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Laboratory surface astrochemistry experiments
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Although several research groups have studied the formation of H2 on interstellar dust grains using
surface science techniques, few have explored the formation of more complex molecules. A small
number of these reactions produce molecules that remain on the surface of interstellar dust grains
and, over time, lead to the formation of icy mantles. The most abundant of these species within the
ice is H2O and is of particular interest as the observed molecular abundance cannot be accounted
for using gas-phase chemistry alone. This article provides a brief introduction to the astronomical
implications and motivations behind this research and the requirement for a new dual atomic beam
ultrahigh vacuum (UHV) system. Further details of the apparatus design, characterisation, and
calibration of the system are provided along with preliminary data from atomic O and O2 beam
dosing on bare silica substrate and subsequent temperature programmed desorption measurements.
The results obtained in this ongoing research may enable more chemically accurate surface formation
mechanisms to be deduced for this and other species before simulating the kinetic data under
interstellar conditions. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919657]

I. INTRODUCTION

The vast gulfs of spaces lying between the stars, known as
the interstellar medium (ISM), have been identified to contain
over 200 different molecular species through a combination
of radio, microwave, infrared, and ultraviolet observations.1

The only way these species could exist in the ISM is through
chemistry. Knowledge of the chemical processes occurring
in the ISM is of particular interest to astronomers and
astrophysicists researching the gravitational collapse of gas
clouds triggering star formation and astrobiologists searching
for the origins of life.

By mass, the ISM consists of 99% gas, mostly hydrogen,
and 1% dust.2 Evidence for dust grains includes interstellar
reddening3 and interstellar extinction curves4 which deduced
that the radius of the grains ranged from 5 to 250 nm5

with a mean radius of 100 nm. Chemical composition data
were obtained from the Infrared Space Observatory (ISO)6

revealing the dust grains had an ISM environment dependence.
Under interstellar dense molecular cloud environments, the
astronomical observation revealed icy mantles coating the
grains of which the dominant species was H2O.7 In interstellar
diffuse clouds, these grain surfaces were mostly bare6,8–10

suggesting that the icy mantles do not form until the diffuse
cloud has collapsed in on itself resulting in a dense molecular
cloud. Although H2O can be formed in the gas-phase and
condense onto the dust grain surface, the observed molecular
abundance cannot be matched through gas-phase chemistry
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alone. This implies that an alternate more efficient mechanism
is required.

The hypothesis that the dust grains themselves could
provide a surface for adsorbed species to react on was made
in 1963.11 Reactions could occur through the Langmuir-
Hinshelwood, Eley-Rideal, or Harris-Kasemo surface mecha-
nisms.12 Over the past two decades, the dust grain chemistry
model has been demonstrated to lead to the efficient formation
of H2, both from bare and water ice covered substrates,
by several research groups using both experimental13–16 and
computational17–21 techniques.

The current H2O surface formation mechanism is shown
in Figure 1.22 Parts of this mechanism have been explored
by several research groups, for example, Refs. 23–28 and
references within. The formation of O2 and O3 from O atoms,
requisite prior knowledge as seen in Figure 1, can also be
explored by surface science methods. The results would be of
particular interest to those studying the observed decrease
of oxygen in the ISM from diffuse ([O] = 3 × 10−4)29 to
dense molecular clouds ([O2] = 3 − 10 × 10−8).30,31 As dense
molecular clouds are formed from the gravitational collapse
of diffuse clouds, this apparent reduction in the total oxygen
abundance is unclear even when the observed abundances of
all the gaseous O-bearing species are considered.32 A possible
location for the missing oxygen is in the chemistry occurring
on the interstellar dust grains and their icy mantles. Purely
looking at the physical process of O2 thermally desorbing
from a dust grain analogue in a simulated molecular cloud
environment, Collings et al. have estimated the lifetime of O2
adsorbed on a grain to be at least 23 Myr.33 As the atomic O
abundance becomes negligible under dense molecular cloud
environments, most of the O reactions expected to have
occurred on dust grains under diffuse cloud environments.
These can be investigated using dust grain analogue surfaces
in a new dual atomic beam UHV apparatus that we have
constructed.
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FIG. 1. Schematic diagram showing the surface formation mechanisms of
water.

This paper describes the new apparatus, its character-
isation, and calibration in Sec. II. Preliminary temperature
programmed desorption (TPD) results are discussed in Sec. III
with the conclusions and implications in Sec. IV.

II. APPARATUS AND EXPERIMENTAL METHOD

A. Overview

The schematic diagrams for the new dual atomic beam
system are displayed in Figure 2. The experiments are
performed in the ultrahigh vacuum (UHV) scattering chamber,
known as the ICE RIG, which has been described in detail
elsewhere.34 Although some changes have been made, the
scattering chamber remains a chamber with a base pressure of
2.0 × 10−10 millibars pumped by a 6 in. diffusion pump.

The sample is an oxygen free high conductivity copper
block front-coated with an amorphous silica layer deposited
by electron beam evaporation using the same method as
described by Thrower et al.35 This is mounted on the end of a
closed cycle helium cooled cold finger enabling a base temper-
ature typically between 15 and 20 K to be obtained. The heater
system for the sample has been replaced with a cartridge heater
(Heatwave Labs, Inc.) situated behind the sample. The surface
and cold finger temperatures are monitored using KP-type
(Au-Chromel) thermocouples connected to IJ-6 temperature
controllers. The scattering chamber is equipped with a pulse
counting quadrupole mass spectrometer (QMS, Hiden Analyt-
ical Ltd., HAL301), residual gas analyser mass spectrometer
(RGA, SRS 200), quartz crystal microgravimetry (QCM,
Oxford Applied Research), and reflection-adsorption infrared
spectroscopy (RAIRS, Varian 670-IR FTIR spectrometer)

FIG. 2. Schematic layout of the dual atomic beam system. (a) is when the
QMS is in position 1 and (b) is for position 2.

apparatus. Gases and liquids can be background dosed into
the chamber using the original differentially pumped glass
gas handling lines.

Another modification to the scattering chamber is that the
QMS can be mounted in one of two positions (see Figure 2).
With the QMS situated in position 2, molecular beam
modulation spectrometry (MBMS) analysis can be performed
allowing the identity and intensity of gaseous species during
the beam irradiation part of an experiment to be obtained.
Although most of these species would be from the beam or
background contaminants, other species may be detected that
were formed through surface reactions and desorbed upon
formation. As a consequence, this technique would provide
more detailed kinetic data of the processes occurring on
the surface which would otherwise be missed using other
analytical techniques. TPD analysis can be performed using
the QMS in either position.

Attached to the scattering chamber are two new doubly
differentially pumped atomic beam chambers. Each of these
chambers is spilt into plasma and beam chambers by an
internal wall fitted with a 5 mm collimator flange. The base
pressure in the plasma chambers regularly reaches below
5 × 10−10 millibars when the beams are not in use. Each
plasma chamber is equipped with a radio frequency (RF)
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powered plasma source (Oxford Scientific, RF OSPrey) and a
fibre optic spectrometer (Ocean Optics, USB4000). Details
of each of the calibration experiments are discussed in
Subsections II B–II E. The beam chambers are each fitted
with custom built chopper apparatus.

Overall, the addition of the two atomic beam lines and
the modifications to the original UHV chamber enables a
greater range of experiments and analytical techniques to
be performed. This includes: atomic, radical, and molecular
beam irradiations (either singular or twin); background
deposition (either to form a single film or as a layered film
with other species background, atomic or molecular beam
dosed); and MBMS analysis. To illustrate the new capability,
examples of molecular beam dosed O2 temperature desorp-
tion experiments and reactions of O with O2 are shown in
Sec. III.

B. Atomic O plasma

Characteristic spectra of atomic oxygen plasmas were
obtained with a RF power of 150 W and a plasma source cham-
ber pressure of 2.0 × 10−2 millibars. The plasma spectrum
obtained is displayed in Figure 3 with the O(3p5P) → O(3s5S)
transition at 777 nm being the dominant peak observed. Other
weaker O transitions were detected at 848, 645, 616, 533,
437, and 395 nm (see Table I for the assigned transitions).
The dissociation of O2 cannot occur directly from the O2
ground state (X3Σ−g ) as this is spin forbidden36 nor from the two
lowest molecular excited (a1∆g and b1Σ+g ) as these have similar
potential energy curves to O2(X3Σ−g ).32 The first dissociation
region occurs with electron energies of approximately 6 eV
from the c1Σ−u, A′3∆u, and A3Σ+u molecular excitation states37

forming both O atoms in their 3P ground state.
At electron energies of around 8 eV, excitation into the

higher molecular excited states, such as O2
�
B3Σ−u

�
, leads to the

formation of an O(3P) and an O atom in the first excited state
1D. Further increase in electron energy results in the formation
of O atoms in the second lowest excited state, O(1S).

Control of the electron energies was required as the
majority of the O atoms in the ISM are believed to be in
their ground state. Additionally, O(1D) reacts rapidly, unlike
O(3P) which could result in the observed species being formed
in the surface science experiments that would not occur under
ISM conditions. However, the amount of O(1D) present is
difficult to determine as the electric dipole transition from
the singlet to the triplet state is forbidden. O(1D) can decay
through the weak magnetic dipole transitions at 630.0 and
636.4 nm38 but neither of these peaks was observed in
Figure 3(a). A second complication is the long radiative
lifetime of O(1D) in the gas-phase (148 s),37 which with rapid
solid state collisional deactivation increases the difficulty of
observing this transition. The presence of O(1D) atoms can
be confirmed through the collisional deactivation emission
peaks.

Radiative deactivation from O(1S) is spin forbidden but
can decay either through the electric quadrupole transition
to the first excited state at 557.7 nm38 (see Table I) or to
the ground state through the magnetic dipole transition at
297.2 nm.38 Neither of these peaks is observed in Figure 3(a),

FIG. 3. Example spectra of an atomic O (a) and H (b) plasmas using the dual
atomic beam system.

but both these transitions are weak, restricting the observation
of these emission peaks. To determine if O atoms in the excited
states were formed in the plasma, emission peaks relating to
the decay transitions of O+ and O2

+ ions were considered.
These occur at considerably higher electron energies which,
if present, would conclude that O atoms in their excited states
were being formed, rather than only the desired ground state.
Two possible O+ formation reaction examples are displayed
in Eqs. (1) and (2). The first reaction forms the O+ in
the ground state and an O(3S) atom with electron energies
around 28 eV. O(3S) decays to the ground state producing
emission peaks at 130.2, 130.5, and 130.6 nm,38 which all
lie outside the detection range of the spectrometer used. At
even higher electron energies, the formation of O(3P) with
an O+ in the second excited state 2P occurs. The O+ ion
decays first to O+(2D) (first excited state) through a electric
quadrupole transition at 731.9 and 733.0 nm38 before decaying
to the ground state either by a magnetic dipole (372.6 nm) or
electric quadrupole transition 372.9 nm38 but none of these
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TABLE I. Optical transitions monitored in the atomic O (left) and atomic H (right) plasmas.

O plasma H plasma

Transition Wavelength/nm Transition Wavelength/nm

O(3p 5P)→ O(3s 5S) 777.7 Hα 656.3
O(3p 3P)→ O(3s 3S) 844.6 Hβ 486.1
O(5s 5S)→ O(3p 5P) 645.6 Hγ 434.1
O(4d 5D)→ O(3p 5P) 615.7 Hδ 410.2
O(5d 5D)→ O(3p 5P) 533.0 Hε 397.1
O(4p 5P)→ O(3s 3S) 436.8
O(4p 5P)→ O(3s 5S) 394.8 N2(C3Πu)→ N2(B3Πg) 337

O(1D)→ O(3P) 630.0a O(3p5P)→ O(3s5S) 777.7
636.4a

O(1S)→ O(1D) 557.7b OH(A2Σ+)→ OH(X2Πi) 308
O(1S)→ O(3P) 297.2a

O(3S)→ O(3P) 130.2
130.5
130.6

O+(2P)→ O+(2D) 731.9b

733.0b

O+(2D)→ O+(4S) 372.6a

372.9b

O2
+(A2Πu)→ O2

+(X2Πg ) 383.0
385.9
408.2
411.6
433.9
549.8

Hα 656
OH(A2Σ+)→ OH(X2Πi) 308

aDecays through magnetic dipole transition.
bDecays through electric quadrupole transition.

emission peaks were observed in Figure 3(a). Excitation of
the O2 molecule into the excited molecular states above the
ionization limit would result in the formation of O2

+ ions.
The first excited to ground state O2

+(A2Πu) → O2
+(X2Πg)

fluorescence transition occurs as a broad emission band
with peaks at 383.0, 385.9, 408.2, 411.6, 433.9, and 549.8
nm.39 These peaks were also not observed in the plasma
spectrum overall implying that the vast majority of the O2
molecules were dissociating into O(3P) atoms, which is ideal
for mimicking the surface formation of H2O in the ISM,

O2(X3
Σ
−
g ) + e− → O(3S) + O+(4S) + 2e−, (1)

O2(X3
Σ
−
g ) + e− → O(3P) + O+(2P) + 2e−. (2)

Other emission peaks were observed in the atomic O plasma
spectrum including the Balmer Hα at 656 nm and the broad
OH(A2Σ+) → OH(X2Πi) transition (308 nm). The presence
of both these peaks suggests that other chemical reactions
were occurring in the plasma. Although the presence of these
additional species is undesirable, the knowledge of them can
be taken into account with the analysis of future O beam
irradiation experiments. The dominant collision routes in a
glow discharge plasma are between ion-neutral and neutral-
neutral species as the gas is only weakly ionized.40 The

dominant species in the plasma chamber, when the beam
was not in operation, was H2, which is known to react
rapidly with O(1D) atoms (see Eqs. (3)–(5)) but not with
O(3P).41 Collisional deactivation of O(1D) could result in the
formation of OH.42 However, the plasma analysis described
above suggests that this was unlikely to be the case. OH
could also be formed through reactions of H with O or O2
(Eqs. (6)–(11)), but H2 dissociation requires electron energies
of 9 eV or higher40 which would be high enough to form O(1D)
atoms, making this mechanism also unlikely. OH formation
through H2O dissociation was also considered. Unlike most
other species, H2O directly ionizes or dissociates when raised
into its excited molecular states43 resulting in the neutral
molecule having no electronic emission. Hypothetical energy
level diagrams have been used to describe the dissociation of
H2O through the H2O− ion44 leading to the formation of H
atoms in the Balmer range but only when the electron energy
is approximately 15.2 eV or higher,45 which is inconsistent
with the above analysis of the atomic O plasma in this study.
A fourth OH formation mechanism is shown in Eqs. (12)–(14)
and involves O atoms in their ground state reacting with
the background concentration of H2O. Relaxation of the OH
radical into the ground state would result in the observed
OH(A2Σ+) → (X2Π) transition at 308 nm (Figure 3(a)). Once
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OH is formed, the radical can be re-excited through electron
collisions into the first excited state before decaying back
to the ground state through the same transition. The amount
of OH being formed can be minimized by baking the UHV
apparatus for longer,

O(1D) + H2 → H2 + O(3P), (3)

O(1D) + H2 → H + OH, (4)

O(1D) + H2 +M → H2O +M, (5)
H2 + e− → 2H + e−, (6)

H + O → OH, (7)
H + O2 +M → HO2 +M, (8)

H + HO2 → H2 + O2, (9)
H + HO2 → 2OH, (10)

H + HO2 → H2O + O, (11)

O(3P) + H2O → 2OH(A2
Σ
+), (12)

OH + O → O2 + H, (13)
2OH → H2O + O. (14)

Further characterisation analysis of the atomic O plasma was
performed by monitoring the plasma spectra over a range of
RF powers and plasma chamber pressures. The results are dis-
played in Figure 4 for the emission peak transitions: O(1S) →
O(3P) at 297 nm (panel (a)); OH(X2Π) → OH(A2Σ+) at
308 nm (panel (b)); O(1S) → O(1D) at 557 nm (panel (c));
O(1D) → O(3P) at 630 (panel (d)) and 636 nm (panel (e));
Balmer Hα at 656 nm (panel (f)); the O(1D) collisional
deactivation reaction through O2(b1Σ) → O2(X3Σ−g) at 761
nm (panel (g)); and the O(3p 5P) → O(3s 5S) at 777 nm (panel
(h)). The three transitions that were most affected by the RF
power were the OH, H, and O peaks at 308, 656, and 777
nm, respectively. The O (777 nm) transition had the largest
intensity with the peak maximum lying close to 2.0 × 10−2

millibars in the source chamber (the same plasma source
chamber pressure as used in the above analysis) indicating that
this was the dominant radiative decay species in the plasma.
The other two peaks also increased in intensity with increasing
RF power. As these are contaminant species, these emission
peaks need to be minimised with respect to the O (777 nm)
peak. This is particularly critical for the H (656 nm) transition
as the peak intensities increases non-linearly with respect to
increasing RF power above 150 W.

The O(1S) → O(1D) and both the O(1D) → O(3P) tran-
sitions exhibited negligible difference with RF power and
plasma chamber pressure implying that these transitions were
below the detection limit of the spectrometer. A similar
pattern was observed for the O(1S) → O(3P) and O2(b1Σ) →
O2(X3Σ−g) transitions below 150 W. However, when the RF
power was increased, a small peak was observed just above
the noise level, implying that under these plasma conditions
O atoms were also being formed in their excited states. As a
consequence, this observation placed a maximum on the RF
power setting ensuring that the vast majority of the O atoms in
the beam were in their ground state. However, these findings
do suggest that the apparatus can be controlled to form excited
O atoms which may be of use in future comparison atomic
beam irradiation experiments or for exploring the H2O surface

mechanism under different ISM conditions. For example,
recent experiments exploring the affect of UV protons and
electron irradiation of icy mantles revealed that O atoms
were also formed in their excited states. As a consequence,
more complex species were deduced to be forming in the ice
films.36,46–49

C. Atomic H plasma

The atomic H plasma was analyzed using the same
procedure as for the atomic O plasma (see Figure 3(b)). This
plasma is considerably more difficult to form. The secondary
gas technique overcomes this problem by creating an atomic
plasma using another gas which is easier to strike and forms
high concentrations of free electrons. In this study, N2 was
used. The free electrons formed from the atomic plasma
enabled an atomic H plasma to be formed when H2 was leaked
into the chamber. Once the H plasma is ignited and stable, the
supply to the secondary gas was terminated.

Dissociation of the H2 molecule occurs through the
repulsive triplet state with electron energies around 9 eV to
form two H atoms in the ground state (see Eq. (15)). At
electron energies of approximately 15.4 eV, the stable H2

+ ion
is formed (Eq. (16)). Recombination of the H2 molecule can
occur only in the presence of a third-body (denoted as “M” in
Eq. (17)) otherwise the transition is spin forbidden,

H2(X1
Σ
+
g ) + e− → H2(b3

Σ
+
u) + e− → 2H(12S1/2) + e−, (15)

H2(X1
Σ
+
g ) + e− → H2

+ + 2e−, (16)

H + H +M → H2 +M. (17)

The atomic H emission peaks of interest in this study were
from the Balmer series (listed in Table I). The first three of
these transitions, Hα Hβ, and Hγ, were observed in Figure 3(b)
as well as a weak broad H2 peak at 580 nm suggesting that the
vast majority of the H2 molecules had dissociated. This was
in good agreement with the results from another similar RF
powered plasma source which quoted a dissociation fraction
of 90%.50 The detection of emission peaks from other species
in Figure 3(b) implies that other chemical reactions were
occurring in this plasma too. Remnants of the secondary gas
used to form the atomic H plasma were detected by the decay
transition shown in Eq. (18) at 337 nm. Although the presence
of N2 in the atomic H beam is unlikely to affect the H2O surface
formation experiments, another gas (for example argon) will
have to be used for the future planned interstellar dust grain
surface chemistry experiments of H and N,

N2(C3
Πu) → N2(B3

Πg). (18)

The observed 308 and 777 nm peaks were assigned to the
OH(A2Σ+) → OH(X2Πi) and O(3p5P) → O(3s5S) transitions,
respectively. In the above atomic O plasma analysis, the
dominant formation route of the OH radical was concluded
to be through the reaction of O(3P) with H2O. Although the
O(3p5P) → O(3s5S) transition peak was weakly observed, the
background concentration of O2 is typically in the order of
10−12 millibars which is too low to produce the observed
intensity of the OH emission peak. Similarly, the OH radical
could not have been dominantly formed through the collisional
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FIG. 4. Plots of peak intensity against plasma chamber pressure at RF power of: 80 (black); 100 (red); 120 (blue); 150 (magenta); 170 (gold); 190 (dark red);
and 210 W (green).

deactivation of O(1D) or through the reactions of O2 with H.
An alternative formation route of OH would be through the
dissociation of H2O which could occur as the electron energies
required to form an atomic H plasma are higher than those
needed for an atomic O plasma. The O atoms could be formed
through the dissociation of the background concentration of
O2 and through the reaction of OH with H. The concentration

of the OH and O species would be limited by the destruction
reactions displayed in Eqs. (7), (13), and (14).

D. O2 molecular beam flux

The O2 molecular beam flux, Fbeam, was determined
using pump-down experiments. The apparatus was set with
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the sample and QCM positioned out-of-line of the beam and
with the gate valve between the atomic beam and the scattering
chambers and with the gate valve between the scattering
chamber and the pumping system throttled to reducing the
pumping speed. The molecular beam was formed by leaking
O2 through the RF powered plasma source (with no RF power)
and the species monitored by the QMS. After a short delay, the
gate valve between the atomic beam and scattering chamber
was opened for approximately 20 s and then closed. This
procedure was repeated five times for each plasma chamber
pressure.

Logarithm plots of pressure against time were constructed
and lines of best fit applied to the linear pump-down regions
where the gradient is the negative value of the pumping
coefficient for the gas, Cm, and the intercept is the logarithm
value of the initial pressure, P0. Fbeam for each plasma
chamber pressure was deduced using Eq. (19) where Vsystem

is the volume of the system; kB is Boltzmann’s constant; T is
temperature of the gas; and Abeam is the cross-sectional area
of the beam,

Fbeam = Fout =
VsystemCmP0

kBT Abeam
. (19)

Stable atomic O plasmas in this system form at 2.0
× 10−2 millibars, calibrating Fbeam as 2.3 ± 0.4 × 1014 mole-
cules cm−2 s−1. By knowing the O:O2 dissociation fraction
(calculated indirectly in Subsection II E), the atomic O beam
flux was determined as 3.0 ± 0.8 ×1014 atoms cm−2 s−1. The
same procedure will be used in the near future to determine
Fbeam for the H and H2 beam.

E. O:O2 dissociation fraction

The atomic O beam dissociation fraction was determined
indirectly by monitoring the mass 16 and 32 signals using
the RGA set off-axis from the atomic and molecular oxygen
beams. A baseline of the background gases in the scattering
chamber was obtained before introducing the atomic O beam
by opening the gate valve separating the atomic beam and
scattering chambers. Once the mass signals were stable for
a few minutes, the RF power was terminated changing the
atomic O beam into the O2 molecular beam until the mass
signals were stable again. This procedure was repeated over
a range of plasma chamber pressures. The results obtained
calibrated the O:O2 dissociation fraction as 32% ± 9% which
is in good agreement with other atomic O beams formed
by RF13 or microwave (MW23). However, this method of
determining the O:O2 dissociation fraction does not take into
account the small contribution from CO or CO2 formed by the
reaction of O with C or from the recombination of O2 on the
chamber walls.

III. RESULTS AND DISCUSSION

To illustrate the capabilities of the newly added beam
sources, experiments using O2 and O atom beams have been
carried out.

A. O2 on SiO2

These experiments were performed by molecular beam
dosing of O2 onto the amorphous silica sample. TPD analysis
is then carried out with a heating ramp of 0.1 K s−1 to
a final temperature of 180 K while the QMS detects the
desorbed species. The open symbols in Figure 5(a) represent
the experimental TPD data for molecular beam dosed O2 on
SiO2.

Ntot for the molecular beam data is calculated using
Eq. (20),

Ntot = Fbeamtirrα, (20)

where Fbeam is the O2 molecular beam flux, tirr is the
irradiation time in seconds, and α is the accommodation
coefficient estimated from the O2 molecular beam flux cali-
bration experiments as 3.0 × 10−3.51 N(t), the total gas-phase
concentration, can then be found through Eq. (21), where Ng

is the number of molecules in the gas-phase at a given time,

N (t) = Ntot − Ng . (21)

FIG. 5. Panel (a) is of the TPD traces of O2 sub-monolayer desorption from
amorphous silica (open circles) and Fortran 90 fits (full lines) of the data.
Panel (b) represent the plots of Edes against N for molecular beam dosed
O2 sub-monolayer coverages on amorphous silica.
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TABLE II. Edes range for molecular beam dose times of sub-monolayer
coverages O2 from amorphous silica.

Beam dose/min Edes/kJ mol−1

5 11.4–15.1
10 10.5–14.7
15 9.2–14.8
30 9.0–15.0
45 8.2–13.5
60 7.9–13.4

Direct inversion of the Polanyi-Wigner equation leads to en-
ergy of desorption, Edes (Eq. (22)). Here, kB is the Boltzmann
constant, dN/dt is the change in surface concentration, ν is the
pre-exponential factor and n is the order of desorption,

Edes = −kB ln (dN/dt/υN(t)n) . (22)

Plots of Edes against N(t) are constructed for each O2 sub-
monolayer molecular beam dosing coverage (Figure 5(b)) and
a polynomial curve is fitted to obtain the Edes function. The
Edes range for each O2 dose is displayed in Table II.

The kinetic modelling technique used is based on the
Fortran 90 program previously constructed by Thrower
et al.35 to fit benzene desorption peaks. The experimental
time and surface temperature data are taken as an input
and the program coding altered for each Edes function to
calculate the desorption rate of O2 through the Polanyi-
Wigner equation. The output data contain the original input
data along with the calculated O2 desorption rate and value
of Edes at each simulated time point. The simulations are
displayed in Figure 5(a) (solid lines) and agree well with
the experimental data (open symbols). This indicates that
desorption of sub-monolayer coverages of O2 follows first
order kinetics and are not affected by the porosity of the silica
film. The values obtained and seen in Table II are consistent
with sub-monolayer coverages of O2 when background
dosed.33

B. O on SiO2

A preliminary 30 min atomic O beam irradiation on
bare silica TPD was performed. The TPD traces for O,
O2, and O3 are displayed in Figure 6. The first sets of
peaks to be assigned were those where the species were
desorbing from other surrounding surfaces, such as the sample
mount and cold finger. The lowest surface temperature O2
desorption peak (from amorphous silica) was compared with
a corresponding 30 min O2 molecular beam dose on bare silica
TPD experiment (see Figure 7) and revealed the O2 desorption
peak in the atomic O beam experiment had shifted to a lower
temperature of approximately 12 K. The intensity of this
peak suggested that the O atoms diffused across the surface
at around 20 K and reacted together. The energy released
in forming the O=O bond (approximately 580 kJ mol−1 37)
resulted in these molecules desorbing upon formation. A
second O2 desorption peak was just visible above the noise
and could correspond to desorption of non-dissociated O2
molecules in the atomic O beam. However, further atomic O

FIG. 6. The top panel (a), shows the O atomic beam irradiation of amorphous
silica and the subsequent TPD of O (red trace) atoms, O2 (blue trace). The
bottom panel is of the same experiment but only measuring the mass of O3
(black trace) as it desorbs.

beam dose on bare silica TPD experiments performed over
a range of irradiation times is required before this can be
concluded.

FIG. 7. Comparison of atomic O beam TPD data (red and blue) with the
corresponding molecular O2 beam (green and magenta) TPD experiment.
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Another desorption peak to consider occurred at approx-
imately 52 K and was only observed for O. The origin of this
peak was unclear as all the O and O2 species were expected to
have desorbed from the silica surface before this temperature.
One possible suggestion is that these O atoms became trapped
during the formation of amorphous O3 and were released as an
atomic volcano when the O3 molecules crystallised at around
47 K.48 This peak also implies that O3 was formed on the
surface and was observed desorbing at approximately 66 K.
The O3 desorption peak was accompanied by an O2 desorption
feature which was unexpected as the peak was too large to
originate from trapped O2 molecules. One possible suggestion
was that a large proportion of the O3 molecules reacted with
O atoms trapped deep in the O3 ice to form two O2 molecules
as shown in reaction Eq. (23),

O3 + O → 2O2. (23)

In the future, further atomic O beam dose TPD experiments
(combined with RAIRS analysis) performed over a range of
atomic O beam irradiation times are required to explore the
kinetic surface processes of O, O2, and O3 in more detail. The
results obtained could be used towards explaining why O3 has
yet to be observed in the ISM.36

IV. CONCLUSIONS AND ASTROPHYSICAL
IMPLICATIONS

The extensive modifications made to the ICE RIG UHV
system have resulted in a new dual atomic beam system
enabling surface mechanisms to be extensively explored at
both the sub-monolayer and multilayer levels on dust grain
mimics. The characterisation results of the atomic O and H
plasma have provided detailed analysis of the emission species
occurring in the atomic O and H beams. Further beam analysis
could be obtained by combining these results with mass
spectrometry observations performed in-line with each of the
atomic beams. This chemical analysis of the two atomic beams
will enable more accurate surface mechanisms to be deduced
in the future single and dual beam irradiation experiments
resulting in more accurate kinetic analysis of the processes
occurring in the ISM. This has already been illustrated in this
paper by the observation of surface formed O2 desorbing at a
lower surface temperature than that of adsorbed O2 molecules.

Ultimately, this apparatus will advance the current
understanding of chemistry for a range of species occurring
on dust grains in the ISM. In the distant future, this apparatus
could be altered to study the surface chemistry of other
systems like H and C (fourth most abundant element in the
ISM) or H and N (fifth most abundant element) by similar
replacing the O plasma tube and reactor with another. Overall,
this article illustrates that the new dual atomic beam UHV
apparatus will contribute towards understanding the surface
science occurring in astrochemistry.
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