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Spacecraft Thermal Energy Accommodation from
Atomic Recombination
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Measurements of atomic recombination probabilities, important in determining energy release to reusable
spacecraft thermal protection surfaces during re-entry, are reported here. Atomic oxygen recombination is
studied in a UHV beam-scattering chamber for tantalum, silicon, and reaction-cured glass (RCG) coated quartz
surfaces as a function of temperature. The behavior of tantalum is influenced directly by the solubility of oxygen
in the metal. At higher temperatures, absorption of oxygen into the metal becomes a significant mode of removal
of O-atoms from the beam, in addition to recombination on the surface to form O2. Removal efficiencies approach
unity at 1000 K. In SiO2, that is produced by the surface oxidation of pure silicon, recombination is minor
(<10%) up to temperatures of 800 K. Above this temperature, diffusion of O atoms into the bulk material
becomes the dominant loss mechanism. The RCG-coated quartz sample shows no diffusion effects but is observed
to have a much higher recombination efficiency than previously expected. When compared with stagnation point
heat transfer measurements conducted in arc jet facilities, these measurements imply that a significant fraction
of the excess energy available from atom recombination is carried away from the surface as metastable O2.

Introduction

A N accurate prediction of heating experienced by space-
craft upon re-entry is critical for the development of new

space transportation systems such as the aero-assisted orbital
transfer vehicle (AOTV) or National Aero Space Plane. The
current Space Transportation System Shuttles provide much
of the observational data. A poor understanding of the aero-
thermodynamic problems associated with hypervelocity flight
at high altitudes raises important issues for these programs.
The primary heating pulse for these vehicles on re-entry oc-
curs at altitudes above 80 km where nonequilibrium radiative
and chemical processes provide a substantial heat load to the
thermal protection surfaces. A critical issue in the design of
reusable re-entry surfaces is the catalytic nature of the ma-
terials with respect to recombination of atoms formed from
shock-heated air. Fundamental laboratory data to support the
re-entry observations are needed. This work focuses on oxy-
gen atom recombination because oxygen is significantly dis-
sociated in the bow shock, whereas nitrogen is not. At issue
is the extent of atomic recombination on the surface (recom-
bination coefficient) and the degree to which energy released
in recombination is partitioned to the surface (energy accom-
modation). A second issue is excited state formation and col-
lisional relaxation on the thermal protection surfaces to de-
posit additional energy. This work quantifies recombination
coefficients for different surfaces to estimate their catalytic
efficiency. In addition, these results are compared with mea-
surements of total energy accommodation to infer information
on the fraction of the recombination energy released to the
surface.

Much of our existing knowledge concerning thermal energy
accommodation of spacecraft surfaces during hypersonic re-
entry comes from the laboratory and shuttle orbiter flight data
of Scott1-4 at NASA/JSC and Rakich and co-workers5-8 at
NASA/Ames. Flight data on heat transfer (missions STS-2,
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STS-3, and STS-5) were obtained from several instrumented
high-temperature reusable surface insulation (HRSI) tiles
coated with either noncatalytic reaction cured glass (RCG)
or a highly catalytic iron-cobalt-chromia spinel (C742). Dif-
ferences in skin temperature between the RCG and spinel
coated tiles is taken as evidence of incomplete thermal ac-
commodation during recombination (nonequilibrium behav-
ior).

Laboratory measurements of accommodation coefficients
for re-entry surfaces come primarily from the work of Scott.1'4
Surface energy transfer accommodation coefficients for N-
and O-atoms were inferred from stagnation point heat flux
measurements in a high-temperature dissociated arc jet flow.
Measurements were made in reference to accommodation on
a standard Ni surface of known catalytic efficiency. Accom-
modation coefficients were defined in these studies as

y = y'P (i)
where y' is the atom loss probability per surface collision and
j8 is the fraction of the dissociation energy released to the
surface per collision. The coefficient y was determined as a
function of temperature on RCG and C742 coated HRSI.
This coefficient can be described by an Arrhenius type expres-
sion for O atoms on RCG

To = 16*- 1650 > Ts > 1400 K (2)

where Ts is the substrate temperature. Similar measurements
on C742-coated HRSI yielded Arrhenius type expressions of

To == L3:76 i \3)

In each of these measurements, y0 values for the Ni reference
were assumed to be 0.0085 for a substrate temperature of 311
K. The measurements incorporate values of y determined
from heat transfer experiments. These measurements are quite
difficult to interpret. The arc jet discharges that create the N
and O atoms also create other energetic species including
O2(1A), O2(^, v > 0), N2(A32/), N2(fl;i2-) and N2(AT, v >
0). These species may contribute significantly to the heat transfer
to the surface and produce erroneously high results. In ad-
dition, oxygen measurements are performed for shock-heated
air and must be corrected for effects from nitrogen atoms.
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The purpose in conducting the present measurements was
to obtain a detailed energy balance for the recombination-
deactivation process. The measurements above assumed that
energy accommodation and molecular deactivation were both
identical functions of temperature, when it is quite possible
that the extent of atomic recombination and thermal accom-
modation are only marginally related. To date, only Halpern
and Rosner9 have measured values of y' and p independently
as a function of temperature. Their study of N-atom recom-
bination on metallic surfaces (other than Ni) demonstrated
that y' and /3 may have completely different dependencies
with temperature. Our approach has been to measure the
direct chemical loss of species under controlled or single col-
lision conditions and to couple these measurements with ef-
ficiencies for excited product formation and direct energy
deposition, whenever possible.

Experimental Apparatus
The experimental approach of this work differs from pre-

vious measurements of atom recombination coefficients in
several respects. First, the atom loss probabilities were mea-
sured directly by monitoring the scattering of an intense beam
of O-atoms from the surface of interest. This is similar to the
method of Halpern and Rosner9 who measured atom loss
probabilities in a coaxial filament flow reactor. In this ap-
proach, the atomic recombination probability can be decou-
pled from the thermal energy accommodation. Second, the
experiments are performed under single collision conditions
in an ultrahigh vacuum (UHV) chamber at background pres-
sures of 1 x 10~9 Torr. The surface can, therefore, be pre-
pared and characterized using conventional surface tech-
niques, including Auger spectroscopy and argon ion sputter
cleaning. The products from atomic recombination can also
be probed in the gas phase without their suffering multiple
collisions with background species.

Recombination probabilities are measured by scattering a
beam of oxygen atoms from the surface of interest. The scat-
tered beam is detected by a differentially pumped mass spec-
trometer. The loss of O-atoms from the beam due to recom-
bination is determined by comparing the incident beam intensity
with the scattered beam intensity. Previous measurements
have demonstrated that the O atom recombination probability
at room temperature is negligible (y' = 10 ~3).10~12 Therefore,
detection of the beam scattered from the room temperature
surface is indicative of the initial beam intensity. By com-
paring scattered intensity at higher surface temperatures with
the room temperature value, the temperature dependent y'
is measured. This technique quantifies the sum of all channels
that remove O-atoms from the scattered beam. As shown
below, other loss mechanisms must be considered in the inter-
pretation of recombination coefficients determined from O-
atom loss measurements.

The O-atom flux is generated in a radio frequency discharge
of oxygen and argon. To achieve a well-collimated, high-flux
O-atom beam, the discharged gas undergoes a supersonic
expansion and is skimmed. The beam is pumped differentially
to minimize the effusive flux of background gas into the UHV
chamber. The experimental apparatus consists of three vac-
uum chambers: a source chamber containing the supersonic
RF beam production apparatus; an intermediate chamber for
differential pumping; and a UHV chamber that contains the
surface, the differentially pumped mass spectrometer for de-
tecting O-atoms, and the surface diagnostics.

The radio-frequency O-atom source is a modified design
based on that of Sibener, et al. (Fig. I).13 The source consists
of a high pressure (5 Torr) discharge nozzle composed of an
alumina tube with a 2-mm orifice. Water-cooled RF coils are
wrapped around the tube and driven by a 500-W, 13.56-MHz
RF generator. The RF circuitry includes a variable air gap
capacitor and an LC network to match the resonant frequency
and impedance of the RF coil to that of the generator. The
oxygen dissociation efficiency of the source is a strong function
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Fig. 1 RF discharge oxygen atom nozzle including the source and
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Fig. 2 Schematic drawing of the UHV chamber showing location of
Auger spectrometer, surface, and differentially pumped mass spec-
trometer.

of this matching, because it determines the strength of the
coupling of RF energy into the gas mixture.

The gas is expanded through the nozzle orifice into the
source chamber, which is pumped by an 8000-1/s diffusion
pump. Pressures in this chamber must be kept below 5 x
10 ~5 Torr to prevent lighting a discharge between the RF coil
and the chamber walls. The beam is collimated by a 0.2-mm
boron nitride skimmer and enters the intermediate chamber.
A 320-1/s diffusion pump maintains the pressure in this cham-
ber at less than 10 ~7 Torr to minimize the effusive flux of
background species into the UHV chamber. The intermediate
chamber also contains a tuning fork chopper for modulating
the O-atom beam at 400 Hz. This produces a modulated O-
atom signal, so that mass spectrometric detection can dis-
criminate against background species present in the mass spec-
trometer. The beam passes through a final collimating orifice
and enters the UHV chamber. For a 50/50 mixture of oxygen
and argon, the O-atom beam at the surface has a diameter
of 0.5 cm and a flux of 1 x 1015 atoms/cm2/s.

The UHV chamber contains the surface, mass spectrom-
eter, and Auger electron spectrometer (Fig. 2). The surface
of interest is mounted on a 5-degree-of-freedom manipulator.
Samples are heated resistively or are heated conductively by
mounting them on a strip heater. Temperatures are measured
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with a type-K thermocouple that is calibrated with an optical
pyrometer. Surface composition is quantified by Auger elec-
tron spectroscopy, before and after O-atom beam exposure.
The surface can be cleaned by argon ion bombardment. How-
ever, the most efficient cleaning method is exposure to the
O-atom beam.

The O-atom beam is scattered from the surface of interest
and detected by a differentially pumped mass spectrometer.
The mass spectrometer has a crossed-beam ionizer and an
off-axis electron multiplier. It is separated from the UHV
chamber by a 0.3-cm orifice and pumped with a 50-1/s tur-
bomolecular pump. The modulated O-atom signal is amplified
and the pulse is counted and stored on computer. For each
surface temperature, data are averaged for 20 min to achieve
high-quality signals by reducing the statistical noise in pulse
counting.

The primary interferences for detection of O-atoms at m/e
= 16 is the electron-beam-induced dissociation of background
species such as H2O and CO to produce signal at m/e = 16.
This is the major reason for modulated detection of the O-
atom beam. To minimize the pressure of these background
species, the chamber, and in particular the mass spectrometer,
are baked to 100°C. When the surfaces of interest are heated
for scattering studies, background water is also desorbed re-
sulting in increased background m/e = 16 signal. Data can
only be taken when the statistical noise of the background
signal is less than the peak-to-peak modulated O-atom signal.
This limits these experiments to surface temperatures less than
1200 K.

Three surfaces are chosen for study: tantalum, silicon, and
RCG-coated quartz. Because of the long O-atom beam ex-
posure times, all sample surfaces are oxidized during the
measurements. Tantalum is chosen as a representative metal
for comparison with previous experiments. The tantalum foil
ribbon used is 0.005 in. thick. Oxidized silicon serves as a
useful comparison for the reaction cured glass substrate. The
single crystal silicon (100) wafer (p-type, 100 ohm-cm resis-
tivity) is cleaved and mounted in tantalum clamps. The RCG-
coated quartz is the principal surface of interest because it
simulates the Shuttle's high-temperatue, reusable surface in-
sulation tiles. This substrate is mounted to a tantalum ribbon
heater with thermally conductive ceramic cement. The sur-
faces are cleaned by room temperature exposure to the O-
atom beam. Surface composition of the oxidized silicon and
tantalum samples is easily determined by Auger spectroscopy.
However, taking Auger spectra of RCG is complicated by
surface charging of the insulating surface. This effect is min-
imized by tilting the surface so that the electron beam is
incident at a glancing angle. Spectra can be taken over several
minutes before charging occurs.

Results
Silicon

When crystalline silicon is exposed to oxygen, an amor-
phous silicon dioxide layer grows.14 This growth occurs by the
diffusion of oxygen to the silicon/silicon dioxide interface and
has been studied extensively by the microelectronics industry.
Our studies of O-atom recombination occur on the oxide layer
that is grown in situ. The Auger spectrum for this surface is
shown in Fig. 3. The silicon-to-oxygen ratio is 1:2, as expected
for the oxide. In addition, the silicon KLL peak is shifted
from 92 eV (where it occurs in pure silicon) to 84 eV. This
decrease in electron energy indicates the formation of silicon-
oxygen bonds that shift the orbital energies of the oxidized
silicon atoms.15 This suggests that the silicon surface is com-
pletely oxidized in these experiments. There is a small amount
of carbon contamination on the surface that cannot be elim-
inated due to the 10 ~9 Torr background pressures in the cham-
ber.

Values of the temperature-dependent O-atom loss proba-
bilities for oxidized silicon are plotted vs inverse temperature
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Fig. 3 Auger spectrum of oxidized single crystal silicon.
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Fig. 4 O-atom loss from scattering on oxidized single crystal silicon.

in Fig. 4. The data were taken over several days for a random
sequence of temperatures. At low temperatures, the loss
probability increases with temperature with an activation en-
ergy of 2.9 kcal/mole. This temperature dependent loss is the
result of an increase in the recombination probability with
temperature. However, above 950 K, the atom loss rate in-
creases significantly with an activation energy of approxi-
mately 23 kcal/mole. This activation energy is very close to
that for diffusion of O2 in amorphous SiO^4 and suggests a
second pathway for loss of O-atoms by diffusion into the bulk
silicon. At low temperatures, diffusion into the bulk is insig-
nificant and the O-atom loss from the beam is determined by
the recombination probability. However, at higher surface
temperatures, the loss mechanism is controlled by bulk dif-
fusion. The two mechanisms are easily distinguishable in this
case because they have significantly different activation ener-
gies.

Tantalum
O-atom loss in scattering from tantalum surfaces is some-

what more complicated than scattering from silicon. The O-
atom loss probability is a strong function of the temperature
history of the sample. This is shown in Fig. 5. As the surface
temperature is raised, the atom loss probabilities increase.
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Fig. 5 O-atom loss as a function of tantalum surface temperature
taken by first increasing and then decreasing temperature.

However, O-atom loss probabilities measured for decreasing
surface temperatures differ significantly from the probabilities
measured by increasing the temperature. Auger spectra of
the surface composition are useful in understanding the hys-
teresis of the temperature effect. Fig. 6 shows a comparison
of Auger spectra taken after exposing the surface to the O-
atom beam at room temperature compared to exposure at
650 K. The surface oxygen composition is markedly lower
after high-temperature exposure. This suggests that diffusion
into the bulk might be a competing loss mechanism for the
O-atoms.

The data in Fig. 5 can be understood based on the com-
petition of atom recombination and bulk diffusion. As the
surface temperature is increased, an equilibrium surface oxy-
gen coverage is established at each temperature. This cov-
erage is a function of the incident O-atom flux, the rate at
which surface oxygen atoms recombine and desorb (as O2),
and the rate at which O-atoms diffuse into the bulk. This
equilibrium is established quite quickly as the temperature
increases, because successive measurements at a given tem-
perature yield the same atom loss probability. However, when
the surface temperature is decreased, the O-atom surface cov-
erage is depleted relative to the equilibrium coverage at the
lower surface temperature. The sticking coefficient of the
oxygen atoms is increased (increasing the O-atom loss) until
the surface O-atom coverage is established at the equilibrium
value for that temperature. The probability for diffusion into
the bulk is supported by the Ta-O phase diagram.16 Oxygen
is soluble in tantalum up to a few percent before Ta2O5 begins
to form. Therefore, oxygen will dissolve into the bulk metal.
In these experiments, we are far below the 2-3% solubility
limit. We did not perform experiments to test this hypothesis.
Rather, we acquired subsequent data for only increasing tem-
peratures to minimize nonequilibrium effects.

Figure 7 shows several sets of tantalum data for equilibrium
oxygen surface coverages. The data are taken by establishing
an equilibrium surface coverage at room temperature and
then increasing the temperature in 50-100°C steps. This main-
tains the O-atom surface coverage equilibrium. The equilib-
rium coverages and, hence, the measured loss rates may be
dependent on the incident O-atom flux used to take these
data. However, we did not perform the necessary experiments
to test for an O-atom fluence dependence. The surface cov-
erage will be a balance between the rate at which oxygen
recombines or diffuses into the bulk and the rate at which the
incident flux replenishes the surface oxygen. If the surface
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Fig. 6 Auger spectra taken after exposing tantalum to the O-atom
beam

coverage is limited by the incoming flux (because diffusion is
fast), a higher flux would result in a larger oxygen surface
coverage and a lower loss probability.

The atomic loss data shown in Fig. 7 are a sum of the
recombination and diffusional losses and are, therefore, an
upper limit for the recombination probability. The activation
energy for bulk diffusion must be comparable to that for
recombination, because only one curve is discernible. Large
differences in the activation energies for the two product chan-
nels would be identifiable by a curve with a break as observed
for silicon.

Reaction Cured Glass
The atom loss probability for RCG is shown in Fig. 8. These

data are well behaved and were taken in a random temper-
ature sequence over several days. There is no evidence for
complications from diffusion into the bulk. This may be the
result of the fact that the bulk glass is comprised of covalently
bonded oxygen-metal species. Because there is no oxygen
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Fig. 7 O-atom loss on tantalum taken for increasing surface tem-
peratures to maintain equilibrium oxygen surface coverages.
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Fig. 8 O-atom loss on reaction-cured glass substrates.

deficient region in the bulk, there is no oxygen concentration
gradient to drive diffusion. Without this driving force, oxygen
diffusional losses are minimal.

Another O-atom loss mechanism that also must be consid-
ered in these experiments is the change in the scattered an-
gular distribution with temperature. This potential experi-
mental artifact arises from the small solid angle that the mass
spectrometer samples. The mass spectrometer is located to
collect the specularly scattered atoms that are the result of
elastic atom-surface collisions. However, if inelastic scattering
occurs as the surface temperature is raised, the specularly
scattered peak will broaden and a different fraction of the
beam will be sampled by the mass spectrometer. To test for
inelastic scattering, argon atom loss probabilities were quan-
tified for the RCG substrates as a function of temperature.
Argon atoms can scatter elastically or inelastically, but no
recombination can occur. Therefore, changes in their loss
probabilities with surface temperature determine changes in
sampling efficiency as inelastic scattering increases. Argon
atom loss probabilities are observed to increase with surface
temperature, although not as significantly as measured O-
atom losses. The argon data are, therefore, used to correct
the O-atom loss probabilities for inelastic sampling losses.

Inelastic scattering is expected to increase with surface tem-
perature, as observed for argon.17 As the surface temperature
rises, there is more vibrational motion of the surface atoms.
This energy can be exchanged with incoming atoms to modify
their scattering angle slightly. The temperature dependence
of the inelastic scattering cross section for O-atoms is not
expected to be exactly the same as that for argon because of
the difference in the surface interaction of a closed-shell atom
(argon) and an atom with unpaired electrons (oxygen). How-
ever, the measured inelastic scattering losses for O2, which
also has unpaired electrons, are similar to that for argon. The
argon data are, therefore, used as a first-order correction to
yield the O-atom loss probabilities shown in Fig. 9. Those
points that, when corrected for inelastic scattering, yield a
negative loss probability are not shown. The large error bars
at low temperature are the result of subtracting two numbers
each with large uncertainties. A more detailed correction is
beyond the scope of this work.

An Auger spectrum of the RCG surface after exposure to
the O-atom beam is shown in Fig. 10. There is no evidence
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Fig. 9 Corrected O-atom loss probability on RCG.
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for boron (180 eV), which would be expected in the borosil-
icate glass. The surface layer (5 to 10 A) may, therefore, be
more similar to SiO2 than to the bulk borosilicate, although
the silicon-to-oxygen ratio is slightly lower than that for SiO2.
The silicon 92 eV peak is shifted to lower energies as expected
for silicon dioxide, suggesting the chemical environment of
the silicon atoms is similar to that for SiO2. This indicates that
SiO2 would act as a model system for RCG. In spite of the
similarities in their Auger spectra, the Q-atom loss probabil-
ities for RCG do not show evidence of O-atom bulk diffusion
seen in SiO2. There may be two possible explanations. First,
it was not possible to heat the RCG surfaces as hot as the
SiO2 surface because of the conductive heating required for
insulating RCG. Temperatures high enough to enable bulk
diffusion may not have been reached. Second, RCG did not
have a large oxygen concentration gradient through the sam-
ple to drive diffusion, as discussed previously.

Discussion
The recombination coefficients (or atom loss rates) mea-

sured in these experiments can be compared to previous work.
The loss rates measured here are comparable to the N-atom
loss probabilities measured on transition metals at high tem-
peratures by Halpern and Rosner in their flow tube studies.9
Although Melin and Madix measured O-atom loss probabil-
ities on a variety of metals, they made no measurements above
370°C.n However, their temperature dependencies suggest
that the recombination activation energies were a few kcal/
mole, as seen in the present studies.

Comparison of the recombination probabilities measured
for RCG with the total energy accommodation measured in
arc jet studies suggests that j8 is quite small for these systems.
Recombination rates measured in this work at 1000 K are
measured to be 0.4, whereas the extrapolated energy accom-
modation coefficients from the arcjet work would be less than
0.01.1 This implies that j8 is less than 0.1, hence, little of the
recombination energy is deposited in the surface. The product
molecules must carry away a significant fraction of the ex-
othermicity from the recombination, most likely in the form
of electronic and vibration excitation.

The present experiments were performed by monitoring
the loss of the O-atoms. The data show that recombination
coefficient measurements performed this way can be per-
turbed by competing product channels. One possibility for
unambiguously measuring the recombination probability is to
monitor the O2 product from the recombination process rather
than the loss of the O-atom reactant. Unfortunately, this was
difficult to achieve with the present experimental apparatus.
Because O2 produced in the surface recombination would
most likely be produced in a broad angular distributon, such
as a cos 0 distribution, angular resolved detection would be
required to distinguish the O2 product from the undissociated
O2 present in the incoming O-atom beam. In addition, O-
atoms may spend significant residence time on the surface
prior to recombination. Their detection would require sen-
sitivity to the absolute phase of the detected signals.

Conclusions
O-atom loss probabilities have been quantified in an ultra-

high vacuum chamber on well-characterized surfaces. The loss
probabilities reveal several channels for O-atom reactions in-
cluding recombination, diffusion into the bulk material, and
inelastic scattering. Recombination probabilities are compa-
rable to those measured previously for O- and N-atoms on
metals. However, recombination probabilities measured for
RCG are significantly higher than those inferred from total
energy accommodation determined in arc jets. This suggests
that only a small fraction of the energy released by recom-
bination is transferred to the surface. Much of this energy
must be carried away as electronic or vibrational energy in

the product O2. Studies to quantify the product excitation
would provide guidance in further understanding energy dep-
osition during surface recombination.
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