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Abstract

The recent Rosetta and Giotto missions to comets have detected the presence of a surprisingly large
amount of O2 within cometary comae [5] [43]. Most comet formation models suggest that comet
compositions preserve conditions in the early solar system [34], so one possible origin of this diatomic
oxygen is formation within ice layers on small dust particles in space before or during solar system
formation. One common ice component is carbon dioxide, and this thesis focuses on O2 formation
from UV photolysis of CO2 ices. Viewed in the context of the evolution of related molecules, CO and
O3 , we examine O2 production as a function of UV photon fluence and ice temperature. We report
that the ideal conditions for O2 production are a large photon fluence and ice temperatures in the
range of 20-25 K, which are reasonable conditions for the interstellar medium [18]. In light of these
findings, we propose that interstellar regions with significant CO2 ice could partially explain the large
abundance of O2 in comets.
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Introduction

For thousands of years, people across the world have observed comets and wondered about these
“stars” with stunningly long tails. In the past hundred years, as technological developments made
sending missions to comets possible, they are no longer viewed as potential harbingers of doom, but
many cometary mysteries remain. Two missions have found the unexpectedly substantial presence of
diatomic oxygen, O2 , on comets 1P/Halley and 67P/Churuymov-Gerasimenko (67P/C-G) [5] [43]. In
this paper, I investigate one potential pathway for O2 formation: UV irradiation of CO2 ices.
Diatomic oxygen has been the focus of many investigations in astronomy, including in astrobiologyfocused studies. Outside our solar system, efforts for finding life on other planets have included looking
for O2 in extrasolar planet transit spectra [37]. On a planet, significant amounts of free gaseous O2
have the potential to be a false positive but seem to be a reasonably promising biomarker [37] [35]. A
possible abiotic formation mechanism is UV photolysis of water, but on earth, this process accounts for
less than 1% of O2 production [37]. The lack of a dipole moment of O2 and its resulting IR invisibility
makes ozone, O3 , a useful remote detection proxy [37] in the search for life.
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Within the solar system, both solid and gaseous O2 have been detected in a variety of environments.
Optical-reflectance measurements revealed the presence of solid oxygen on Ganymede, one of Jupiter’s
icy moons [47] [49] [2]. The presence of IR absorption lines of O3 within these ice layers suggests that
this oxygen likely comes from radiolysis of water ice. Rhea and Dione, two of Saturn’s moons, also
have O3 ices, which is thought to result from reactions of diatomic oxygen [40]. In support of this
theory, the Cassini Plasma Spectrometer (CAPS) and Ion Neutral Mass Spectrometer (INMS) also
detected O+
2 , a potential reaction intermediate, within Saturn’s icy rings [28].
Earth is not the only body in the solar system with gaseous O2 in its atmosphere. Complex
photochemistry in the Martian atmosphere produces trace amounts of gaseous O2 [3] [34]. Some
moons also have O2 in their atmospheres: Cassini INMS detected a tenuous O2 and CO2 atmosphere
on Rhea [51]. Europa also has a flimsy gaseous diatomic oxygen atmosphere, which was confirmed by
Hubble’s Goddard High Resolution Spectrograph (GHRS) [22].
However, all these environments have undergone significant changes in physical structure, temperature, relative abundance of various compounds, and other properties since the early solar system.
Environmental alterations would allow a variety of oxygen-forming pathways to occur, including O2
production by living organisms. Comets, whose compositions and histories are very different from
planets and moons, were not anticipated to have significant amounts of O2 .

2.1

Comet Background

Comets consist of ice grains and dust particles, though the specific ratio of ice to dust and the particular
chemical composition may vary. Comets can be grouped based on their orbital period and farthest
distance from the sun, or aphelion. Periodic comets have orbital periods of less than 200 years, and
aphelion distances within the Kuiper Belt, which reaches distances of about 50 astronomical units
(AU), the distance from Earth to the sun. Long-period comets take much longer to orbit the sun, and
can often only be observed once during their rare approach into the inner solar system. The “dirty
snowball” or “snowy dirtball” core of the comet is the nucleus. When the comet nears its perihelion
distance, or closest approach to the sun, some of its ice sublimates and forms a fuzzy, cloud-like gas
and dust halo around the nucleus, called the coma [6]. The bright and easily visible main tail of the
2

comet results from dust particles being carried away from the comet by solar radiation.
Comet formation models show several origin possibilities. Most theorists agree that they developed
from accumulating clumps of gas and dust during solar system formation from the slowly spinning disk
of matter, or protoplanetary disk. Some models suggest that comets have remained at approximately
the same distance from the sun since they formed. Others hypothesize that they could have been
ejected from the range of the gas giants, while one model even proposes that the sun captured many
comets from sibling stars forming at the same time [39].
Regardless of their exact formation location, the process seems to be largely the same: millimeter
to centimeter sized clumps of dust stick to each other to form meter-sized boulders [54]. These
boulders then can collect in gravitational instability pockets in the protoplanetary disk, eventually
acquiring enough mass to gravitationally collapse and form an spheroid, kilometer-sized object, called
a planetesimal [6]. Some planetesimals eventually collide and combine to form planets, but others
remain separate and likely become comets. The majority of these remaining planetesimals have sizes
between tens of meters and one kilometer [54]. The location of the snow line, or minimum distance
from the star for water ices to form, partially determines a planetesimal’s fate. Outside this radius,
the dominant material is water ice. Models suggest that the average temperature in this region never
reaches the melting point of water ice, so ices from before solar system formation could be preserved
[27]. Planetesimals that form in this region are more likely to grow to larger masses and “fluffier”
structures [6] that consist of a mixture of ice and dust with a “rubble pile”-like structure and the
potential for significant internal variation [27].
What does the ice in these proto-comets look like? Much of this ice formed before the solar
system from the “natal interstellar cloud core” [39], an interstellar cloud of gas and dust. After ice
incorporation into comets, it may be preserved with very little modification. Alternatively, it may be
completely destroyed and reformed, or processed to a lesser or greater degree by ice processes occurring
within the protosolar disk, which include thermochemistry, photochemistry, and radiation chemistry
from incident cosmic rays. Degrees of processing may vary by comet location and even within ices of the
same comet [26] [39]. Despite the presence of these processes within proto-comets, other planetesimals
that later become asteroids, planets, or other solar system objects typically experience far more drastic
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transformations. Therefore, comets are still largely considered some of the least modified objects in
the solar system [39] [54] [34]. An improved understanding of their composition may reveal not only
the conditions of the protostellar nebula (PSN), but potentially also those of the ISM.

2.2

Rosetta and Giotto Mission Findings

In light of the theories that cometary ice would have largely been preserved from the early solar system,
the results from the European Space Agency’s Rosetta and Giotto missions were surprising. Prior to
these missions, comets were theorized to have very low amounts of molecular diatomic oxygen because
of its reactivity and its low observed abundance in the ISM and protoplanetary disks. However, the
Rosetta mission’s Double Focusing Mass Spectrometer (ROSINA/DFMS) measured a O2 concentration
of 1-10 % relative to water in the coma of comet 67P/Churyumov-Gerasimenko (67P/C-G). The DMFS
mean concentration value of 3.80 ± 0.85 % [5] was confirmed by the Alice ultraviolet (UV) imaging
spectrograph, which measured a mean relative column abundance of 25 % relative to water [29] [15].
Both of these detection methods suggested that the O2 originated from sublimating ice, because
67P/C-G passed through its perihelion distance while Rosetta was in orbit, and the temperatures
became high enough to cause substantial ice sublimation. A review of data collected by the Neutral
Mass Spectrometer (NMS) of the European Space Agency’s Giotto flyby of comet 1P/Halley indicated
similarly high concentrations of O2 relative to water in the coma [43] [5].
This similarly high abundance of O2 may be the result of similar origins of these two comets.
However, present orbit differences may mean their formation conditions were very different. Comet
67P/C-G has an orbit within the inner solar system, from inside the orbit of Mars to just outside the
orbit of Jupiter, while comet 1P/Halley travels outside the orbit of Pluto. If these two comets did have
different formation conditions, similarly high O2 levels may instead point to efficient oxygen formation
throughout the protosolar nebula and interstellar medium.

2.3

Molecule Formation in the Interstellar Medium

In order to understand why comet ices contain molecular oxygen, we must take a step back to look at
molecule formation prior ice accumulation. Molecules form in three phases in the interstellar medium:
4

in the gas, on the surfaces of dust grains, and inside of ice layers on dust grains. Molecules formed in
any of these locations could end up being frozen in ices, due to efficient condensation into ice in many
interstellar cloud regions.
Within the gas phase, most reactions are binary collisions between molecules, which are frequently
exothermic and have no or very low activation energies [23]. Because the most common molecule is
H2 [23] and ion-molecule reactions frequently do not have activation energy barriers, many gas phase
reactions are considered to be between H2 and an ion. Most of the chemistry that could impact comet
compositions occurs in interstellar over-densities or clouds that are considered “dark”, with no light
penetration. The only outside radiation is cosmic rays, which can ionize molecules to produce free
electrons and cations, and produce secondary, weak UV fields. The gas phase elements are hydrogen,
helium, carbon, nitrogen, and oxygen. Diatomic oxygen could form in the gas phase from reactions of
free oxygen atoms with OH:
O + OH → O2 + H

(1)

This gas phase O2 could later freeze into ices [23].
The second potential location for molecule formation is on the surface of interstellar dust grains.
Graphite and silicates are the most common components of dust grains [52], and molecules frequently
found on particle surfaces include water, carbon monoxide, and carbon dioxide [52]. Free atoms, such
as H, C, and O, as well as small molecules like H2 , can move over the grain surface and react with
other atoms. Diatomic oxygen could potentially form through such a pathway, or from reactions of
oxygen-containing molecules on a surface, but it could also be consumed through similar reaction
avenues [52]. Examples of these reactions include the production of O2 from O3 :

H + O3 → O2 + OH

(2)

This newly formed O2 could be destroyed through reactions with H atoms:

H + O2 → HO2
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(3)

These sorts of reactions would require warmer and denser conditions than those typically found in the
interstellar medium [50].
Ice-phase reactions, the focus of this thesis, can occur in any type of ice, both “pure” ices containing
predominantly one species and “mixed” ices with a variety of compounds. In general, ice phase
reactions typically occur when some form of radiation incident on ice excites, ionizes, and/or breaks
apart molecules. These molecules or fragments can then react with other molecules within the ice
layers or on ice surfaces [57]. Irradiation of any oxygen-containing ices could theoretically produce
O2 . H2 O, CO, and CO2 are some of the most common oxygen-containing molecules in the interstellar
medium [39], so large amounts of ice-phase O2 likely form from irradiation of ices of one or more of
these molecules.

2.4

O2 Formation and Abundances in Astrochemical Environments

To put cometary oxygen into context, it is useful to consider O2 abundances in the different stages
of star and planet formation. Atomic oxygen, O, is the third most abundant element in the universe
[34], after hydrogen and helium. However, the presence or absence of O2 in different environments has
been notoriously difficult to verify. Due to its lack of a permanent dipole moment, it was long unclear
whether the scarcity of detections was due to insufficient instrument sensitivity or if O2 does not
actually exist in space with a significant abundance. Outside the solar system, vibrational transitions
of gas phase O2 have been detected in only a few clouds in the ISM, with infrared (IR) telescopes [11].
The first such cloud with a confirmed detection was the ρ Ophicus A molecular cloud [31], where O2
was detected first by the IR detector on the Odin satellite. This identification was later confirmed by
the Submillimeter Wave Astronomy Satellite (SWAS) telescope [48], the Spitzer Space Telescope [30],
and the Herschel space telescope [33]. Gaseous O2 has also been detected in the Orion interstellar
cloud [21] [10] by Herschel, but both locations show very low concentrations of O2 relative to H2 .
Solid phase O2 has not yet been detected in interstellar grains, but has been suggested to act as a
reservoir for molecular oxygen [1] [14]. Efforts to observe solid phase O2 have included searching for
its fundamental vibration lines around 1550 cm−1 in protostellar locations [34] [1].
One proposed ISM formation route is interactions between high energy radiation and H2 O ices to
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form O2 . Incident photons, cosmic rays, or electrons could cause H2 O photolysis or radiolysis, and
explain the correlation in signals of O2 and H2 O detected by Rosetta [5].
Once the protosolar nebula started forming, O2 previously in the gas phase could become trapped
in ices. This process would require rapid temperature changes, which do occur in the early solar system
[50] [5]. However, such rapid temperature changes would also cause molecules with similar freezing
points, such as gaseous CO and N2 , to condense into ice at the same time. Since the resulting ices would
likely be mixed, evaporation of these ices would result in correlations between CO and H2 O, and N2
and H2 O in comet outgassing. These trends were not seen with either Rosetta or Giotto, casting doubt
on this theory. Alternatively, gaseous O2 could become trapped in clathrates, a different form of solid
water [38]. This scenario would produce a strong correlation between O2 and CO and/or CO2 [34],
which is not seen in 67P/C-G. A third possibility for O2 formation during comet formation is radiolysis
of water in icy grains cycled between the cooler, darker, ice-forming midplane of the protostellar disk
and the warmer upper disk layers, which are exposed to a higher flux of energetic galactic cosmic rays
[38]. However, the timescale required to form and trap O2 in the abundances observed in comets would
exceed the likely timescale required to form a comet [34].
If substantial amounts of diatomic oxygen did not form in the interstellar medium or protosolar
nebula, O2 could be currently forming within the comet itself. Products of past radiolysis or photolysis
in the upper few centimeters of cometary ice layers would have evaporated in the warmer temperature
of the inner solar system, and would not have been detected by Rosetta. Current radiolysis or photolysis
of surface comet ices would show a variable ratio of O2 /H2 O due to changing illumination during the
several months of the Rosetta observation period, which is not seen [5]. While the fluctuations in exact
amounts of O2 and H2 O detected vary depending on the amount of sunlight different sections of the
comet receive, only small variations in the ratio are observed [5]. This suggests that the majority of
O2 has already formed within the ice prior to incorporation into the comet. Other, non-ice formation
possibilities include dismutation of gas phase H2 O2 in the coma of a comet [13], or radiolysis by
radioactive nuclei in the comet itself (endogenic radiolysis) [8]. Eley-Rideal reactions, in which one
reactant is in the gas phase and the other is attached to a surface, have also been proposed [56], but
more recent studies have indicated that these reactions will not produce O2 in the observed quantities
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[24].
To summarize the diatomic oxygen formation prospects listed so far, cometary O2 could have
formed either before or after comet formation. Before the solar system existed, diatomic oxygen could
be produced through gas phase, grain surface phase, or ice phase reactions. Ice phase sources of oxygen
include H2 O, CO2 , and CO, three common oxygen-containing molecules in the interstellar medium [46]
[39]. All of these production possibilities could have resulted in significant amounts of O2 remaining
preserved in cometary ices. The other category of possible formation methods consists of reactions
currently happening within the comet. This category includes photolysis and radiolysis of cometary
ice, fragmentation of H2 O2 within the coma of the comet, and Eley-Rideal reactions.

2.5

CO2 in Astrochemical Environments

In this thesis, I focus on a different pathway for O2 formation: UV irradiation of CO2 ice.
Outside the solar system, carbon dioxide is a very common molecule. Carbon monoxide, CO, and
carbon dioxide, CO2 , are some of the most abundant molecules in the interstellar medium, with a
maximum abundance of ≈ 50 % relative to water [12] [36] [39] [55]. CO2 has been observed in many
locations and stages of star formation. Like O2 , CO2 cannot be detected with rotational spectroscopy
in far-infrared or submillimeter wavelengths because of its lack of a permanent dipole. Infrared observations of vibrational transitions from Earth are not possible because of high levels of CO2 in Earth’s
atmosphere [7]. Satellite telescopes such as the Infrared Space Observatory [20] and Spitzer have observed IR CO2 vibrational bands [42] [45], and the next generation of IR instruments on board the
James Webb Space Telescope will be even more sensitive [19]. Related gaseous species, such as HCO+
2,
have also been detected in the interstellar medium, suggesting that CO2 chemistry actively occurs [44]
[53].
Most interstellar CO2 is mixed with H2 O ice, but for simplicity in modeling, this thesis focuses
solely on pure CO2 ice. Pure solid amorphous CO2 ice, like the ice used in this thesis, has also been
observed in small quantities, as has pure solid crystalline CO2 ice [16]. Such ice may form as a result
of evaporation of CO from mixed CO and CO2 ice [36] [42].
Within comets, CO2 is also one of the most abundant species, after water and CO [5] [34]. Sig8

nificant CO2 outgassing from comet 67P/C-G and comet 1P/Halley has been detected. One common
method of estimating frozen CO2 abundance is comparing the red and green emission lines of excited
oxygen atoms, which have been recently shown to also be sensitive to O2 concentrations [9]. Previous
predictions of CO2 and O2 abundances would therefore overestimate CO2 and underestimate O2 . A
better understanding of this relationship provides another motivation for studying the dynamics between CO2 and O2 formation. In comets, the CO2 ice appears partially segregated from the main
water ice reservoir, so reactions within pure CO2 ice may occur [41].

2.6

Previous Studies of O2 Formation in CO2 Ice

O2 production from CO2 photolysis has been previously studied in the laboratory. Like the experiments
detailed in this thesis, some monitor photoproduct formation both during irradiation and final product
yield [36]. One study found an upper limit of O2 yield of 38% relative to the initial CO2 from postirradiation temperature-programmed desorption (TPD) experiments, but did not specify a lower limit.
O3 and CO evolution were also monitored through infrared (IR) spectroscopy during irradiation:
significant CO production was found, but only trace amounts of O3 [36]. Based on the TPD and IR
results, this study proposed a network of reactions for photoproduct formation and destruction, which
we will also adopt: photolysis of CO2 to form CO and O results in the presence of free O atoms,
which can combine to form O2 . Additional free O atoms can also combine with O2 to form O3 . Also,
this study found that the majority of the photoproducts remained trapped in the CO2 ice rather than
being ejected by irradiation (photodesorption). This conclusion adds support to the idea that O2 could
remain trapped in parent CO2 ice.

2.7

This Thesis

In this thesis, I build off of previous work of CO2 irradiation by UV light [36] to characterize the
O2 formation efficiency and formation mechanism. Since O2 cannot be observed with a laboratory
infrared spectrometer, I instead follow CO and O3 production during irradiation. After UV irradiation, temperature programmed desorption (TPD) data are collected for CO2 , CO, O2 , O3 , and their
fragments. Section 3 describes the experimental details.
9

A description of the CO2 photolysis experimental parameters is given in Section 4. Section 5
focuses on O2 formation yields after different irradiation doses, and at different ice temperatures. To
put O2 formation in the context of other reactions happening within the ice, Section 6 of this thesis
looks at CO and O3 formation during irradiation. Section 7 examines CO and O3 formation kinetics
and their implications for O2 production. In Section 8, I discuss the experimental results and propose
a mechanism that is guided by observed photoproduct formation patterns.

3

Experimental

3.1

Experimental Setup

The experiments were carried out in a laboratory setup designed for the study of interstellar ices,
described in more detail previously by Lauck et al (2015) [32]. All experiments were conducted within
a spherical stainless steel ultrahigh vacuum (UHV) chamber, which is pumped to a base pressure
of approximately 10−10 torr by a Pfeiffer Turbo HiPace 400 pump and a DUO 10 M rotary vane
pump. Ices are created by deposition of 99.9 % isotopically pure

12

CO2 (Sigma-Aldrich) through a

gas line and precision leak valve onto an IR transparent CsI crystal. This CsI crystal is capable of
360-degree rotation, allowing both ice deposition and UV irradiation to occur normal to the surface.
The temperature of the surface, and of the ice that forms on it, is monitored and maintained by
a temperature controller (LakeShore 335) and a closed-cycle He cryostat (ARS-4HW Compressor).
These temperature measurements have an accuracy of 2 K and a relative uncertainty of 0.1 K. During
gas dosing and ice formation, the thickness of the ice is measured with IR transmission spectra (see
Section 3.2 on IR column densities). Recent investigations have revealed a potential problem with
absolute thickness calibration due to issues with IR design or optics within the chamber, so the absolute
thickness calibration may be inaccurate. Relative error between experiments should be small.
Following dosing of the ice, measurements of infrared-active molecules within the ice are taken with
a Fourier transform infrared spectrometer (Bruker Vertex 70v) in transmission mode. The ice was
irradiated with ultraviolet (UV) light from an H2 D2 lamp (Hamamatsu H2 D2 Light Source L11798),
whose spectral distribution was shown with greater detail previously in Bergner et al (2017) [4]. A
10

NIST calibrated AXUV-100G photodiode was used to measure the photon flux from the UV lamp,
which fell in the range of approximately 1013 photons second−1 cm−2 (see Table 3).
During irradiation, the IR spectrometer monitored from 4000 to 800 wavenumbers. The key frequencies monitored corresponded to CO2 , CO, and O3 , as listed in Table 1.
Following irradiation, temperature-programmed desorption (TPD) data were collected, during
which the temperature controller increased the ice temperature at a rate of 2 K per minute, from the irradiation temperature up to 150 K. A quadrupole mass spectrometer (Pfeiffer PrismaPlus Quadrupole
QMG 220M1) (QMS) was used to observe the final products during the TPD, and the masses monitored are listed in Table 2. The masses monitored correspond to the main photoproducts and their
fragments, and H2 O as a potential vacuum contaminant. All fitting and analysis is done using personal
python scripts and the matplotlib package [25].
Molecule
CO2
CO
O3

Frequency (cm−1 )
2344
2141
1042

Band strength (cm molecule−1 )
7.6 × 10−17
1.1 × 10−17
1.4 × 10−17

Table 1: IR band strengths used to calculate the column density of each component, which are assumed
constant over temperature range measured. From Martı́n-Doménech (2015) [36].

Species
12
C
16
O
H2 O
CO
O2
CO2
O3

Mass Monitored (m/z )
12
16
18
28
32
44
48

Table 2: Masses monitored by the quadrupole mass spectrometer (QMS) throughout a CO2 photolysis
experiment.
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3.2

IR Spectra Column Densities

For all three IR-active species - CO2 , CO, and O3 - the following equation is used to quantify the
number of monolayers:
R
Ni =

τi (ν)dν
Ai

In Equation 4, Ni is the column density (molecule cm−2 ),

(4)
R

τi (ν)dν is the integrated optical depth of

the IR band area (absorbance units), and Ai is the band strength of the relevant species in optical
depth units [32]. Relevant column densities and wavelength positions are listed in Table 1. During
irradiation, IR spectra are typically taken every five minutes (every 10 minutes during experiment 14):
each spectrum is averaged over 64 interferograms and takes approximately 1 minute to complete. In all
IR figures shown, a local baseline is fit to the area around the relevant peak. The number of monolayers
(ML) for every species is calculated with the typical approximation of 1 ML = 1015 molecules cm−2
[4].

3.3

O2 Quantification

Because O2 is not infrared active, determination of O2 production in the ice is based on mass spectrometeric measurements during the TPD, similar to Fayolle et al 2016 [17]. To determine the TPD
signal corresponding to one monolayer, we first create water ice and then dose different amounts of
O2 on the surface. Because of the different energies of O2 - O2 and O2 - H2 O interactions, the surface
molecules of O2 will desorb at different times during a TPD.
In order to interpret the TPD data, we must introduce some TPD theory. The rate of molecule
desorption is given by the Polyani-Wigner equation:

−

dθ
ν
= θn e−Edes /T
dT
β

(5)

In the above equation, θ is the ice coverage, T is the temperature in K, ν is a pre-exponential factor
in s−1 , β is the heating rate in K s−1 , n is the desorption order, and Edes is the desorption energy
in K [17]. For completeness, the pre-exponential factor associated with O2 is the harmonic oscillator
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approximation:
r
ν=

2ns Edes
π2 m

(6)

In this equation, Edes corresponds to the same desorption energy as in Equation 5, ns is the number
of binding sites (≈ 1019 sites m−2 ), and m is the mass of the molecule in kg [17]. This expression for ν
is provided for reference: precise formulation of the numerical values of all parameters in the PolyaniWigner equation is necessary to determine desorption energies, but does not apply to calculations of
total number of desorbed molecules.
For our purposes, the focus is determining the TPD integrated signal corresponding to approximately one monolayer, or 1015 molecules of O2 . The primary importance of these equations is the
value of n in Equation 5, which allows distinguishing between the monolayer and multilayer regimes.
The multilayer regime, corresponding to O2 -O2 interactions, is considered a zeroth-order desorption
process where n = 0 in Equation 5. Where O2 interacts with the H2 O substrate, the submonolayer
regime, desorption is a first-order process with n = 1 in Equation 5. These two desorption regimes
can be distinguished because O2 - O2 interactions are weaker than O2 - H2 O interactions. This results in O2 desorption from the mulitlayer regime occurring at lower temperatures than O2 from the
submonolayer regime. Additionally, zeroth and first order desorption result in different TPD shapes.
The O2 film thickness corresponding to one monolayer should have a small but visible zeroeth order
multilayer peak in addition to the more prominent first order monolayer peak, since these thin ices are
never perfectly flat. For comparison, a much larger O2 dose would have a very prominent multilayer
peak and a nearly-invisible monolayer peak, because the vast majority of O2 molecules would only
interact with other O2 molecules. For a significantly smaller O2 dose, with O2 molecules directly on
the water substrate and minimal O2 -O2 interactions, only a monolayer peak would be present.
The experimental procedure for these O2 TPD experiments first requires the creation of a water
ice substrate: deionized water, purified through at least three freeze-pump-thaw cycles using liquid
nitrogen, was deposited on the CsI crystal. This substrate had a film thickness corresponding to
approximately 100 ML, as determined by IR measurements. During water deposition, the crystal tem-
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perature was maintained at 100 K to grow compact water ice substrates. Following water deposition,
the water ice was cooled to 20 K, and then 99.9 %

16

O2 (Sigma-Aldrich) was deposited through a gas

handling line onto its surface. A temperature-programmed desorption experiment was then conducted,
heating the ice at a temperature rate of 2 K per minute from 20 K to 100 K.
Number
1
2
3
4
5
6

Dose Time
5 min
2 min
1 min 30 sec
1 min
45 sec
30 sec

Integrated Area
1.3 ×10−7
6.0 ×10−8
3.0 ×10−8
2.8 ×10−8
1.8 ×10−8
1.3 ×10−8

Monolayer Estimate
Multilayer
Multilayer
Monolayer
Submonolayer
Submonolayer
Submonolayer

Table 3: Dose times, integrated area, and monolayer estimate for all O2 TPD experiments.
Table 3 lists the parameters of the O2 TPD experiments used to determine the QMS integrated
area corresponding to one monolayer.

Figure 1: Left: O2 (m/z 32) QMS signal during a temperature-programmed desorption experiment for
dose times of 5 minutes, 2 minutes, 1 minute 30 seconds, 1 minute, 45 seconds, and 30 seconds. Right:
The results from the same 1 minute 30 seconds, 1 minute, 45 seconds, and 30 second dose times. These
four experiments all show two peaks in the O2 signal, with the lower temperature signal at around
28 K corresponding to the multilayer peak and the higher temperature signal at approximately 31
K representing the monolayer peak. Because the 1 minute 30 second signal is the largest with clear
monolayer and multilayer peaks, we take its integrated area to be approximately one monolayer.
Figure 1 shows the TPD results of several O2 doses with different times. The four shortest dose
times, plotted in the right panel of Figure 1, show two distinct peaks in the O2 signal: one at approximately 28 K and one at approximately 31 K. Because of its smaller relative size and lower temperature,
the peak at around 28 K corresponds to the multilayer regime. The higher temperature peak at approx14

imately 31 K corresponds to the zeroth-order submonolayer regime. Because the integrated area of the
monolayer peak should have both multilayer and submonolayer regimes, we take the integrated area
of the monolayer peak from the 1 minute 30 second dose to be approximately equal to one monolayer
(1015 molecules).
From the left panel of Figure 1, there is a substantial gap between the signals from the 2 minute and
5 minute experiments (see Appendix), so the transition from multilayer dominated to submonolayer
dominated regimes is not completely clear. However, for our purposes, the integrated area corresponding to one monolayer should be accurate to within a factor of 2.

4

Description of Experiments

Table 4: Experiments discussed in this thesis. The number of monolayers for each experiment is
based on IR measurements (see Section 3.2). Temperature measurements have an uncertainty of 2 K,
monolayer film thicknesses uncertainties of at least 30 %, and UV lamp fluxes have uncertainties of
approximately 10 %.
Experiment Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Irradiation
Time (hr)
0.5
1
1
2
2
2
4
4
4
6
6
6
8
8
4
4
4
4

Temperature (K)

Monolayers

20
20
20
20
20
20
20
20
20
20
20
20
20
20
15
25
25
50

239
198
198
204
230
223
216
215
231
205
170
193
188
213
189
199
186
203

UV Lamp Flux (×1013 )
(Photons Second−1 )
5.44
5.16
7.97
5.92
5.95
8.28
4.91
5.44
5.57
5.52
3.32
6.14
5.95
6.70
5.85
4.64
6.19
8.77

All CO2 photolysis experiments used to constrain O2 photoproduction in this thesis are listed in
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Table 4. Experiment 7 is used as the fiducial experiment. Experiments 1-14, with different irradiation
times at a constant temperature of 20 K, are used to explore the relationship between O2 formation
and UV photon fluence. Experiments 15-18, in addition to Experiments 7-9, are used to compare O2
formation efficiencies at different temperatures for a four hour irradiation.

5

O2 Production: Proof of Concept

Evidence of O2 formation is given in a sample TPD result shown in Figure 2. This O2 signal, as with
all the O2 areas and signals throughout this thesis, has been corrected for O3 fractionation in the
QMS. All experiments show evidence of O2 generation for studies of both O2 formation as a function
of fluence (Figure 3) and of O2 formation at different ice temperatures (Figure 4).

Figure 2: Temperature Programmed Desorption signal of O2 (m/z = 32) from Experiment 7: 4 hour
irradiation with an ice temperature of 20 K.
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O2 starts desorbing at 25 K, with the largest feature at around 90 K. This high temperature feature
corresponds to the largest CO2 desorption peak, and no significant amounts of other molecules with
m/z = 32 are present in the chamber. For a TPD spectrum with all monitored m/z signals, see the
supplemental figures.
Figure 5 shows the second piece of evidence of O2 formation: a growing O3 IR spectral band during
irradiation of the fiducial ice (Experiment 7).
However, the QMS signal varied in an unpredictable way between experiments, preventing direct O2
TPD comparisons between them. For detailed analysis of this problem and troubleshooting attempts,
see the appendix.
Because we cannot at this moment use the O2 TPD signals to constrain O2 production yields, we
instead use IR measurements of CO and O3 production in the next section to determine upper and
lower bounds for O2 production.

6

Constraints on O2 Yields: CO and O3 Formation

In light of the inconsistencies of the TPD results, an examination of CO and O3 IR features may
provide a more accurate basis for comparison between different experiments.
CO must form before O2 , and O2 is a precursor to O3 formation. Within the CO2 ice, these
photoproducts form through a series of reactions, which we find to be in agreement with the reaction
network previously proposed by Martı́n-Doménech et al (2015) [36]:

CO2 + hν → CO + O

(7)

O + O → O2

(8)

O2 + O → O3

(9)

The above reactions are likely the dominant formation mechanisms at small fluences, when UV
photons are far more likely to interact with CO2 than any other molecule due to relative abundances.
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Figure 3: O2 TPD data as a function of fluence, collected from different experiments. Left: the QMS
signal for Experiments 1-14 as a function of temperature. Right: The total number of O2 monolayers
produced as a function of fluence. The suspiciously low yield for most of the experiments, in addition
to the presence of the three outliers (experiments 6, 9, and 14), is indicative of a QMS problem - see
Appendix.

Figure 4: O2 TPD data as a function of ice temperature following 4 hours of UV irradiation. Left: the
QMS signal for Experiments 7-9 and 15-18 as a function of temperature. Right: The total number of
O2 monolayers produced from ices at different temperatures.
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Figure 5: Evolution of the O3 feature at 1040 cm−1 over the course of a 4 hour irradiation (Experiment
7). Left: IR signals measured at different times, with increasing brightness corresponding to increasing
fluence. Right: the integrated area of this feature in number of molecules of O3 formed as a function
of photon fluence.
However, photodissociation pathways for O2 and O3 also exist:

O2 + hν → O + O

(10)

O3 + hν → O2 + O

(11)

These destructive mechanisms become increasingly relevant at large fluences, as the relative amounts
of species other than CO2 grow. As these dissociative mechanisms become more important, photoproduct formation slows and no longer resembles a linear regime. However, the relative amounts of
photoproducts will likely not change significantly. Based on the order of the primary formation mechanisms, we can predict a rudimentary estimate for the relative yields of each photoproduct. The single
step CO mechanism should result in the most production, while the more complicated O3 formation
pathway would cause O3 to be the least abundant species. O2 , our molecule of interest, would have an
estimated yield somewhere between that of its precursor, CO, and that of the dependent species O3 .
Figure 6 shows CO (yellow) and O3 (purple) IR yields as a function of photon fluence and at
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different ice temperatures.
CO sublimates at ≈ 25 K, so at temperatures below 25 K, we assume that loss of photoproducts
from the ice is minimal. With the additional assumption that CO, O2 , and O3 are the main products
of CO2 photolysis, we apply a mass balance argument to estimate the amount of O2 formed:

NO2 ≈

NCO − 3 × NO3
2

(12)

This estimation method is based off of the number of O atoms present in each species. At higher
ice temperatures (T ≥ 25 K), CO begins to desorb, and this estimation method cannot be used. The
results from this approximation for the fluence series and low-temperature ices from the temperature
series are shown in Figure 7.
For all experiments, this estimation suggests small amounts of O2 formation, approximately equivalent to O3 final yields of less than 2 ML at maximum.

7

O2 Formation Mechanism: CO and O3 Formation Kinetics

Figure 5 in the previous section showed the evolution of the O3 feature during Experiment 7, a four
hour UV irradiation at 20 K. Figure 8 shows a similar figure, showing evolution of the CO feature at
its stretching band at 2141 cm−1 for the same experiment.
CO evolution starts almost immediately, which is to be expected from the reaction mechanisms
given previously. It should be the first photoproduct to form, as it requires only the breaking of one
C - O bond in CO2 to form. O3 evolution, on the other hand, requires three steps, and so does not
begin immediately.
CO and O3 IR evolution curves as a function of fluence for several fluence series experiments are
overplotted in Figure 9. For clarity, only one experiment with each irradiation time is shown. In
agreement with the results from the fiducial experiment (from figures 5 and 8), CO evolution begins
immediately for all experiments, while O3 evolution starts after a slight delay. Both photoproducts
show a linear regime for small fluences followed by a leveling off of final amounts. For CO, the linear
regime is most prominent for photon fluences of less than 0.5 ×1016 photons, and the leveling off starts
20

Figure 6: Top: CO and O3 IR yields as a function of photon fluence, as taken from the final IR scan
at the end of irradiation for Experiments 1-14, all at 20 K. Bottom: CO and O3 IR yields at different
ice temperatures, from the final IR scan at the end of the 4 hour irradiation for Experiment 7-9 and
15-18.
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Figure 7: The same CO and O3 results from Figure 6, overplot with the O2 predicted yield from the
mass balance estimation relationship (see text of Section 6). Top: CO IR, O3 IR, and estimated O2
yields as a function of fluence for Experiments 1-14. Bottom: CO IR, O3 IR, and estimated O2 yields
at different ice temperatures, from the final IR scan at the end of irradiation for Experiments 7-9 and
15-18.
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Figure 8: Evolution of the CO feature at 2141 cm−1 over the course of an 4 hour irradiation (Experiment 7). Left: the IR signal at different times, with increasing brightness corresponding to increasing
fluence. Right: the integrated area of this feature in number of molecules as a function of photon
fluence.
much earlier.
Operating under the assumption that O2 formation follows a similarly shaped evolution pathway,
we would anticipate the shift from linear regime to occur at a fluence between 0.5 and 1 ×1016 photons.
In terms of final yield as a function of fluence, the total number of monolayers of CO formed from
Experiments 1-14 is shown in Figure 10. With the exception of a few outliers, the overall trend shows
a similar distribution to the evolution curves in Figures 8 and 9: as fluence increases, the total amount
of CO formed also increases. Net CO yield has not yet reached steady state conditions, but Figure 10
shows that after 8 hours of irradiation, the CO yield is roughly 14 ML, representing approximately 7
% of the original CO2 ice.
As a comparison, Figure 11 shows the total number of monolayers of O3 formed as a function
of fluence (Experiments 1-14). Again, the yield of O3 increases as a function of fluence, with rapid
growth at smaller fluences slowing to less drastic increases at larger photon fluences. The tapering off
at high fluences suggests that the yield approaches the maximum amount of O3 possible to form from
approximately 200 ML of CO2 . This maximum amount corresponds to about 2 ML, representing 1-2
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Figure 9: Evolution of CO (top) and O3 (bottom) IR features within experiments 1, 2, 4, 7, 10, and
14 (one experiment per irradiation time). The ozone feature consistently features a delay before any
formation is observed, then displays a linear regime followed by a leveling off. The carbon monoxide
feature starts evolving as soon as irradiation begins, and reaches a linear regime earlier.
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Figure 10: CO IR yield as a function of photon fluence from experiments 1-14 (20 K). Left: the final
IR scan at the end of the irradiation for each experiment. Right: the natural log of the number
of monolayers of CO formed. With a few outliers, the number of monolayers for these different
experiments follows a linear regime for small fluences, followed by a tapering off. This matches the
trend seen in Figure 9 for CO growth within an experiment.
% of the initial CO2 ice.

Figure 11: O3 IR yield as a function of photon fluence from experiments 1-14 (20 K). Left: the final
IR scan at the end of the irradiation for each experiment. Right: the natural log of the number of
monolayers of O3 formed. The linear regime followed by a leveling off matches the trend seen in Figure
9 for O3 growth within an experiment.
The experiments at different temperatures also illustrate this same increase in CO and O3 production as a function of fluence. The linear increase followed by a tapering off remains the same shape,
but the slope of the linear increase depends on temperature. Figure 12 shows the O3 and CO evolution
curves for Experiments 7, 15, 17, and 18, corresponding to ice temperatures of 15 K, 20 K, 25 K, and
50 K, each for a 4 hour experiment.
CO formation shows a strong temperature dependence: the rate of formation is fastest at an ice
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Figure 12: Evolution of CO (top) and O3 (bottom) IR features as a function of fluence for Experiments
7 (20 K), 15 (15 K), 17 (25 K), and 18 (50 K), all for 4 hours of irradiation. All show a linear increase
in photoproduct yield for small fluences followed by a gradual slowing of photoproduct formation.
CO shows the fastest rate of increase at an ice temperature of 20 K, with 15 K and 25 K rates
somewhat smaller. O3 evolution at 20 K, 15 K, and 25 K show comparable rates of formation. Both
photoproducts show the smallest rate of formation at an ice temperature of 50 K.
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Figure 13: CO IR data as a function of ice temperature for Experiments 7-9 and 15-18. Left: the final
IR scan at the end of the 4 hour irradiation for each experiment. Right: the natural log of the number
of CO monolayers formed.

Figure 14: O3 IR data as a function of ice temperature for Experiments 7-9 and 15-18. Left: the final
IR scan at the end of the 4 hour irradiation for each experiment. Right: the natural log of the number
of O3 monolayers formed.
temperature of 20 K, and the total amount of CO is the greatest at approximately 7 monolayers. At
all other ice temperatures, the slope of the growth curve is smaller, with the 50 K growth curve the
smallest. The 25 K evolution is more similar to the evolution at 20 K, while the 15 K evolution is
more similar to the 50 K experiment in terms of slope. All growth curves show CO evolution starting
immediately, even at low fluences.
The three smaller temperatures show comparable rates of O3 evolution, with similar slopes for the
growth curve and approximately the same number of monolayers formed: roughly 1 monolayer. Like
the CO growth curves, the 50 K O3 evolution has the least steep slope and the smallest amount of
final photoproduct formed. At all temperatures, O3 evolution does not start immediately but instead
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has a delay before any production is observed.
For more direct comparison between photoproduct yields at different temperatures, Figure 13 shows
final IR signals and CO photoproduct yields and Figure 14 shows the same for O3 . Figure 13 shows
that the number of monolayers of CO is between 4 and 10, with the maximum amount of CO formation
at 20 K.
The maximum amount of O3 formed is at an ice temperature of 20 K, though O3 yield at 15 K, 20
K, and 25 K does not vary as much as CO yield does. The total O3 yield is between half a monolayer
and two monolayers, so variation is not very large.

8

Discussion

8.1

Fluence and Photoproduct Formation

Assuming that the two step O2 formation mechanism proposed at the beginning of Section 6 accurately
reflects the dominant formation mechanisms of the photoproducts examined here, we would expect a
final photoproduct relative abundance order of the most CO, a medium amount of O2 , and the smallest
amount of O3 . Solely from the IR data, all experiments show more production of CO than O3 by a
factor of at least 3. The mass balance scheme showed in Section 6 suggests that this reaction scheme is
reasonable. We then propose that O2 formation growth curves and final yield fall somewhere between
those of CO and O3 .
Because O2 forms through a two step process, we would expect its formation as a function of fluence
to have a delay. At very low fluences, not enough free O atoms have formed from CO2 photolysis to
allow for substantial O2 production. This delay would be for a smaller time period than O3 , because
there are fewer steps in the formation mechanism. Following the delay, we would expect O2 growth
curves to first have a linear regime that slowly tapers off to a steady concentration. The fluence
required to leave the linear regime should be between that of CO and O3 , for an estimated value
between 0.5 and 1 ×1016 photons.
The estimated yield for the final amount of O2 would also fall between that of CO and O3 . For
photolysis of approximately 200 ML of CO2 , the maximum amount of CO formed appears to be about
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14 ML (Figures 9 and 10), while the maximum amount of O3 is about 2.5 ML (Figures 9 and 11). This
suggests that the amount of O2 formed is approximately between 3 ML and 7 ML. This represents 1.5
% to 7 % of the original CO2 ice.

8.2

Temperature and Photoproduct Formation

Interpretation of O2 formation at different temperatures is made slightly more uncertain by the differences in CO and O3 growth curves (Figure 12). O3 evolution at 15, 20, and 25 K seems to be
comparable, while CO evolution shows more of a difference in these growth curves. O2 could potentially follow either trend, depending on the temperature dependence of O atom combination. If
O2 follows a CO-like trend and has differences in growth curves for 15 K, 20 K, and 25 K, then the
fact that O3 does not significantly vary would suggest that the reaction of O and O2 to form O3 is
temperature-independent over this temperature range. If O2 growth curves are instead more similar
to O3 and are comparable over this temperature range, then the combination of O atoms to form O2
would be temperature-independent instead.
Because of this ambiguity, the temperature with the maximum amount of O2 yield is uncertain.
Based on the CO and O3 maximums, O2 likely has a maximum yield between 20 and 25 K. In either
case, O2 yield at 50 K is likely significantly smaller than at lower temperatures.
All photoproducts monitored show the smallest amount of formation at 50 K. The signal-to-noise
ratio is not ideal within the IR spectrum (Figures 11 and 12), so the precise number of monolayers
has some uncertainty associated with it, but the relative amount of both CO and O3 formed is still
smaller than at lower temperatures. This may be explained by looking at the temperatures where
photoproducts start desorbing in the TPD data. From the CO and O2 signals shown in Figure 18
(see Appendix), while the relative size of the peaks in the two experiments differ, both experiments
show CO and O2 desorption starting at temperatures below 30 K. At an ice temperature of 50 K,
then, large quantities of photoproducts including CO and O2 may be thermally desorbing from the
ice during irradiation. Free oxygen atoms, which O2 and O3 formation depend on, may also desorb
in greater numbers from 50 K ice than from colder ice. The resulting smaller amount of these species
within the ice would then explain the lower observed formation.
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9

Conclusions

Observations of CO2 photolysis revealed the formation of O2 . It was detected both directly from
TPD measurements following UV irradiation and indirectly from the presence and evolution of an IR
feature corresponding to O3 , which forms from O2 . While QMS issues prevent accurate comparison
of TPD data between experiments, upper and lower bounds of O2 production can be given from IR
measurements of CO and O3 formation, respectively. Based on these mass balance estimates, O2 yield
increases as a function of fluence to a maximum relative abundance of between 1 - 7 % of the original
amount of CO2 dosed. The estimation methods used provide a reasonable estimate of the right order
of magnitude of O2 production, though likely on the low side. Comparisons with CO and O3 formation
as a function of temperature suggest that this maximum relative abundance at 20 K represents close
to the maximum amount of O2 , as at higher temperatures, production of CO and O3 decreases.
These findings suggest that O2 does indeed form from CO2 photolysis. The likely optimal conditions for its formation would be a high UV fluence and a CO2 ice temperature of between 20 - 25
K. This temperature range is possible for interstellar ices, so this pathway could be responsible for
some interstellar or cometary O2 , though other formation mechanisms seem likely required to produce
O2 in the observed abundances. Future experiments to better characterize O2 formation yields and
pathways would include both TPD and IR data to provide quantitative O2 information. Additional
future experiments would including monitoring of O2 production from photolysis of mixed, isotopically
labeled, CO2 and H2 O ices to determine whether yields are larger or smaller than in single-species ice.
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Appendix I: QMS Troubleshooting

All experiments show evidence of O2 formation, but the distribution of O2 yield is puzzling. We expect
to see a steady increase in O2 production with fluence. However, instead we see a small, near-constant
amount of O2 production (Figure 3) for the majority of experiments, and a few outliers with larger
O2 production.
Possible causes for this problem include overall QMS sensitivity variability, large actual differences
in detection efficiency for different molecules, and vacuum chamber contamination. Based on ion
counts during CO2 dosing and O2 dosing, contamination of m/z = 44 and m/z = 32 seem unlikely.
Visible H2 O as a background signal is occasionally present, but because no CO2 photolysis experiments
involve the dosing of H2 O, we anticipate this to be a constant background signal. H2 O desorbs at higher
temperatures than all other molecules monitored in CO2 photolysis. If significant amounts of H2 O
did accumulate on the crystal during irradiation and somehow trap the missing O2 , we would expect
significant amounts of O2 desorption at the same temperature as water during a TPD. This is not
seen.
Variations within QMS signal for the same mass to charge ratio occurred even during the same
day of experiments: all O2 monolayer thickness data (Section 3.3, especially Table 3) were collected
on the same day. Another experiment not listed, collected during the same day, was for a dose time
of 4 minutes, but had an O2 TPD signal in the 10−11 range, while the other experiments all had
signals within the 10−9 range. Such a large discrepancy adds to the lack of reliability of comparing O2
experiments to each other directly.
Returning to the CO2 photolysis experiments, at small fluences, we expect a linear increase in O2
production while the amount of O2 is significantly smaller than the amount of CO2 . As the fluence
increases, the final amount of O2 should level off as reactions that consume O2 become more prevalent.
However, the majority of the the experiments seem to show significantly less than one monolayer of
O2 formed, with the yield remaining roughly constant. The few exceptions (experiments 6, 9, and 14)
show several monolayers of O2 formed.
However, evidence from the evolution of O3 (Figures 4 and 6) suggests that O2 yields of significantly
less than one monolayer are unlikely, because the final amount of O3 formed is approximately 1.2
monolayers in the fiducial experiment (Experiment 7), and O3 is expected to form from O2 .
Another potential correction method is to compare the CO IR and TPD signals and determine
a “scaling” factor to convert between molecules detected in the IR and TPD areas. Assuming that
CO and O2 have comparable QMS sensitivity, this conversion factor could be used to scale O2 yields
to reflect IR photoproduct amounts. These scaled O2 yields are plotted in Figure 15, and still show
very small yield. After scaling, all O2 yields are within the range of 1 ×1010 molecules, five orders of
magnitude smaller than one monolayer.
This is indicative of differences between CO and O2 TPD signals: two sets of CO and O2 signals are
shown in Figure 17. These two sets are from Experiments 7 and 9, which have comparable parameters
(4 hour irradiation, 20 K), and yet differ greatly. Experiment 7 shows very small O2 yield relative to
CO yield, while Experiment 9 shows less of a difference. A complete list of CO to O2 TPD area ratios,
and CO IR-to-TPD conversion factors, for all experiments can be found in Table 5.
In addition to differences in integrated area, the peak shapes in Figure 17 show very different
features. For Experiment 7, which is indicative of most of the experiments, CO starts desorbing at
around 25 K but has a larger at 85 K. O2 also starts desorbing at this low temperature, but to a much
smaller degree (see Figure 1 for a more detailed TPD signal). The large CO and O2 feature at around
85 K is coincident with the main desorption peak of unreacted CO2 , suggesting that a significant
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Figure 15: Left: O2 production as a function of total fluence. Right: O2 production as a function of
CO2 molecules consumed. The O2 production is calculated from integrated TPD area of m/z 32, and
O2 area to molecules conversion factor is from O2 TPDs (see Figure 1). The CO2 molecules consumed
is calculated from the difference in column densities in IR spectra (see Table 2 for band strengths).
The average percent conversion from CO2 to O2 of the three outlying experiments (experiments 6, 9
and 14) is 67 %, while the average percent conversion of all other experiments is 2.7 %. The average
percent conversion over all experiments is 16.5, because the three outliers are significantly higher.

Figure 16: Ratio of CO IR area at the end of an irradiation vs CO area from a TPD plot for experiments
1-14.
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Figure 17: Two sets of CO and O2 TPD signals, showing very different features. Left: CO and O2
signals from experiment 7, which shows a very small O2 peak relative to CO. Both species have a large
peak at about 85 K, corresponding to species trapped in, and desorbing with, the CO2 ice. Right: CO
and O2 signals from experiment 9, which shows a larger O2 peak relative to CO. Both species have an
additional feature at about 35 K. A complete list of CO to O2 ratios for all experiments is found in
Table 5.
Experiment Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

O2 : CO TPD Area Ratio (×10−2 )
3
3
5
2
8
20
3
6
15
4
4
4
7
16
9
3
5
9

CO Conversion Factor
2.3 ×10−6
1.3 ×10−6
1.1 ×10−6
5.1 ×10−7
7.4 ×10−7
1.6 ×10−5
4.6 ×10−7
4.5 ×10−7
2.3 ×10−6
3.2 ×10−7
7.6 ×10−7
3.0 ×10−7
4.7 ×10−7
4.0 ×10−6
1.4 ×10−6
5.6 ×10−7
6.5 ×10−7
5.8 ×10−7

Table 5: O2 to CO TPD area ratios and CO IR-TPD conversion factors. A two-order difference in
conversion indicates a potentially major lack of stability in the QMS measurements.
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amount of photoproducts are trapped within CO2 ice layers.
In contrast, Experiment 9 shows stark differences in the the size of the low-temperature and hightemperature features relative to their sizes in Experiment 7. For both photoproducts, the feature at
around 35 K is significantly larger than the 85 K feature. This seems to suggest that more photoproducts are on the surface than within the ice layers. For these comparable experiments, a difference this
drastic is surprising.
Additionally, the variation in CO IR to TPD conversion factors appears to suggest that this QMS
sensitivity issue may affect other masses besides m/z 32 (Figure 16 and Table 5).
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Supplemental Figures

Figure 18 shows all monitored mass to charge ratios (see Table 2) for the fiducial CO2 TPD experiment
(Experiment 7). Figure 19 shows the number of CO2 molecules consumed as a function of photon
fluence. All values in this figure are estimates, because these spectra are taken at an angle relative
to the IR detector and column densities at angles are sensitive to impurities including photoproducts.
This follows an overall linear trend: the greater the fluence, the more CO2 molecules react. At very low
fluences, ice re-structuring dominates the CO2 signal. Figure 20 shows the O3 IR to TPD conversion
factors for all experiments.

Figure 18: Temperature Programmed Desorption of all monitored fragments (see Table 2) following a
4 hour irradiation at 20 K (Experiment 7).
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Figure 19: CO2 molecules consumed as a function of fluence for Experiments 1-14, calculated from the
difference in column densities in IR spectra taken at the beginning and end of UV irradiation.

Figure 20: O3 IR vs TPD areas for time series (Experiments 1-14).

40

