The detection
system can be designed to compensate for changes in the laser
characteristics. For these measurements we must evaluate if a
laser fluence squared normalization is appropriate for the ex-
perimental data. Absolute measurements require both knowl-
edge of the laser fluence and also confirmation that the signal
shows a two-photon dependence. Requirements for the relative
measurements reported herein are less restrictive. If the fluence
is not constant throughout a measurement, some guidelines
must be established on how changes will affect the signal.

Figure 3 shows a log plot of the N-atom signal vs the laser
pulse energy in microjoules that is proportional to laser fluence
for a given beam geometry. The circles correspond to the N-
atom signal. The N-atom signal increases with increasing pulse
energy. The data are normalized at 65 juJ. The solid line is the
energy dependence for a linear dependence on energy and the
dashed line for the anticipated energy squared dependence.
Clearly, the N-atom signal is between the two limits and is
neither linear nor quadratic in the pulse energy. At low ener-
gies (<20 /xJ) the slope approaches the two-photon dashed
line. Clearly, phenomena such as ionization are occurring at
the higher pulse energies. However, since absolute concentra-
tion measurements are not required in this case the laser is
operated in the 40-70-/AJ energy region with a 40-cm lens
where the absolute signals are larger. The O-atom fluorescence
data show similar behavior and there is no evidence for O2
photodissociation processes as mentioned earlier. Because of
this complicated dependence, pulse energy normalization is not
straightforward and in all of the profile measurements the laser
pulse energy is maintained at a nearly constant value. Long-
term decreases in laser pulse energy are monitored and mea-
surements are repeated to account for the typical 5-10%
changes during a typical run.

Before an atom profile can be measured, the collection ef-
ficiency of the optical system must be determined at all posi-
tions along the tube axis. The calibration must be made when
the atom concentration is constant both across the tube and
along the tube diameter. To obtain a uniform distribution of
atoms two methods are used. In the first, used only for O
atoms, O3 is allowed to diffuse into the side arm at a total
pressure of 2.2 torr. O atoms are produced by laser-induced
dissociation of O3 at various axial positions in the tube and,
within the same laser pulse, O atoms are probed via LIF. In
the O3 calibration data, the signal appears to be relatively flat
along the center of the tube and no collection efficiency cor-
rection to the atom loss data is necessary for axial profiles.
The diffusion side arm is also converted into a flow tube by
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Fig. 3 LIF signal intensity vs laser pulse energy for N-atom de-
tection. The circles correspond to the N-atom signal. The solid line
represents a linear energy dependence for the LIF signal and the
dashed line represents the anticipated energy squared dependence.

changing the flow of the gases in the system. Under typical
experimental conditions, the flow rates for the precursor spe-
cies varies between 20-80 seem that generates pressures be-
tween 0.2-0.5 torr. Reaction of O and N atoms with the walls
is negligible under these conditions. Constant values (±10%)
of the atom signal are obtained over the entire length of the
tube for both O and N atoms. It is therefore concluded that no
correction need be applied to the atom concentration profiles
in the axial direction.

Measurement of Atom Concentration Profiles
Concentration profiles are obtained by scanning the vacuum

apparatus relative to the two-photon LIF region. The signal at
a given position is measured by recording the averaged output
of the gated integrator on a computer for between 50-150 s.
The laser is then blocked and the apparatus is moved to an-
other position where the laser is unblocked. Observations typ-
ically begin about 5 cm from the center of the discharge cavity
and extend for 25 cm when using the 40-cm lens. Depending
on the number of positions, this procedure can last for between
10-30 min per discharge condition. Often the first data point
is repeated at the end of the scan to verify the long-term sta-
bility of the signal. Later, the signal is averaged over the region
of exposure to obtain the experimental value. Each position
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results in a point on a graph as shown in Fig. 4. If significant
differences are observed between the initial and final point
taken at the same position, a linear correction for this change
in signal is applied to all the experimental data. This correction
is typically between 5-15% and is caused by a decrease in
the laser power with time.

Results
Atom concentration decays are measured under many dif-

ferent conditions and experimental setups. These include
changing the total pressure in the system, changing atom con-
centration, method of atom preparation, and surface conditions.
For both the N- and O-atom experiments standard operating
conditions are established as a method for comparison of sur-
face properties from day-to-day. For N atoms, the standard
conditions are a 30-W N2 discharge located on the diffusion
side arm at a total pressure of between 0.29-0.31 torr. For O
atoms, the standard operating conditions are a 40-W discharge
in 0.19-0.21 torr of a pure O2 on the side arm. Small changes
in laser power, microwave power, and alignment influence the
magnitude of the signal, but should not alter the signal de-
crease down the tube. To parameterize the data, the atom decay
is fit by extracting the slope JJL from a plot of the natural log-
arithm of the signal vs the distance from the center of the
discharge divided by the radius of the tube. For an individual
atom signal profile measurement the average uncertainty (two
standard deviation) in JJL is about 9% for N atoms and 10% for
O atoms. The results of the measurements are presented in
Table 1. For N atoms the day-to-day reproducibility is excel-
lent and very little difference is seen between the uncertainty
in an individual slope (9%) and the uncertainty in the average
of all the measurements (11%). For O atoms there is a dou-
bling in the uncertainty of the average (22%) over that of an
individual run (10%). This may be due to changes in the sur-
face properties from day-to-day that effect the O-atom signal
decay. Effects of surface contamination will be discussed later.

Table 1 also presents data obtained when the microwave
discharge is located on the flowing portion of the apparatus.
Changing the location of the microwave cavity on the appa-
ratus is required to add gases to the flowing atom stream. Ini-
tially, no change was expected in the slope with this experi-
mental configuration, and only a change in the magnitude of
the signal due to reaction on the walls prior to the observation
region was expected. For O atoms no difference is found in
the slope even though the signal size decreases by about a
factor of 5. For N atoms, however, the slope is found to be at
least a factor of 2 less steep. This is significantly outside the
respective errors of the two measurements and indicates that
an unexpected process may be occurring. The signal for the N
atom case decreases by about an order of magnitude upon
moving the discharge. A significant change in the slope that is
a function of atom concentration, could indicate non-first-order
reaction kinetics. Further study is required to determine if this
reduction in the slope is due to the decrease in the N-atom
concentration, impurities in the N2 gas, or changes in boundary
conditions that must be accounted for in the reactor model.
Without the added sensitivity of the LIF detection method such
order of magnitude changes in the N-atom concentration could
not be studied.

One factor that must be carefully addressed in these studies
is the electronic states of the detected atomic species. For N
atoms the lowest lying electronic state is not split and consists
of only a single level, but for O atoms the ground state is split
by spin-orbit coupling and consists of a fivefold degenerate
J - 2 level, a threefold degenerate / = 1 level, and a J = 0
level. The separation is large enough that only a single level
is probed by the two-photon LIF process. When in thermal
equilibrium the decay of each level down the diffusion tube
would be identical, but this has not been considered previously.
Since this specific complication is unique to O atoms the dis-
charge preparation will be discussed in more detail.

A discharge generated in a pure O2 gas may contain vibra-
tionally and electronically excited states of O, O2, and O3 as
well as ionic species depending on the discharge conditions.
Only ground state O atoms are of interest in recombination
studies related to the spacecraft re-entry problem. Using LIF,
we can detect O-atom loss without interference from O2, O3
ground, or vibrationally excited state species. However, the
ground state 7 = 2 population of O atoms measured will be
affected by collision-induced quenching of electronically ex-
cited O atoms and by variations in the J-level population in
the ground state. Previous work14 indicates that excited elec-
tronic states are completely quenched within five radii of the
center of the discharge at the pressures used in these experi-
ments (-0.2 torr).

Ideally, the rate of loss of O atoms measured from any of
the ground state / levels would yield the same slope if a con-
stant temperature equilibrium distribution exists. In an exper-
iment to test this hypothesis, the laser is scanned over the three
fine structure components at several axial positions of the dis-
charge tube. The area under the peaks is then obtained through
integration of the spectra. The results for the slope of the re-
moval for each ground state level are 0.043 ± 0.006, 0.026 ±
0.011, and 0.036 ± 0.009 for / = 0, J = 1, and / = 2, respec-
tively. This unexpected result indicates that either the temper-
ature is not constant over the region of measurement or that
the fine structure levels are not in equilibrium. If it is assumed
that a thermal equilibrium distribution at 300 K is present 30
cm from the discharge, then the percentage of the total ground
state population in each level is 5, 21, and 74% for / = 0, 1,
and 2, respectively. Given the measured slopes of the fine
structure removal measurements at 10 cm from the discharge,
the relative populations are 6, 18, and 76% for J = 0, 1, and
2, respectively. At first glance this appears to be a small dif-
ference, however, for the two levels that are least populated at
room temperature the slope change is significant. From these
results, the data obtained from the / = 2 level will be most
reliable in making atom loss measurements and that level also
produces the largest signal. The change in the distribution will
produce only a few percent change in the slope for / = 2. All
of the O-atom measurements described previously are made
using the J = 2 level. It is possible that the microwave dis-
charge process itself may generate a nonthermal distribution
over fine structure states. Also, collisional and radiative relax-
ation of higher lying electronic states may account for part of
this distribution. Further experiments are required to determine
the source of this difference between the fine-structure
components.

Table 1 Atom signal profiles for standard conditions and different
discharge positions

Atom
0
N
0
N

Discharge
position
Sidearm
Sidearm
Flowarm
Flowarm

Number of
measurements

6
7
4
7

Range of
slopes

0.036-0.046
0.043-0.050
0.037-0.050
0.018-0.022

Average
slope

0.041 ± 0.009
0.046 ± 0.005
0.041 ± 0.010
0.021 ± 0.002
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Table 2 O and N-atom recombination coefficients on quartz
obtained at room temperature at different pressures

Atoms P, torr X105

O

N

0.2
0.4
0.5
0.7
0.2
0.3
0.5
0.8

-0.042
-0.057
-0.089
-0.104
-0.043
-0.047
-0.055

0.006
0.003
0.003
0.004
0.003
0.004
0.001

-0.082 ± 0.003

7.1
6.3

12.6
13.0
6.9
5.5
4.5

2.2
0.7
0.9
1.1
0.5
0.9
0.1

6.3 0.5

In a last set of experiments the total pressure in the system
is varied. This provides a critical test of the extraction of the
surface recombination coefficient y from the removal slope IJL.
Table 2 summarizes the results at different total pressure for
both O and N atoms. The extraction of y from these measure-
ments is described next.

Determination of Atom Recombination Coefficients from Atom
Loss Data

Atom recombination coefficients y can be extracted directly
from the atom loss as a function of distance from the micro-
wave discharge cavity. For a reaction that is first order with
respect to the gas phase atom concentration, y can be calcu-
lated from the following expression, which is derived in detail
for diffusion in a cylindrical tube in Refs. 14 and 15:

y = 2fjL2D/vr (1)

The additional factor of 2 in Eq. (1) is included because two
atoms are lost from the gas phase for formation of each O2
molecule (one is needed to replenish the active site on the
surface).

A simple expression for the diffusion coefficient was em-
pirically derived from the Chapman-Enskog equation using
values of collision cross sections obtained from Ref. 28:

D = DQ(TITQ)IM(PJP) (2)

DO is the diffusion coefficient at room temperature (r0 = 298
K) and atmospheric pressure (P0 = 760 torr). At standard tem-
perature and pressure D0 = 0.365 cm2 s"1 for O atoms in O2
and DO = 0.364 cm2 s"1 for N atoms in N2.

Equation (1) is derived from a model that assumes that the
surface recombination is first order with respect to the gas
phase atom concentration. To ensure that the model correctly
describes the experimental data, the experimental conditions
must be properly controlled. As mentioned previously, the re-
actor is not used in flow mode for y measurements because
the coefficients for the materials of interest are very small. The
pressure in the reactor should be kept near or below 0.2-0.3
torr to. avoid gas phase recombination resulting from three
body collisions.15 At higher pressures, wall recombination
competes with gas phase recombination and atom loss rates
are not representative of heterogeneous catalysis alone. For
work done at higher temperatures, it may be possible to use a
flow reactor because gas phase recombination drops dramati-
cally as temperature increases.29 There is too much uncertainty
in the data currently available in the literature on three-body
recombination to determine at what temperature these gas
phase processes can be ignored.

The intensity of the LIF signal is measured as a function of
distance from the discharge and gives a measure of the atom
loss down the diffusion tube. For a first-order reaction, the
atom recombination coefficient can be determined from the
slope of the line generated from a log plot of LIF signal in-
tensity vs distance from the discharge. The model used to cal-
culate recombination coefficients from experimental data was

developed by Smith.15 This model makes the following
assumptions:

1) There is no radial concentration distribution (y < 10~2).
2) Atom loss is due primarily to heterogeneous catalysis

(pressure is low enough to avoid gas phase recombination).
3) The diffusion tube is long enough that end effects are

negligible.
4) Temperature is constant along the tube where measure-

ments are made to avoid variations in diffusion effects and
recombination rates.

These issues must also be considered when making com-
parisons of y values found in the literature. (Note that values
of y found in the literature that are >10~2 are suspect if mea-
sured by the diffusion reactor method and no radial distribution
measurements have been made. Also, y values determined
through surface temperature or heat flux measurements may
be susceptible to errors because the surface energy accom-
modation coefficient is not always equal to 1.) To make reli-
able measurements of y by this method, it is necessary to ex-
amine all possible sources of experimental error that could
affect these assumptions.

Literature values of y for O atoms on silica and some metals
may vary by up to several orders of magnitude for any number
of reasons. Much of the information necessary to make com-
parisons is often not made available (such as how y was cal-
culated). It should be made clear that many of the recombi-
nation coefficients reported in the literature are not absolute
values, but apparent y values (-y = Tabsoiuu/'roughness). (Also note
that y values measured from O atom loss are a factor of 2
larger than those measured from detection techniques that
monitor O2 formation.) A surface roughness measurement is
necessary to calculate the absolute values that are necessary
for determination of many of the physical properties of the
surface.14 In our work, apparent y values are useful to deter-
mine the relative catalytic activity between materials, but ab-
solute values would provide more physical insight into the
actual recombination processes. Methods of making roughness
measurements on thermal protection system (TPS) surfaces are
currently under investigation.

Without careful consideration, three main aspects of the ex-
periment could lead to large errors or misinterpretation of atom
loss data. These include 1) sample surface properties, 2) re-
active gas pressure and composition, and 3) reactor design.
These issues will be discussed independently as they relate to
the experimental model previously outlined.
Sample Surface Properties

Surface catalytic activity. Low surface catalytic activity (y
< 10~2) is important for reliable measurements using the cur-
rent reactor model. If the reaction rate at the surface is too
high, a radial distribution will develop in the reactor. The cur-
rent model assumes a uniform concentration distribution across
the tube diameter at all axial locations in the tube. It is im-
portant to ensure that either there is no radial distribution or
that the reactor model is modified to account for radial distri-
butions. In either case, radial concentration distributions can
be measured experimentally by LIF detection. Using LIF, ra-
dial distributions can be measured with ^200-/Am resolution
by measurement of fluorescence intensity as a function of laser
beam position along the diameter of the tube. In this work the
exact radial size was not measured, but from the rapid fall of
the signal shown in Fig. 4, reasonable upper limits can be
obtained. The axial resolution of 1 cm was determined exper-
imentally via the rapid decrease in the signal at very high
pressure. An experimental measurement of axial resolution is
preferred over a calculated value since many nonlinear pro-
cesses can affect this value.27

For measurements of radial concentration profiles, the PMT
is mounted at a right angle to the input beam and detects the
fluorescence passing through the quartz sample. This config-
uration gives larger signals than the on-axis detection, resulting
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in more accurate radial profiles. The dichroic mirror is replaced
by a prism and this prism and the focusing lens are mounted
on a translation stage that could be scanned perpendicular to
the tube. Because of the nonuniformity along the tube and the
focusing of the beam, the only way to bring the laser beam
close to the wall at the focus was to have the propagation
direction of the laser beam and the axis of the tube at a small
angle.

Before making measurements of radial distribution the col-
lection efficiency of the optical system across the tube diameter
is determined, as described previously. The ozone is studied
in both the diffusion and flow mode and no difference in radial
distribution is seen between the two conditions. Data are ob-
tained in a similar experiment where O atoms are generated in
the microwave discharge and have diffused 5 cm down the
tube. In this case wall reactions may influence the radial dis-
tribution. The normalized radial distribution is similar to the
calibration distribution, as expected under these experimental
conditions. Figure 4a shows a comparison of the scattered light
subtracted signals for O atoms produced in the discharge in
the diffusion mode and the ozone calibration in the flowing
mode. In both cases, the signal appears to be relatively flat in
the center of the tube and drops near the walls due to a de-
crease in collection efficiency. No significant difference is seen
between this and the O3 calibration profile. Figure 4b illustrates
this similarity by dividing the O-atom signal by the ozone
signal. Only scatter is seen about the expected value of one
and no systematic trends are observed. This should be the case
for low y materials such as quartz at P ~ 0.2 torr where the
diffusion coefficients are relatively high. Any depletion of O
atoms due to wall reactions is rapidly compensated for through
rapid diffusion. Radial profiles are obtained in flow and dif-
fusion modes at several pressures, pumping speeds, and dis-
tances from the discharge. All show similar profiles indepen-
dent of the mode of operation.

Under the conditions of this study no radial distribution is
expected because of the low recombination at the surface, but
this study demonstrates that two-photon LIF will be extremely
useful for studying any radial distribution effects in other sys-
tems and would be invaluable for development of reactor mod-
els for higher y materials studied in the same apparatus.

Sample surface composition. To test the feasibility of the
experimental methods, most experiments are performed at
room temperature with a quartz surface observing the fluores-
cence at right angles to the laser beam through the tube walls.
Measurements are made after several days of pumping the sys-
tem to ~2 X 10~2 torr to reduce the presence of water on the
quartz walls. Significant surface coverage by water has been
shown to reduce the heterogeneous atom recombination prob-
ability for N atoms,14 but not significantly for O atoms.11 This
may account in part for variations in y values for N-atom
recombination found in the literature. It is accepted procedure
to heat the sample to ~450°C under vacuum (~10~6 torr) to
drive off water for more accurate yN determinations. Ultrahigh
purity gases should also be used to ensure system cleanliness.
This is not done in the current work because the goal is not
to measure y accurately, but to understand how y varies with
experimental conditions to demonstrate the capabilities of the
laser detection method and test the reactor model. Therefore,
it is assumed that the average y0 and yN values (~8 X 10~5

and 6 X 10~5, respectively) are those for a quartz surface with
some water and possible organic contamination. In this work,
heating the surface and pumping on the system does not sig-
nificantly affect y for N atoms.

To demonstrate that major effects can result from minor con-
taminants, y for O atoms is measured after introducing small
amounts of NO into the system while the total O2 pressure is
-0.22 torr. The atom loss data was obtained as the NO partial
pressure was changed from 0 to 1%. The corresponding y0
value is reduced from 6(±1.0) X 10~5 to 3(±0.3) X 10~5 to
4(±0.3) X 10~6 for 0, 0.3, and 1% added NO, respectively.

This behavior is expected because the surface becomes poi-
soned with NO, which reduces the number of available reac-
tion sites for the O-atom recombination.

The 70 values (Table 1) obtained at pressures near 0.2 ton-
over an approximately four-month period were reproducible to
within a factor of 2. This is very reasonable for room temper-
ature measurements considering no special efforts were taken
to purify gases or ensure that pump oil vapors were not con-
densing on the wall of the reactor. It has been noted in previous
work by other methods14 that y values obtained at room tem-
perature in a single laboratory may vary by a factor of 4 and
those obtained in different laboratories may vary by several
orders of magnitude. It is expected that the reproducibility will
improve with increasing temperature and will be good even at
low temperatures when proper precautions are taken to ensure
system cleanliness.

Reactive Gas Properties
Total pressure dependence. Changing the pressure of the

O2 or N2 in the reactor will have an effect on the atom loss
rate through the diffusion tube. This can be caused by changes
in the diffusion rate with pressure, homogeneous reactions en-
hanced at higher pressures, an increase or decrease in the atom
concentration, or other as yet uncharacterized phenomena. As
a result, changing the total system pressure tests the system
models and our understanding of the details of the atom loss.

Figure 5a shows the data obtained in an experiment where
O atoms are generated in the microwave discharge at a total
pressure of 0.22, 0.41, and 0.67 torr of pure O2. Figure 5b
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Fig. 5 LOG (LIF signal intensity) vs distance from discharge as
a function of total system pressure: a) oxygen and b) nitrogen
atom decay curves.
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displays the results of a similar experiment with N atoms. If
we assume that recombination on the reactor walls is the only
mechanism for atom loss, the different slopes observed in the
atom loss data should be due only to differences in diffusion
coefficient and the resulting y values should be the same for
all three cases. The diffusion coefficients at 0.22, 0.41, and
0.67 torr are 1261, 677, and 414 cm2 s'1, respectively. The y
value calculated from Eq. (1) is the same (within experimental
error) at 0.22 and 0.41 torr and increases by a factor of 2 at
0.67 torr (Table 1). Similar behavior is observed for N atoms
in N2. These findings indicate that at 0.41 torr, there is no
significant contribution to atom loss from homogeneous reac-
tions, but the atom loss curves may be affected by reactive
three-body collisions in the gas phase at the higher pressure.

At pressures below 1 torr and less than 10% dissociation of
the O2, the most likely homogeneous reactions to affect the
atom loss curves are the following:

1) O + O2 + O2 -» O3 + O2 1.9 X 10~35 cm6 s'1 (Ref. 29)
2) O + O3 -» O2 + O2 2.0 X 10~35 cm3 s'1 (Ref. 29)
3) O + O + O2 -> O2 + O2 2 X 10~33 cm6 s"1 (Refs. 29, 30)

Using this kinetic data, the reactor model predicts that three-
body recombination in the gas phase will begin to have an
observable influence on the atom loss curves at total system
pressures above 0.5 torr for a diffusion tube of 22-mm i.d.

Atom concentration dependence. Measurements of atom
loss curves as a function of the partial pressure of reactive
species also play an important role in determination of reaction
mechanisms. Preliminary experiments involved making mea-
surements of atom loss under a variety of experimental con-
ditions. It should be noted that atom loss due to diffusion into
the bulk material will affect atom loss measurements and must
be taken into account in the data analysis. This has been dem-
onstrated in Ref. 31 and has been shown not to be a problem
in studies of O-atom recombination on reaction cured glass
that consists predominantly of silica. Figure 6 shows N atom
loss data obtained at a total pressure of -0.3 torr. The LIF
signal intensity / is plotted vs distance from the discharge.
These data are obtained in two separate experiments where the
microwave discharge was placed in different positions on the
side arm. The circles represent data obtained while the dis-
charge was placed in its normal position. The triangles repre-
sent data obtained while the discharge was positioned 10 cm
further upstream. This allows atom loss data to be collected
over larger distances from the atom source, which helped to
increase confidence in the exponential fit of the data. An ex-
ponential fit to the data indicates that the reaction is first order
in N-atom concentration. Further confirmation of the first-order
atom recombination process is obtained in studies of O- and
N-atom partial pressures. Linear €n(I) vs X/r plots are obtained
in experiments where the initial N-atom concentration was var-
ied by changing the power of the microwave discharge while
the total pressure in the system remained the same. Increasing
the initial concentration by up to a factor of 5, at a constant
total pressure, gives linear log plots with the same slope within
experimental error, independent of concentration. This behav-
ior is characteristic of first-order reactions.

The validity of using a first-order reaction assumption in the
calculation of y for O- and N-atom recombination on silica at
moderate and low temperatures has been demonstrated in
many previous investigations.9'15 Detailed descriptions of the
temperature-dependent atom recombination on silica are given
elsewhere and will only be briefly discussed here. Under
steady-state conditions at low temperatures a large fraction of
the surface is assumed to be covered with chemisorbed atoms.
Recombination occurs when an atom from the gas phase
strikes a chemisorbed atom on the surface (Eley-Rideal mech-
anism). At higher temperatures, thermal desorption reduces the
number of reaction sites on the surface, but the reaction re-
mains first order. At some critical temperature related to the
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Fig. 6 Exponential fit of N-atom loss curve. LIF signal intensity
vs distance from discharge/tube radius over a 30 cm distance at
-0.3 torr. The circles represent data obtained while the discharge
was placed in its normal position. The triangles represent data
obtained while the discharge was positioned 10 cm further up-
stream.

binding energy of the chemisorbed species, thermal desorption
becomes a dominating process and surface coverage is pro-
portional to the atom concentration in the gas phase. At this
point the recombination reverts to a second-order process
where two atoms diffusing along the surface must react for
recombination to occur (Langmuir-Hinschelwood mecha-
nism). For more detailed discussion of the reaction models see
Refs. 14 and 32-34.

Near the critical temperature, the first-order reaction rates
should begin to drop rapidly and the reaction should revert to
a second-order process. This effect has been observed near
1250 K for N- and O-atom recombination on silica10'11 and
was first observed on a reaction-cured glass during arcjet tests
at higher temperatures.4 These observations lend further sup-
port to the assumptions of first-order reaction mechanisms that
are made to develop models for proper data analysis. Much
more concentration-dependent data is needed in the critical
temperature region to better understand the gas surface inter-
actions and develop models that allow analysis of second-order
reaction kinetics. This type of data would provide important
information for studies of spacecraft TPS, because above the
critical temperature, catalytic recombination becomes a less
important contributor to re-entry heating.

Effects of Reactor Design
One of the most important assumptions made for the dif-

fusion reactor model is that the diffusion tube is infinitely long,
and therefore, tube end effects can be ignored. Since the re-
actor hardware consists of a tube of finite length, studies must
be made to determine how the tube length affects the y values.
If the tube is too short, atoms reaching the end of the tube will
be reflected back into the observation region. This will change
the atom loss curves and result in lower than expected recom-
bination coefficients unless reflective boundary conditions are
included in the reactor model.

Ideally, all atoms would be lost to wall recombination before
reaching the end of the tube so that reflective boundary con-
ditions would not need to be included in the reactor model.
The problem could be partially alleviated by using a higher
total pressure (i.e., 0.5 torr) to decrease the diffusion coeffi-
cient thereby reducing the number of atoms reaching the end
of the reactor tube. However, at the low pressures used for
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most of these experiments (0.3 torr), there is only a factor of
2-3 reduction in signal intensity over the length of the obser-
vation region. At -0.5 torr, the signal drops by a factor of 7-
14 over the length of the tube due to the smaller diffusion
coefficients at higher pressure. A manuscript is currently in
preparation that describes the reactor model in more detail. The
model also must account for the effects of metal joints and
fittings in the vacuum system that are highly catalytic to atom
recombination.

Conclusions
Through this work, it has been established that laser-induced

fluorescence provides a versatile and powerful method for de-
tection of O- and N-atom loss in a diffusion tube to measure
surface catalytic activity. The experimental apparatus is effec-
tive in that it allows fluorescence detection to be used for
measuring recombination coefficients and for performing dif-
fusion tube and microwave discharge diagnostics. In spite of
the increased complexity of the laser technique it offers many
advantages over thermocouple probe methods. With the ex-
perience gained in this study and others, LIF methods can be
implemented to answer detailed questions in surface catalysis.
The measurements can also be made very reliable, reproduci-
ble, and routine with the correct equipment and expertise.

The species selectivity of the method has been demonstrated
in this work and is currently being used to study the temper-
ature-dependent reaction of N + O to form NO. The reactor
design allows the N- to O-atom partial pressure ratio to be
reproducibly controlled. This is important because the degree
of dissociation of the air in the bow shock of a re-entry vehicle
will be temperature dependent. Data will be required over a
large range of surface temperatures and atom partial pressures
corresponding to a variety of vehicle trajectories.

A great deal of experimental data will be essential to fully
understand the catalytic behavior of the numerous thermal pro-
tection systems currently available for new vehicle designs. In
addition, it is essential to correlate the catalytic data with data
obtained from surface chemical analyses. In future work, cor-
relation of diffusion reactor results will be made with data
obtained from x-ray diffraction, x-ray fluorescence, x-ray pho-
toelectron spectroscopy, and IR spectroscopy. These analyti-
cal techniques will allow observation of chemical changes of
surfaces resulting from diffusion, exposure to high tempera-
ture, and/or attack by the reactive O and N atoms. Secondary
electron microscopy will also be used to correlate surface mor-
phology with catalytic activity. These capabilities will provide
detailed information essential to the development of thermal
protection materials as well as more accurate recombination
data required for improved vehicle designs.
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