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a b s t r a c t

Molecular beam-surface scattering experiments were used to obtain fundamental data on gas-surface
interactions that are central to the ablation of carbon during hypersonic flight through air. Continuous
beams containing O or N atoms with incident velocities of ~2000 m s�1 were directed at a vitreous
carbon surface at temperatures in the range, 800e1873 K, and the products that desorbed from the
surface were detected with a rotatable mass spectrometer detector as a function of their velocity and
scattering angle. All products exhibited the dynamical characteristics of thermal desorption. The effi-
ciencies of the gas-surface interactions, both reactive and non-reactive, were quantified as a function of
surface temperature. In addition to reacting with carbon to produce CO2 (minor product) and CO (major
product), oxygen atoms may recombine on the surface to produce O2 with an efficiency that is somewhat
lower than that to produce CO. Nitrogen atoms may recombine on the surface to produce N2 or react to
produce CN. The recombination efficiency of N atoms is generally more than an order of magnitude
higher than the reaction efficiency to produce CN. The quantitative reaction efficiencies reported here are
useful for the development of air-carbon models for hypersonic ablation.

© 2020 Elsevier Ltd. All rights reserved.
̀

1. Introduction

Understanding the oxidation and nitridation mechanisms of
carbon is key to the reliable design of carbon-based heat-shield
materials for hypersonic flight through air [1e4]. We have thus
used molecular beam-surface scattering experiments to add new
insight to our understanding of high temperature oxidation [5,6]
and nitridation [7] of model carbon materials. From the individual
chemical mechanisms that have been determined for atomic-
oxygen interactions with carbon and from inferred reaction effi-
ciencies, oxygen-carbon ablation models have been developed that
are not tied to a specific test environment [8e10].

While the earlier molecular beam experiments provided a
wealth of information on the details of the reactive and non-
reactive scattering dynamics when O or N atoms strike a high-
temperature carbon surface, these earlier experiments used
pulsed beams of hyperthermal atoms with relatively low average
fluxes. In a hypersonic boundary layer, the gas temperature may be
5000e10,000 K [11,12], leading to average atom-surface impact
n).
energies, CEiD (where CEiD ¼ 2RT), of ~0.85e~1.7 eV. These energies
are small compared to the translational energies of the incident
atoms in the earlier molecular beam studies, where CEiD z 4.8 eV
[5e7]. Significantly higher incident energies may lead to non-
thermal gas-surface interactions, such as direct inelastic scat-
tering and Eley-Rideal or hot-atom reactions, as were observed in
the earlier studies [6]. Eley-Rideal recombination of O atoms (to
make O2) or N atoms (to make N2) is expected to be more probable
with higher incident energies. The possibility that sources of the
observed diatomic species could be from the incident beam or from
Eley-Rideal or Langmuir-Hinshelwood recombination, as well as
the uncertain angular distributions of products that scatter via non-
thermal pathways (vide infra), made it impossible to identify O- or
N-atom recombination mechanisms in the earlier studies, so these
mechanisms were given little weight in the ablation models that
were developed. Despite the presence of non-thermal interactions,
the earlier studies showed that thermal processes dominated,
especially in the reactions that removed carbon from the surface,
and the thermal processes were assumed to be representative of
the gas-surface reactions that occur in an actual hypersonic flight
environment. However, bombardment of a surface with hyper-
thermal atoms that can lead to both thermal and non-thermal in-
teractions might result in ablation chemistry that is not necessarily
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representative of what occurs in the flight environment. An addi-
tional complication of Eley-Rideal reactions or non-thermal in-
elastic scattering is that the functional form of the product angular
distribution is generally not known, especially for scattering
outside the plane defined by the incident molecular beam and the
surface normal, whichmakes the determination of relative fluxes of
various products very difficult unless their angular distributions are
measured. Although angular distributions may be measured, this
becomes impractical if angular distributions must be measured
with many surface temperatures (Ts) in order to derive relative
fluxes as a function of Ts. The pulsed nature of the hyperthermal
beams employed in the earlier studies adds another challenge to
the determination of relative flux, because the flux-weighted
integration of the products that exit the surface as a function of
time after the incident pulse strikes the surface is uncertain, both
because the time at which a product exits the surface is not well-
known and because a slowly-decaying signal might be lost in the
noise andmissed. In the limit where surface chemical processes are
occurring on a long time scale, product signals are not correlated
with the incident beam pulse and cannot be discerned easily from
the steady-state background. In fact, differences in the interpreta-
tion of the data resulting from the uncertainty in integrated flux
have led to qualitative differences in the temperature-dependent
CO flux in the two oxygen-carbon finite rate models that have
been proposed [8e10]. Finally, strong signals from non-thermal
scattering processes tend to overlap in time with signals from
thermally-desorbed products, requiring a deconvolution procedure
that is not necessarily unique and adding further uncertainty to the
determination of the flux of the thermally-desorbed products.

In order to verify the mechanistic insight gained from the earlier
molecular beam studies under conditions more relevant to hyper-
sonic flight and to obtain accurate temperature-dependent reaction
efficiencies for these conditions, we have conducted newmolecular
beam-surface scattering experiments with lower-energy (~0.35 eV)
continuous beams containing atomic oxygen or nitrogen. With the
lower incident energy, non-thermal processes are negligible and
the product angular distributions are all essentially the same
regardless of incident angle and Ts. In addition, the products exit the
surface continuously, so the determination of product flux is not
dependent on the time at which the products were formed on the
surface. Thus, the relative product fluxes can bemeasured in amore
straightforward manner than in the prior studies with hyper-
thermal incident beams. Furthermore, the incident O- or N-atom
flux in the new experiments is up to three orders of magnitude
higher than the fluxes used in the earlier studies with the hyper-
thermal pulsed beams, potentially amplifying coverage-dependent
processes that were relatively important in the earlier studies. The
new experiments corroborate the thermal gas-surface interaction
mechanisms inferred from the earlier studies, and they reveal the
atom-atom recombination reactions that were not clearly observed
in those studies. Of particular relevance to the development of air-
carbon ablation models, the new results provide quantitative data
under relevant conditions on the relative efficiencies with which
the various gas-surface interactions occur.

2. Experimental methods

The experiments used a molecular beam-surface scattering
technique that is similar to the technique used earlier to investigate
the oxidation and nitridation reactions on a carbon surface with
hyperthermal beams of O or N atoms [5e7]. However, the experi-
ments described herein used a different apparatus in Perugia, Italy
[13e17], which is fitted with a high-pressure radio frequency (RF)
discharge source [18,19] for producing a continuous supersonic
beam containing O or N atoms with much lower velocities. A
schematic diagram of the experimental setup is shown in Fig. 1. Not
shown in Fig. 1 are ion deflector plates to prevent residual ions in
the incident beam from striking the sample and a water-cooled
copper surface to protect the chopper wheel from radiative heat-
ing from the hot sample. The continuous beam was directed at a
heated sample surface, and the products that scattered from the
surface were detected with a rotatable mass spectrometer. The
rotation axis of the mass spectrometer was coincident with the axis
of rotation of the surface, and the surface normal was contained in
themass spectrometer rotation plane. Amechanical chopper wheel
was placed in front of the detector to modulate the products that
scattered continuously, in steady state, from the surface. Number
density distributions, N(t), of short pulses of products that passed
through slots on the chopper wheel at a given angular position of
the mass spectrometer were accumulated as a function of flight
time from the chopper wheel to the ionizer of the mass spec-
trometer (a distance of 22.9 cm). These N(t) distributions are
commonly referred to as time-of-flight (TOF) distributions. TOF
distributions may be collected at a variety of final angles, qf, for a
given incident angle, qi. The surface normal defines the zero angle,
and qi and qf are on opposite sides of the surface normal. In order to
characterize the incident molecular beam, the mass spectrometer
was aligned with the incident beam, and TOF distributions of the
components of the beam were collected. Probability density dis-
tributions (proportional to scattered flux) as a function of velocity,
P(v), or translational energy, P(ET), may be obtained from the
measured N(t) distributions using the relationships, PðvÞ f t NðtÞ
and PðET Þ f t2 NðtÞ, respectively. The total relative flux of a
particular product at a given qf was obtained by appropriate inte-
gration of the relevant TOF distribution, Iðqf Þ f

R t¼tf
t¼ti NðtÞ=t dt,

where I is total flux, ti is the time at which the chopper wheel slot
passes in front of the detector, and tf is the time after which the
signal has decayed to the background level.

For the present experiments, the crossed molecular beams
apparatus, typically used for reactive scattering studies [13e17],
was upgraded with improved pumping of the main scattering
chamber, where the sample surface was located (see Fig. 1). Spe-
cifically, two magnetically suspended turbomolecular pumps (each
with a pumping speed of 1850 L s�1), backed by a dry roots pump
(110 m3 h�1), replaced two baffled oil diffusion pumps of similar
pumping capacity, in order to ensure a cleaner high vacuum. In
addition, a new 3600 L s�1 cryopump (10 K), which replaced an
older 3500 L s�1 cryopump (20 K), augmented the main chamber
pumping capacity to ensure a base pressure of 2 � 10�7 Torr. The
triply differentially pumped mass spectrometer detector (base
pressure of approximately 10�11 Torr) features an entrance aperture
of 4.3 mm✕ 4.3mm for detection of scattered products and 300 mm
dia. for monitoring the beam directly, a tunable electron impact
ionizer, a quadrupole mass filter, and a Daly-type ion detector. The
computer-controlled system for collecting TOF distributions is
based on a four slot (1.2 mmwide slots) chopper, 13.5 cm diameter
and spinning at 150 Hz, and a high-speed multichannel scaler
operated at 1 ms dwell time.

O2 and N2 gases were used as precursors for the production of
beams containing mixtures of either O and O2 (hereafter referred to
as the “oxygen beam”) or N and N2 (hereafter referred to as the
“nitrogen beam”). For the oxygen beam, an 85 mbar mixture of 5%
O2 in He was discharged with an RF power of 300 W and then
expanded through a 0.48mmdiameter water-cooled quartz nozzle.
The nitrogen beam was produced with a 95 mbar mixture of 2.5%
N2 in He and discharged with an RF power of 250 W and expanded
through the same nozzle. Both beams were collimated with a
0.8 mm diameter boron nitride skimmer and further collimated
with a 0.4 ✕ 0.4 mm2 square stainless-steel aperture. The velocity
distributions and mole fractions of the O and O2 components of the



Fig. 1. Schematic diagram of the experimental setup for beam-surface scattering experiments, depicting the radio frequency molecular beam source, heated sample, mechanical
chopper wheel, and rotatable mass spectrometer. The key components of the mass spectrometer are the electron-impact ionizer (electron energy of 55 eV), quadrupole mass filter,
and Daly-type ion detector (not shown).15,17 Ion deflector plates to prevent residual ions in the incident beam from striking the sample and a water-cooled copper surface to protect
the chopper wheel from radiative heating from the hot sample are not shown. (A colour version of this figure can be viewed online.)
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oxygen beam and the N and N2 components of the nitrogen beam
are shown in Fig. 2. The mean translational energies, CEiD, of the O
and O2 were 34.8 and 50.4 kJ mol�1, respectively, with energy
widths (full width half maximum, fwhm) of 25 and 45 kJ mol�1,
respectively. The respective mole fractions of O and O2 were 48 and
52%. The CEiD for N and N2 were 35 and 47 kJ mol�1, with energy
widths that were nearly the same as those for the oxygen beam. The
respectivemole fractions of N and N2were 18 and 82%. The flux of O
atoms in the oxygen beam was approximately eight times higher
than the flux of N atoms in the nitrogen beam. Based on previous
work [19], we estimate the fractions of excited O(1D) in the oxygen
Fig. 2. Probability density distributions as a function of velocity for (a) O and O2 in the
oxygen beam and (b) N and N2 in the nitrogen beam. The average velocities and the
mole fractions of the components in each beam are indicated. (A colour version of this
figure can be viewed online.)
beam and N(2D) in the nitrogen beam to be 5e10% and about 25% of
the O or N atoms in the beam, respectively. These excited states are
not expected to play a role in the experimental results, because
these states should quench very efficiently to the ground state
when they interact with a surface that has no band gap. The role of
excited states has been studied for species interacting with metals
[20] but not vitreous carbon; however, vitreous carbon should have
metallic electrons so presumably excited-state atoms that interact
with vitreous carbon would behave like those on a metal.

The sample material was Grade 22 SPI-Glas vitreous carbon
(Structure Probe, Inc.) [21]. Vitreous carbon is sp2 carbon that is
composed of randomly oriented graphite-like domains. The sample
was 1 mm thick and was laser cut into a rectangle that was 25 mm
long ✕ 7 mmwide. The sample was placed in the vacuum chamber,
with a base pressure of 2 ✕ 10�7 Torr, and was not removed from
the chamber. Thus, all the data described here were collected with
one sample. The samplewas heated by passing current through it in
the same manner that has been described previously [5e7], and at
the start of every new data collection series, the sample was first
annealed at 1873 K for ~1 h or longer. We have found from
numerous experiments in our lab that annealing carbon to this high
temperature before data collection ensures reproducibility of the
data, suggesting that all oxides or other species that might affect
the oxidation or nitridation of the surface have been removed. The
sample temperature was measured with an optical pyrometer that
employs a heated graphite filament. The surface was assumed to be
free of contamination from the vacuum environment at all tem-
peratures used, based on earlier experiments [5,22]. During data
collection, the pressure of the main scattering chamber rose to ~2✕

10�6 Torr, as a result of the increased gas load on the chamber from
the molecular beam.

The experiments were conducted with the oxygen or nitrogen
beam directed at the surface with qi ¼ 60�. With this incident angle,
the beam spot had dimensions of 1.4 mm ✕ 2.8 mm on the surface.
The oxygen and nitrogen experiments were conducted in series e
i.e., all data with the oxygen beam were collected first, and then
datawere collected with the nitrogen beam. It was determined that
the most accurate comparison of O- and N-atom reactivity with a
carbon surface was to use the same sample for all experiments. As
implied above, before the nitrogen experiment commenced, the
sample was annealed at 1873 K for >1 h in order to ensure that all
oxygen was removed from the surface. The sample became
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roughened by initial test experiments with the oxygen beam before
the data were collected, and the data presented herein may be
considered to have been collected under conditions of steady-state
roughness. The reactivity of the nitrogen beamwith the surfacewas
extremely weak compared to that of the oxygen beam (see results
below), so it is assumed that the surface roughness during the ni-
trogen experiment was essentially the same as that during the
oxygen experiment. A photograph, as well as atomic force micro-
graphs, of the sample are shown in Fig. 3. When the surface was
bombarded with the oxygen beam, four product signals were
observed at mass-to-charge ratios of m/z ¼ 16, 28, 32, and 44,
corresponding the products, O, CO, O2, and CO2, respectively. When
the nitrogen beam was directed at the surface, the only signals
observed were at m/z ¼ 14, 26, and 28, corresponding to the
products, N, CN, and N2. TOF distributions for O and N were cor-
rected for dissociative ionization of O2 to Oþ þ O and for N2 to
Nþ þ N, respectively, in the electron-impact ionizer. All TOF dis-
tributions were corrected for timing offsets associated with the
chopper wheel and the ion flight time through the quadrupole
mass filter. To minimize the effect of spurious signals that were not
the result of beam-surface scattering events, TOF distributions for O
and O2 or N and N2 were collected with a beam flag opened and
closed, and the net TOF distributions, obtained from subtracting
distributions with the beam flag closed from their respective dis-
tributions with the beam flag open, were analyzed. For experiments
with both the oxygen and nitrogen beams, a tail at long flight times
was observed in the TOF distributions collected at m/z ¼ 28 when
the sample temperatures were especially high. This signal was
determined to arise from desorption of contamination from sur-
faces in the vacuum chamber as they were warmed by the hot
sample. This “long-time” signal is thus an artifact, and it has been
rejected in the determination of relative product flux at m/z ¼ 28.

The temperature-dependence of the product signals was ob-
tained by fixing the final (or detection) angle at qf ¼ 15� and
monitoring the products as a function of surface temperature. As qi
was fixed at 60� and qi and qf are on opposite sides of the surface
Fig. 3. Photograph of vitreous carbon sample that was used for the experiments with the
sample regions that were exposed or unexposed to the incident beams. The incident beam d
the beamwas 60� with respect to the surface normal (see Fig. 1). The region of the sample th
on the tilted surface e approximately 1.4 mm high ✕ 2.8 mm long e suggesting that incide
before reacting. The experiment with the oxygen beam was conducted first, and the exposed
sample, as discernable by the naked eye, did not change during exposure to the nitrogen b
normal, the total angle between the incident beam and the detec-
tion axis was 75�. The initial sample temperature was Ts ¼ ~800 K,
and Ts was increased from that point. The lowest two temperatures
were estimated to be 800 K and 900 K by the dull red glow of the
sample, because a reliable measurement could not be made with
the pyrometer. 1073 K was the lowest temperature that could be
measured accurately with the pyrometer, and from this tempera-
ture the sample was increased in 100 K increments up to a
maximum of 1873 K. The maximum Ts of 1873 K was chosen,
because above this temperature carbon sublimation products (e.g.,
C2 and C3) could start to be observed and their intensities rose
rapidly as Ts was increased further. At each Ts, TOF distributions
were collected at all relevant m/z ratios, and then the sample
temperature was changed. The sample temperature was first
increased in steps to 1873 K and then decreased in steps back to
~800 K; then the cycle was repeated such that four cycles of data
were collected for the oxygen experiment and three cycles were
collected for the nitrogen experiment, resulting in eight TOF dis-
tributions for eachm/z and Ts in the oxygen experiment and six TOF
distributions for eachm/z and Ts in the nitrogen experiment. For the
oxygen experiment, all four TOF distributions with the same m/z
and Ts were added together for each of the two cases of increasing
and decreasing Ts, and the summed TOF distributions were inte-
grated, as described above, to give relative product flux. For the
nitrogen experiment, all six TOF distributions with the same m/z
and Tswere added together and integrated, regardless of whether Ts
was increasing or decreasing. For the oxygen experiment, the four
summed TOF distributions corresponded to the following numbers
of “shots” through the chopper wheel: 1.2 ✕ 106 for O, 2 ✕ 105 for
O2, 4 ✕ 105 for CO, and 4 ✕ 105 for CO2. The analogous numbers of
shots for the six summed distributions in the nitrogen experiment
were 3 ✕ 105 for N, 3 ✕ 105 for N2, and 1.8 ✕ 106 for CN.

Angular distributions of product flux were collected for both the
oxygen and nitrogen experiments. With qi fixed at 60� and Ts held
constant, qfwas varied from 15� to 75� in 10� degree increments, for
two cycles of increasing and decreasing angle, until four TOF
oxygen and nitrogen beams and atomic force micrographs of representative areas of
irection was from left to right, with the sample tilted such that the incident angle, qi, of
at became rough as a result of the exposure is larger than the nominal size of the beam
nt atoms may have scattered from the edges of an aperture or migrated on the surface
region of the sample became rough, as seen in the photo. The roughened region of the
eam. (A colour version of this figure can be viewed online.)
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distributions were collected for each m/z and qf. The TOF distribu-
tions for each m/z and qf were added together, and then the sum-
med TOF distributions were integrated to give total relative flux for
a given product at each qf. The total number of shots through the
chopper wheel for the summed TOF distributions associated with
each product were 1.2✕ 106 for O, 2✕ 105 for O2, 4✕ 105 for CO, and
4 ✕ 105 for CO2. Four angular distributions were obtained in the
oxygen experiment, corresponding to four sample temperatures,
Ts¼ 800 K,1273 K,1573 K, and 1873 K. One angular distributionwas
collected, at Ts ¼ 1873 K, for the nitrogen experiment. The total
number of shots for the summed TOF distributions in this experi-
ment were 2 ✕ 105 for N, 2 ✕ 105 for N2, and 4 ✕ 105 for CN. The
relative product fluxes reported herein for the angular distribu-
tions, as well as the temperature dependencies, take into account
the accumulation time and the relative detection efficiency for each
product.

3. Results and analysis

3.1. Oxygen experiment

Representative TOF distributions for the four products, O, O2, CO,
and CO2, observed when the oxygen beam bombarded the surface
at two temperatures are shown in Fig. 4. The O-atom TOF distri-
butions have relatively poor signal-to-noise because of the high
background in the mass spectrometer at m/z ¼ 16. There is an
obvious disappearance of CO2 signal at the higher Ts, which has
been observed in earlier experiments on the oxidation of carbon
[5,6]. With the exception of the higher-temperature distribution for
CO, all distributions could be fit to a Maxwell- Boltzmann (MB)
distribution corresponding to the surface temperature within the
signal-to-noise limits of the data. As mentioned above, there was a
slow tail in them/z¼ 28 TOF distributions for the experiments with
both the oxygen and nitrogen beams, which we determined to be
an artifact, probably from the desorption of CO, or perhaps N2, from
various surfaces in the vacuum chamber or on the sample mount as
the sample temperature was raised to high temperatures. Thus, for
each m/z ¼ 28 TOF distribution at higher temperature, a MB dis-
tribution was fit to as large a section of the rising edge as possible
without exceeding the values of the data points, and the residual
(shown in blue in Fig. 4f) was taken to be signal from the artifact
and was ignored. We have no evidence that any observed signals
could not be described adequately by a MB distribution of product
velocities corresponding to Ts. This result suggests that all products
were in thermal equilibrium with the surface prior to desorbing
into the vacuum at every combination of qf and Ts. If there were a
significant probability for incident O or O2 to scatter impulsively
after one or only a few bounces before thermal equilibrium was
attained, then there should be a clear signature of impulsive scat-
tering in the TOF distributions [23,24], which there is not.
Furthermore, it is expected that multiple bounces of incident O and
O2 on the exceedingly rough surface would drive these species into
thermal equilibrium quickly. Therefore, while it is possible that a
small fraction of impulsively scattered products struck the surface
and then came into thermal equilibrium before desorbing, it is
much more likely that the incident O or O2 came into thermal
equilibrium with the surface and then either desorbed or reacted.
We thus assume that all observed products are the result desorp-
tion after various thermal adsorption, absorption, and reactive
events have occurred on the surface.

The angular distributions of O, O2, CO, and CO2 are also consis-
tent with the conclusion that all products desorbed in thermal
equilibrium with the surface. Representative angular distributions
for Ts ¼ 800 and 1873 K are shown in Figs. 5 and 6, respectively.
Every angular distribution collected at Ts ¼ 800, 1273, 1573, and
1873 K can be fit with a cosine power law distribution in the form of
cosm(qf), where m is in the range 1.0e1.3, with the exception of the
angular distribution of CO2 (collected only at Ts ¼ 800 K), where
m z 1:8: The cosm(qf) functional form is indicative of a random-
ized scattering angle distribution, which is a characteristic of
thermal desorption [23], and a value of m that is greater than 1.0
may indicate a desorption barrier [6] or perhaps some degree of
steering of the products as they desorb from a very rough surface
[25e29]. Given that the cosm(qf) function is cylindrically symmetric
and that the value of this function varies by less than 3% for
1.0 <m < 1.8 at qf ¼ 15�, we used TOF distributions obtained at this
final angle to derive the relative fluxes of the four products as a
function of temperature as the sample was heated.

The temperature dependencies of the O, O2, CO, and CO2 fluxes
are shown in Fig. 7. In general, the O-atom flux initially decreases
with increasing Ts in the range 800e1273 K, and then it increases
significantly with Ts above 1273 K. Hysteresis is observed in the
temperature dependence of the O-atom flux above 1273 K e the O-
atom signals are lower when Ts increases and higher when Ts de-
creases. However, this trend appears to be reversed for the lowest
two temperatures, 800 and 900 K, where the scattered O-atom flux
is marginally higher when Ts increases. The O2 flux remains
essentially unchanged with Ts from 800 K to at least 1073 K. At
Ts ¼ 1273 K and above, the O2 flux increases with increasing surface
temperature and is lower when Ts increases thanwhen it decreases.
The CO flux rises rapidly as Ts increases from 800 to 1073 K, goes
through a maximum at Ts ~1173 K, and then starts to decrease
gradually as Ts increases further. In contrast to the temperature-
dependent O and O2 fluxes, the CO flux is higher when Ts in-
creases than when it decreases. In a separate experiment (data not
shown) where the samplewas heated quickly to 1473 K, the CO flux
decreased from a value corresponding to the red curve in Fig. 7 to a
constant value corresponding to the blue curve in this figure during
a time of ~60 min. The CO2 flux decreases with Ts and is essentially
zero at Ts ¼ 1373 K and above.

The data presented in Fig. 7 allow the calculation of the reaction
efficiency for a given product. This calculation requires an
assumption about the O-atom recombination probability on the
surface (O(s) þ O(s) / O2(g)), which we take to be zero in the range
800 K < Ts < 1173 K. O2 in the incident oxygen beam has an
extremely low reactivity with the surface compared to O atoms
[5,6], so we expect that essentially all the incident O2 molecules
would exit the surface through non-reactive scattering events and
be detected as a constant background flux. O-atom recombination
would add to the O2 flux, and if this additional O2 flux were sig-
nificant enough, then it would be discernable from the O2 back-
ground flux. If we assume that O-atom recombination is
temperature-dependent and that the constant O2 flux observed at
800 K < Ts < 1173 K is from non-reactive scattering of O2 in the
incident beam, then we can make the assumption that the O-atom
recombination probability is zero in this temperature range and
subtract the constant O2 flux as an offset to the O-atom recombi-
nation signal. The remaining flux may then be taken to be the flux
of O2 from O-atom recombination. Given the large fraction of O2 in
the incident beam, the constant O2 flux at the lower Ts range must
be dominated by unreacted O2, so the error in making this
assumption is expected to be small, unless there is a significant
dependence of the O2 sticking probability on Ts. Under the
assumption that the O-atom recombination probability is zero for
800 K < Ts < 1173 K, the results in Fig. 7 have been represented as
reaction efficiencies in Fig. 8, where reaction efficiency is defined
as:



Fig. 4. Representative TOF distributions for (a,b) O, (c,d) O2, (e,f) CO, and (g,h) CO2 that exited the vitreous carbon surface held at 800 (top) and 1873 K (bottom) following
bombardment with the oxygen beam at an incident angle, qi, of 60� . Time t ¼ 0 ms indicates the time at which the chopper wheel slot passes in front of the detector. The yellow
symbols are experimental data, which correspond to relative number density as a function of arrival time in the electron-impact ionizer of the mass spectrometer. The red lines
represent Maxwell-Boltzmann (MB) distributions corresponding to the surface temperature (Ts). The blue lines represent the residual number densities not captured by the MB
distributions. The residual signal for CO at longer flight times is attributed to an artifact (see text). (A colour version of this figure can be viewed online.)
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Reaction Efficiency ¼ f lux of specific product
flux of O atoms onto surface

¼ n f ðproductÞ
f ðO þ 2O2 þ CO þ 2CO2Þ

(1)
where the total flux of O atoms exiting the surface in all products is
taken to be the total flux of O atoms incident onto the surface. Note
that O2 in the incident beam is not considered because its reactivity
is assumed to be negligible compared to that of O atoms and the
scattering of unreacted O2 molecules is accounted for by subtract-
ing the background O2 signal observed in the range,
800 K < Ts < 1173 K. The factor, n, is equal to the number of O atoms



Fig. 5. Angular distributions of scattered O, O2, CO, and CO2 flux following bombardment of the vitreous carbon surface held at Ts ¼ 800 K with the oxygen beam at qi ¼ 60� . The
yellow symbols represent the total flux, and the red symbols represent the flux corresponding to the MB fits to the TOF data (see Fig. 4). The residual differences between the yellow
and red symbols are shown as the blue symbols. Error bars indicate 95% confidence limit. (A colour version of this figure can be viewed online.)

Fig. 6. Angular distributions of scattered O, O2, and CO flux following bombardment of the vitreous carbon surface held at Ts ¼ 1873 K with the oxygen beam at qi ¼ 60� . The yellow
symbols represent the total flux, and the red symbols represent the flux corresponding to the MB fits to the TOF data (see Fig. 4). The residual differences between the yellow and
red symbols are shown as the blue symbols. As mentioned in the text, the residual in the CO flux at high temperatures is an artifact, so the red symbols are assumed to represent the
actual angular distribution for CO. Error bars indicate 95% confidence limit. (A colour version of this figure can be viewed online.)
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contained in the given product. As an example, the use of n ¼ 2 for
O2 implies that the reaction efficiency of O2 represents the proba-
bility that an incident O atom will recombine with another O atom
to become part of an O2 molecule. Thus, the reaction efficiency is
identical to the recombination coefficient, g, which is typically
defined as the fraction of particles striking a surface that
recombine.

The total flux of oxygen atoms in all scattered products may be
expected to be a constant function of Ts; however, we observed that
the total O-atom flux was lower at lower Ts than at higher Ts. Fig. 9
shows that the total O-atom flux increased by about 30% between
Ts ¼ 1275 K and Ts ¼ 1575 K. (The difference in measured flux at
1573 K and 1873 K is considered to be within the uncertainty of the
measurement.) The reason for this increase in total O-atom flux at
higher Ts is not clear, but this behavior is qualitatively similar to the
result of the earlier study with the pulsed, hyperthermal incident
beam [5,9]. The data in Fig. 9 were collected after the sample had
been exposed to the oxygen beam for many hours at each Ts, which
should have allowed a steady-state surface coverage to be reached
at each Ts. Thus, effects of time-dependent coverages of O, which



Fig. 7. Total relative flux of desorbed O, O2, CO, CO2 as a function of Ts with qi ¼ 60� and qf ¼ 15� , following bombardment of the vitreous carbon surface with the oxygen beam. The
red symbols correspond to data collected when Ts was increased, whereas the blue symbols correspond to data collected when Ts was decreased. Error bars indicate 95% confidence
limit. (A colour version of this figure can be viewed online.)

Fig. 8. Reaction efficiencies of O, O2, CO, CO2 as a function of Ts following bombardment of the vitreous carbon surface with the oxygen beam. The red symbols correspond to data
collected when Ts was increased, whereas the blue symbols correspond to data collected when Ts was decreased. Error bars indicate 95% confidence limit. (A colour version of this
figure can be viewed online.)
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may be related to the Ts-dependent hysteresis in product fluxes
[5,6,30], should play a minimal role in the data in Fig. 9. Although
there is a slight possibility that O-containing products other than
the four focus products were produced, we observed no evidence
for such products in this experiment or in earlier related experi-
ments [5,6], so it is unlikely that the increased O-atom flux at
higher Ts arises from the increased desorption of an unobserved O-
containing product. A possible explanation is that surface O atoms
tend to migrate out of the detection area with a higher probability
at lower Ts than at higher Ts. The photograph of the etched area of
the surface (Fig. 3a) shows that this area is roughly twice the size of
the area that was exposed to the incident beam, which is consistent
with surface migration of O atoms before reaction. In addition, the
desorption rate of O atoms from the surface increases rapidly as Ts
rises above 1273 K (see Fig. 8a), suggesting that the residence time
of O atoms on the surface may become too short for significant
migration to occur at higher Ts. Thus, a larger fraction of the inci-
dent O atoms might migrate out of the detector viewing region on
the surface (approximately 3 mm ✕ 3 mm) at lower Ts than at
higher Ts and lead to anomalously low signal intensities at lower Ts.
However, the millimeter-scale migration of O atoms before reaction
seems unlikely at temperatures of >800 K, and the enlarged area of



Fig. 9. Flux of O atoms exiting the surface in all products as a function of Ts, obtained
by integrating angular distributions collected at Ts ¼ 800 K, 1273 K, 1573 K, and 1873 K.
Each point corresponds to the integral of all angular distributions collected in the
range, 15� � qf � 75� . (A colour version of this figure can be viewed online.)
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etching on the sample may come from scattering of O atoms from
the edges of the aperture used to define the incident beam. Thus,
we suggest another possibility where the incident O atoms become
absorbed into the carbon bulk at lower Ts with a higher probability
than at higher Ts. Depending on the lifetime of the absorbed O
atoms and/or their reaction products before desorption, the frac-
tion of incident O atoms that leave the surface in various products
might appear to increase with temperature. This explanation re-
quires that the absorbed O atoms or their products remain in the
material on the time scale of hours at the lower temperatures,
which may seem long. But O-atom absorption might be related to
the temperature-dependent hysteresis in the O, O2, and CO signals,
which must be caused by processes that occur on the time scale of
tens of minutes to hours or it would not be observed. Ultimately, we
do not have definitive evidence for either of the proposed expla-
nations for the Ts-dependent flux of O atoms that is observed in the
data presented in Fig. 9. Thus, the reaction efficiencies in Fig. 8
should be considered as relative quantities that are derived for all
process that lead to volatile products under the steady-state con-
ditions that are reached on the time scale of our experimental
measurement and that produce those volatile products within the
detector viewing region of the surface.
Fig. 10. Representative TOF distributions for scattered N, N2, and CN products during
bombardment of vitreous carbon at 1873 K by the nitrogen beam with qi ¼ 60� . Time
t ¼ 0 ms indicates the time at which the chopper wheel slot passes in front of the
detector. The yellow symbols are proportional to the number densities of products
detected in a 1 ms time interval (dwell time). The red lines represent MB distributions
characterized by Ts. The blue lines represent the residual number densities not
captured by the MB distributions. The residual signal for N2 at longer flight times is
attributed to an artifact (see text) (A colour version of this figure can be viewed online).
3.2. Nitrogen experiment

Representative TOF distributions for the three products
observed when the surface was bombarded by the nitrogen beam
are shown in Fig. 10. Similar to the TOF distributions of the products
observed with the oxygen beam (Fig. 4), the TOF distributions in
Fig. 10 are indicative of products that desorb in thermal equilibrium
with the surface. The signal at long flight times for N2 (detected at
m/z ¼ 28) that cannot be fit by a MB distribution is attributed to an
artifact, as discussed above. Similar to the angular distributions for
the products observed with the oxygen beam, the angular distri-
butions observed with the nitrogen beam (Fig. 11, only collected at
Ts ¼ 1873 K where the CN signal was large) could be fit with a
cosm(qf) function with m ¼ 1.0 for N and N2 and 1.4 for CN.

Relative fluxes of the N, N2, and CN products are shown in
Fig. 12aec. The signals for all N-containing products were identical
when Ts was increased and decreased (i.e., no Ts-dependent hys-
teresis was observed), so all the TOF distributions and the fluxes
derived from them for a given Ts were added together regardless of
whether the samplewas being heated or cooled. The fluxes of N and
N2 are much higher than that of CN. The N-atom flux remains fairly
constant across the whole temperature range, while the N2 flux
rises gradually at Ts ( 1200 K. In contrast to the relatively slowly
changing fluxes of N and N2, the flux of CN rises exponentially with
Ts and may be fit well with an Arrhenius function having an acti-
vation energy of Ea ¼ 172 kJ mol�1. This result compares favorably
with the value of 207 kJ mol�1, which was reported as an upper
limit in an earlier study of N-atom reactions with vitreous carbon
which used a pulsed beam of hyperthermal N atoms [7]. The high
flux of N2, especially at Ts < 1200 K, is undoubtedly dominated by
non-reactive scattering of N2 from the incident nitrogen beam. The
increase in N2 with Ts is presumably the result of N-atom recom-
bination. Given that the N-atom flux remains nearly constant and
the CN flux is always very low, the rising N2 flux with Ts suggests
that the total flux of N atoms (as N, N2, and CN) increases with Ts,



Fig. 11. Angular distributions of scattered N, N2, and CN flux following bombardment of the vitreous carbon surface held at Ts ¼ 1873 K with the nitrogen beam at qi ¼ 60� . Error bars
indicate 95% confidence limit. (A colour version of this figure can be viewed online.)

Fig. 12. (aec) Total relative flux of desorbed N, N2, and CN as a function of Ts with qi ¼ 60� and qf ¼ 15� , following bombardment of the vitreous carbon surface with the nitrogen
beam. (def) Reaction efficiencies of N, N2, and CN as a function of Ts for qi ¼ 60� and qf ¼ 15� . The black line in panel (c) represents an Arrhenius expressionwhere Flux(CN) ¼ A exp(-
Ea/RTs), with Ea ¼ 172 kJ mol�1. Error bars indicate 95% confidence limit. (A colour version of this figure can be viewed online.)
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Fig. 13. Ratio of CN to CO flux as a function of Ts, for qi ¼ 60� and qf ¼ 15� . The CN flux
was derived from an experiment in which the nitrogen beam was directed at a pure
(annealed) vitreous carbon surface, and the CO flux was derived from an experiment in
which the oxygen beamwas directed at a pure (annealed) vitreous carbon surface. The
CN and CO fluxes have been normalized to the respective incident fluxes of N and O
atoms. The red symbols correspond to CO fluxes when Ts was increased, whereas the
blue symbols correspond to CO fluxes when Ts was decreased; the CN flux was the
same at a given Ts regardless of whether the sample was being heated or cooled. (A
colour version of this figure can be viewed online.)
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which would seem to violate mass balance. But as discussed above
in the context of Fig. 9, it also appeared that the total O-atom flux
increased with Ts, which might be attributed to reduced migration
of O atoms out of the detector viewing region as the rate of various
processes leading to desorbed products increases with Ts or to
decreasing absorption of O atoms into the bulk carbon with
increasing Ts. Analogous explanations might also be relevant to the
increase in the total fluxof desorbed N atomswith increasing Ts. We
assume, as we did for the oxygen experiment, that nitrogen reac-
tion efficiencies derived for a given Ts are still valid as relative ef-
ficiencies for all thermal processes that lead to volatile products
during the steady-state conditions reached at each Ts in our
experiment.

Reaction efficiencies for the N-containing products (Fig. 12def)
were determined from relative product fluxes in a manner that was
analogous to those obtained for the O-containing products in the
oxygen experiment, where the total number of N atoms available
for reaction may be represented by the denominator in the
following expression for reaction efficiency:

Reaction Efficiency ¼ flux of specif ic product
flux of N atoms onto surface

¼ n f ðproductÞ
f ðN þ 2N2 þ CNÞ

(2)

Similar to the flux of O2 with bombardment by the oxygen beam,
the flux of N2 remained constant at lower temperatures and began
to rise as Ts increased above 1073 K, suggesting a Ts-dependent
recombination reaction that produces N2. Thus, in analogy with the
analysis of the O2 data, the assumption was made that in the range,
800 K < Ts < 1073 K, the observed N2 signal arose solely from N2

molecules that were deposited onto the surface from the beam
(which contained a majority fraction of N2) and desorbed without
reaction. The additional signal observed as Ts increased above
1073 Kwas assumed to arise fromN-atom recombination reactions.
Again, this assumption is valid when the sticking probability of N2
on the surface does not vary significantly with Ts. The N-atom
desorption probability relative to the total production of volatile N-
containing products (Fig. 12d) drops gradually with Ts, from a value
of unity at lower temperatures to ~35% at 1873 K. This decrease
apparently occurs because the reaction efficiencies of N atoms to
form N2 (Fig. 12e) and CN (Fig. 12f) increase with Ts. The reaction
efficiency for N2 (i.e., N-atom recombination) rises from an
assumed value of zero at 800 K < Ts < 1073 K to a plateau of roughly
50e60% between 1073 and 1573 K.
3.3. Comparison of O- and N-atom reactivity with surface carbon
atoms

The ratio of CN to CO flux provides a good indication of the
relative reactivity of N and O with surface carbon atoms, because
the dominant product of O-atom reactions with carbon is CO and
the only product of N-atom reactions with carbon is CN, and the CN
product is only observed at Ts > ~1300 K where CO2 production has
dropped nearly to zero. The CN/CO flux ratio as a function of tem-
perature is presented in Fig. 13. These data were derived from two
different experiments, which used either the oxygen or nitrogen
beam bombarding the vitreous carbon surface that had been
annealed at high temperature (1873 K) for >1 h before data
collection commenced. Thus, there were no N atoms on the surface
bombarded by the oxygen beam, and there were no O atoms on the
surface bombarded by the nitrogen beam. As may be seen in Fig. 13,
the reactivity of N atomswith carbon is less than 5% that of O atoms
with carbon over the range of Ts studied. The slight decrease in the
CN/CO flux ratio for increasing Ts versus decreasing Ts is the result of
the higher reactivity of CO when Ts increases.
4. Discussion

The new molecular beam-surface scattering experiments re-
ported here on the oxidation and nitridation of carbon complement
our earlier studies that used a similar technique [5e7]. The earlier
studies used pulsed beams of O and N atoms with velocities of
~8000 m s�1, whereas the new experiments used continuous
beams containing O and N atoms with much lower velocities of
~2000 m s�1. In addition, the average flux of the atoms onto the
surface in the new experiments was 2e3 orders of magnitude
higher than the flux in the earlier studies. Specifically, we estimate
that the O-atom flux in the earlier study was ~1014 atoms cm�2 s�1

based on Kapton erosion [31], whereas the O-atom flux in the new
experiment is estimated to be 4 ✕ 1016 atoms cm�2 s�1 based on
measurements done on a similar RF discharge source in the past
[18]. In the earlier experiments, the N-atom flux was approximately
1/3 of the O-atom flux, whereas in the new experiments described
here the N-atom flux was about 1/8 of the O-atom flux. Indeed, the
observation that the sample in the earlier experiment was hardly
etched and the sample in the new experiment was severely etched
(see Fig. 3) is consistent with the differences in estimated incident
O-atom flux. As a result of the higher incident velocity in the earlier
studies, the incident O- or N-atom translational energy was ~16
times higher than the incident energy in the new experiments. A
higher incident energy might increase reactivity, if Eley-Rideal
(non-thermal) reactions are important. On the other hand, a
higher incident energy could reduce the reactivity if Langmuir-
Hinshelwood (thermal) reactions are dominant, as a higher inci-
dent energy would be expected to increase the likelihood of in-
elastic scattering and therefore reduce the sticking coefficient.
Given the significantly lower incident energy of the atoms in the
new experiments, the fraction of incident atoms that adsorbed on
the surface compared to the earlier studies should be substantially
higher, making the flux of adsorbed atoms in the new experiments
in comparison to that in the earlier studies even higher than esti-
mated from the incident flux alone. Another important difference is
the duty cycle of the beams.With the pulsed beam, the products are
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detected as a function of time after the pulse strikes the surface,
and the arrival time distribution in the detector depends both on
the velocity distribution of the products and the residence time of
incident atoms or reaction products on the surface. While such data
can add insight into the reactionmechanisms, a long residence time
makes the determination of flux inaccurate, because the time at
which the product leaves the surface becomes uncertain (making
the number density to flux conversion uncertain) and slow product
formation from the surface might be indistinguishable from de-
tector background, especially if the noise level is significant. In a
beam-surface scattering experiment with a continuous beam, all
products are detected regardless of when they were formed on the
surface. Thus, even though mechanistic information is lost, the
determination of relative product fluxes under steady-state expo-
sure conditions is more accurate.

Despite the significant differences between the new experi-
ments and earlier studies, the results are remarkably similar. The
reason for the similarity is that the important reactions occur in
thermal equilibrium with the surface, so the incident beam acts
mainly as a supply of reactive atoms to the surface. Indeed, the
oxidation and nitridation products exhibit the signatures of ther-
mal desorption: Maxwell-Boltzmann distributions of exit velocities
and angular distributions with maxima near the surface normal
(qf ¼ 0�). The flux of thermally desorbed CO increases, goes through
a maximum, and then decreases as the temperature is increased.
The flux of thermally desorbed CO2 is relatively low compared to
CO, and it decreases rapidly as the surface temperature increases
and becomes negligible above ~1200 K. In contrast to the apparent
non-Arrhenius dependencies of CO and CO2 flux on Ts, the only
observed nitridation reaction product, CN, did exhibit an Arrhenius
temperature dependence, and the activation energy was found to
be fairly high (172 kJ mol�1), which is evidently related to the low
reactivity of N with the carbon surface. In both the new experiment
and in earlier studies, all products from O-atom bombardment
exhibit a temperature-dependent hysteresis, where the product
flux with increasing Ts is different from that with decreasing Ts.
Conversely, no product from N-atom bombardment showed a Ts-
dependent hysteresis. The results with the oxygen beam are
consistent with the following picture: O atoms stick and react with
the surface (or the near-surface region) at lower Ts, and as Ts in-
creases the reactivity to produce CO increases. Meanwhile, the re-
actions that lead to CO2 become less likely with increasing Ts
because the extra O atoms needed to form CO2 leave the surface in
the form of O and CO. As Ts increases even further, the flux of CO
decreases because the increasing desorption of O atoms reduces the
surface coverage to the point where the number of O atoms avail-
able for reaction is significantly reduced. The reduced oxygen
coverage results in increased reaction barriers and endothermic-
ities [32], further reducing the reaction probability to produce CO.
When Ts starts relatively low, the surface coverage is high (and
perhaps extends into the bulk), so the reactivity to produce CO is
higher and the flux of desorbed O is therefore lower. When Ts de-
creases from a high value, the surface coverage starts relatively low,
so the reactivity to produce CO is lower and the desorption prob-
ability of O is higher. The Ts-dependent surface coverage of O may
thus be related to the apparent non-Arrhenius behavior and the Ts-
dependent hysteresis. The fact that the hysteresis is observed even
in the new experiment with the relatively high-flux continuous
beam suggests that the complex processes on the surface that
eventually lead to the observed products may occur over tens of
minutes or more. Nevertheless, it is clear that the hysteresis is less
pronounced in the new experiment, which uses a higher flux of O
atoms than the earlier studies, bolstering the conclusion that it is
the result of a Ts-dependence of oxygen uptake onto the surface and
perhaps even into the bulk carbon. The insight into the O-atom
reaction mechanisms benefits greatly from prior theoretical work
(discussed in detail in Ref. [5]); however, such a body of theory does
not exist for N-atom reactions with carbon. Therefore, the details of
the N-atom reaction mechanisms remain unclear. The fact that the
temperature-dependent CN flux may be fit well with an Arrhenius
function suggests that surface coverage of N might not be limiting
the reaction rate at high temperatures, as the surface coverage of O
does for the oxidation reaction to produce CO. In order to react in
thermal equilibrium, N atoms would need to chemisorb to the
surface. A high barrier to chemisorptionmight explain the observed
Arrhenius dependence. On the other hand, the breaking of a CeCN
bond on the surface to form the CN radical might be the source of
the high activation energy, especially if the dangling bond cannot
easily be stabilized, as is the case for O-atom stabilization of the
dangling bonds when CO is formed on an O-covered surface [32].
Even though mechanistic details must await future theoretical
studies of N-atom reactions on a hot carbon surface, we argue
below that the activated release of the CN radical from the surface is
the likely reason for the high activation energy for the formation of
CN.

While it is gratifying that experiments with pulsed and
continuous beams with significantly different incident energies
provide qualitatively similar results, the new experiments have
yielded reaction efficiencies for all observed products that were
difficult or impossible to obtain from the earlier experiments.
Admittedly, the new data were collected under rather ill-defined
conditions of incident flux, surface chemistry, and surface rough-
ness; nevertheless, because the surface was undoubtedly highly
defected and oxygen- or nitrogen-covered it is a reasonable rep-
resentation of a carbon surface in a hypersonic flow. In addition, the
experiments were conducted with continuous and relatively high-
flux beams with velocities of ~2000 m s�1, making them more
relevant to gas-surface interactions on hypersonic vehicles. Thus,
the quantitative data reported here provide benchmarks for models
of hypersonic ablation.

A particular feature of the new data is the observation of atom-
atom recombination efficiencies, of which these experiments pro-
vide a relatively direct measure. The recombination efficiency (or
coefficient) for O atoms on amorphous carbon at a temperature that
was apparently near ambient has been reported to be g¼ (1.3 ± 0.3)
✕ 10�3 [33], which is roughly two orders of magnitude lower than
the values we report at Ts > 1200 K. This result thus supports our
taking the value of the recombination efficiency to be zero at lower
temperatures. Further support comes from temperature-
programmed desorption studies that focused on the thermal
decomposition of graphite oxide below 1000 K, where O2 was not
observed [34,35]. Additional theoretical and XPS studies suggest
that recombination of O atoms competes with gasification re-
actions to produce CO and CO2 on a non-defected graphite surface
in the same temperature range and that increasing lattice damage
favors the gasification reactions [36,37]. These results also suggest
that O-atom recombination may indeed not be significant on our
highly-defected surface in the lower-temperature range of our
experiment. If the sticking coefficient of O2 (from the incident
beam) had a significant temperature dependence, then the inter-
pretation of the increasing O2 signal with Ts might be erroneous.
Given the fact that the fluxes of O and O2 in the incident beam are
roughly equal, the temperature-dependent sticking coefficient of
O2 would not be relevant to the interpretation of the current data
unless it became greater than a few percent of the sticking coeffi-
cient of O over the temperature range studied. The sticking co-
efficients of O and O2 on the experimental surface are unknown;
nevertheless, some inference into the relative reactivities of these
two species may be drawn from previously published work. The
reactivity of hyperthermal (~5 eV) O atoms with carbon on a
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roughened HOPG surface at Ts¼ 493 K has been reported to be ~10%
[38]. Although it is possible that the high incident energy might
have contributed to this high reactivity, the surface roughness
would be expected to promote multiple scattering events at the
surface that would drive the atoms into thermal equilibrium before
they could react. Furthermore, earlier work in our laboratory sug-
gests that the carbon gasification reactions that lead to CO and CO2
tend to occur in thermal equilibrium. Therefore, the carbon-
removal reactivity of ~10% might also apply to incident O atoms
with lower incident energy. As has also been shownpreviously (and
in the work reported here) the carbon-removal reactivity increases
dramatically with increasing Ts, so for Ts > 1000 KO-atom reactivity
with carbon on a defected graphite surface might be much higher
than 10%. The reactivity of O2 to remove carbon atoms on highly-
defected HOPG is always less than 0.05% in the range 1275 <
Ts < 1475 K with 0.4 and 0.7 eV O2 molecules, with the reactivity at
1275 K being at least an order of magnitude less than 0.05% [39].
Presumably, any O2molecules that do not react will desorb as O2, so
the effect of reactions of O2 with the surface in our experiment
would be expected to be well below the noise level across the
whole temperature range. Given the extremely weak reactivity of
O2 compared to O and the evidence from earlier studies suggesting
that O-atom recombination is not expected to be significant on
highly-defected or amorphous carbon surfaces at temperatures
below 1000 K, we conclude that the temperature-dependent rise in
the O2 signal above 1200 K is the result of O-atom recombination
reactions on the surface that produce O2.

Although the experiments suggest a significant O-atom
recombination efficiency at higher temperatures, there is no
theoretical or spectroscopic support to aid the interpretation of this
result. It is clear that the O-atom recombination efficiency increases
with increasing Ts. This trend may be related to the increase in O-
atom desorption with temperature, which suggests that O-atom
mobility on the surface (or even beneath the surface) becomes
more facile. In addition, there is a Ts-dependent hysteresis in the
recombination efficiency that indicates a higher recombination
probability with reduced surface O coverage e i.e., when Ts de-
creases from a high temperature after desorption of O atoms has
occurred. The recombination of O atoms competes with the
desorption of O atoms as well as the reaction of O atoms to produce
CO. Thus, the seemingly counterintuitive result that the O-atom
recombination efficiency increases when the surface coverage of O
is reduced may be explained by the increased reactivity to produce
CO when the surface coverage is higher [5,6]. Competition with
increased O-atom desorption at higher temperatures will also
presumably limit the OeO recombination probability.

The N2 reaction efficiency as a function of temperature is qual-
itatively similar to that for O2, with a pronounced increase as Ts
rises above 1200 K. We expect N2 molecules to have only phys-
isorption interactions with the surface, so wemade the assumption
that scattered N2 (present in a high mole fraction in the incident
beam) should form a constant background signal at all surface
temperatures, as was assumed for O2 in the experiment with the
oxygen beam. As little is known about the interactions of N atoms
with a carbon surface, we assume they may chemisorb at under-
coordinated (defect) sites on the surface or absorb into the bulk,
after which they may recombine, probably through an activated
process in analogy with OeO recombination [37], to produce N2.
The observation that the scattered N2 flux rises significantly above
Ts z 1200 K is consistent with its formation through an activated
process. Therefore, we also assume that the flux of N2 from N-atom
recombination is small (i.e., within the signal-to-noise limits of the
data) at Ts < 1200 K. This assumption is further supported by the
ratio between the N2 and N-atom fluxes at Ts < 1000 K (Fig. 12a and
b), which is, within the uncertainty of the data, essentially the same
as the ratio of N2 and N-atom fluxes in the incident beam (Fig. 2).
Thus, the reactivity of the surface to both N2 and N at lower surface
temperaturesmust be fairly low. Given the assumptions of constant
background signal from N2 in the beam at all Ts and a negligible N-
atom recombination efficiency below Ts ¼ 1100 K, we subtracted
the N2 flux at Ts below this value before analyzing the data collected
with the nitrogen beam. The result is a lower limit to the Ts-
dependent N-atom recombination efficiency that rises from
essentially zero at Ts < 1100 K to >0.50 at higher temperatures
(Fig. 12b). The probability that an incident N atom will react with
the surface to produce CN becomes about 10% of the probability
that an N atom will recombine with another N atom at the highest
Ts used in the experiment. The increasing reactivity with carbon
may limit NeN recombination at high Ts. In addition, desorption of
N atoms at high Ts could also limit the NeN recombination effi-
ciency. The N-atom recombination efficiency on carbon at high
temperatures has been investigated previously in plasma envi-
ronments, as summarized by Lutz [40]. Although there is significant
uncertainty in the reported values, they tend to be lower than those
seen in Fig. 12e. The most recent N-atom recombination efficiency,
reported by Lutz for Ts ¼ 1600 K, is g¼ 0.147, which is only about 1/
3 of our result at the same Ts. It is possible that the recombination
efficiency depends sensitively on the nature of the carbon surface.
However, our experiment used a vitreous carbon surface that had
been significantly etched, so it was highly defected sp2 carbon and
may be similar to the carbon used in the plasma torch facility for
the measurements reported by Lutz. A key difference in the ex-
periments is the incident N-atom flux, which was undoubtedly
higher in the plasma torch and might have led to surface saturation
such that a larger fraction of incident N atoms scattered away
without adsorbing and recombining on the surface.

The assumption that the recombination efficiencies are zero at
Ts ( 1200 K would imply that the reported recombination effi-
ciencies are lower limits, which would then imply that the reaction
efficiencies for the other products besides O2 and N2 are upper
limits. On the other hand, the total desorbed flux of O atoms in the
oxygen experiment or N atoms in the nitrogen experiment in-
creases with Ts, suggesting the possibility that not all reaction
pathways are taken into account in the calculation of the reaction
efficiencies, which assumes that the total flux of O or N atoms
desorbing from the surface is proportional to the total flux of
incident O or N atoms, respectively. The reason for the Ts-depen-
dence of the total reactive-atom flux is not clear. As mentioned
above, a decrease in the fraction of reactive atoms that migrate out
of the detector viewing region with increasing Ts is a possible
explanation for the increase in the number of those atoms in the
observed products as Ts increases. Assuming the observed pro-
cesses are representative of all the thermal processes occurring on
the surface within and outside the detector viewing region at the
same Ts, then the derived reaction efficiencies should be valid at all
Ts even if the Ts-dependent migration of atoms does not allow the
total desorbed reactive-atom flux in a given solid angle to be
conserved. Another possible explanation is decreasing absorption
of O or N atoms into the carbon bulk with increasing Ts. If Ts-
dependent sequestration of incident reactive atoms in the bulk is
important, then the calculated reaction efficiencies for the
observed volatile products would be too high because they would
not be accounting for all the incident reactive-atom flux. This error
would be expected to be greatest at lower Ts and may not be
relevant at higher Ts when absorption into the bulk becomes
improbable. Another potential source of error in the calculation of
reaction efficiencies is in how we accounted for the signal at long
times (i.e., the “artifact”) in the TOF distributions atm/z¼ 28, which
could lead to an overestimation of CO and N2 product flux at
Ts > 1200 K. Indeed, our approach to the analysis of the m/z ¼ 28



V.J. Murray et al. / Carbon 167 (2020) 388e402 401
TOF distributions is to find the upper limit for the “real” flux of CO
or N2 at higher Ts. Thus, it is possible that the reaction efficiencies at
Ts a 1200 K for CO in Fig. 8c and for N2 in Fig. 12e are over-
estimated. The overestimation of the reaction efficiency for CO
could mean that the reported O-atom recombination efficiencies
are too low; however, an error associated with the assumption of a
recombination efficiency of zero at Ts ( 1200 K would lead to
underestimated O-atom recombination efficiencies. Likewise, if
accounting for the artifact in the analysis of the N2 data leads to an
overestimation of the N-atom recombination efficiencies, this
would counteract the potential error associated with the assump-
tion of an N-atom recombination efficiency of zero at Ts ( 1200 K
which would result in its underestimation. While we have
endeavored to derive as accurate results as possible from our data,
it is difficult ultimately to quantify the net effects of all the errors.
Nevertheless, the data do support significant O- and N-atom
recombination probabilities on a carbon surface, especially at
Ts a 1400 K, where the possible sequestration of reactive atoms in
the bulk would be minimal and the other errors are potentially
cancelling. The detection of all products in the molecular beam
experiments and the determination of their reaction efficiencies
with appropriate consideration of their uncertainties should make
the data reported here useful for the development of a gas-surface-
interaction model that can be scaled to higher flux.

The reactivity of N atoms with the carbon surface is much lower
than the reactivity of O atoms, as evidenced by the flux ratio of CN
to CO in Fig. 13. This ratio rises especially rapidly at higher tem-
peratures, because the flux of CO is decreasing when the flux of CN
is increasing. Still, the reactivity of N does not rise above ~5% of the
reactivity of O atoms at the highest Ts of 1873 K. The lower reactivity
of N with carbon compared to that of O atoms is consistent with the
higher recombination efficiency of N atoms versus O atoms. The
fact that the Ts-dependent flux of CN may be fit with an Arrhenius
function suggests that competition between reaction and N-atom
loss from the surface (through desorption of N or recombination to
form N2) does not affect the rate of CN production from the surface.
If surface coverage of N were closely tied to the formation of CN, as
O coverage is tied to the production of CO, then the Ts dependence
would not be expected to fit the simple Arrhenius form. The
apparent lack of a surface coverage dependence on the production
of CN, with the incident N-atom flux in this experiment and with
the orders-of-magnitude lower flux used in our earlier study [7], is
consistent with a high-activation-energy step, such as chemisorp-
tion of N or cleavage of a CeCN bond on the surface. Assuming that
N atoms must chemisorb before they can recombine, the observa-
tion of NeN recombination at much lower surface temperatures
than formation of CN suggests that chemisorption of Nmight not be
the rate limiting step in the formation of CN. Furthermore, even
though the thermochemistry is not known for an N-covered carbon
surface with many undercoordinated sites, the reaction of N with
carbon to form surface-bound CN would be expected to be
exothermic and the desorption of a CN radical would be expected to
be endothermic. Thus, it seems most likely that a high barrier to
desorption of CN from the surface limits the rate of its formation.
The endothermicity of the desorption might thus be the main
reason for the high activation energy that was observed. An un-
derstanding of the observed scattering behavior of N atoms on a
high-temperature carbon surface would benefit greatly from
theoretical calculations, as has the understanding of O-atom in-
teractions on carbon.

5. Conclusion

The reactions of atomic oxygen and nitrogen on a high-
temperature carbon surface have been re-examined with the use
of molecular beam-surface scattering experiments that employed
continuous beams. The continuous bombardment, modest incident
velocities (~2000m s�1), relatively high flux (between 1016 and 1017

atoms cm�2 s�1), and roughened and disordered surface make the
exposure conditions closer to those experienced by leading-edge
surfaces during hypersonic flight than were the conditions used
in the earlier studies with pulsed hyperthermal beams [5e7]. In the
new experiments, the scattering dynamics suggest that all products
desorb in thermal equilibrium with the surface. While the quali-
tative conclusions have not changed, the new experiments provide
quantitative information on the temperature-dependent scattering
efficiencies of the reactive and non-reactive pathways, including
OeO and NeN recombination that were not obtainable in the
earlier studies. In addition, the activation energy for N-atom re-
actions with carbon to produce CN has been determined with more
accuracy (172 kJ mol�1) and the relative reactivity of O and N atoms
on a carbon surface has shown that the N-atom reactivity is less
than five percent of the reactivity O atoms at surface temperatures
below 1900 K. The new quantitative results are expected to be
useful for the construction of air-carbon ablationmodels relevant to
hypersonic flight.
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