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ABSTRACT

THERMAL AND RADIOLYTIC PROCESSING OF

ASTROPHYSICAL ICE ANALOGS

PATRICK DAVID TRIBBETT

Volatile molecules (water (H2O), carbon dioxide (CO2), methane (CH4), hydrogen sulfide (H2S), etc.)

present in astrophysical environments condense as ices onto surfaces as large as planetary bodies, and as

small as interstellar dust grains. Once condensed, these ices are exposed to both ionizing radiation and

thermal processing, which alters their chemical history. To understand the distribution of molecular ices in

the solar system and the interstellar medium (ISM), determine reaction pathways to complex molecules in

the condensed phase, and interpret spectral data from observational, mission, and modeling studies, it is

fundamental to describe the processes that alter molecular ices at low temperatures and pressures.

Here I present experimental studies characterizing these astrophysically-relevant ices and several of the

radiolytic and thermal processes that alter these ices. Experiments are performed in a new ultra-high

vacuum chamber in the Processes Environments and Astrochemistry on Extraterrestrial Surfaces (PEAXS)

Laboratory at Northern Arizona University (NAU), which was constructed in partial fulfillment of this

dissertation.

Charged particle bombardment of H2O ice surfaces simultaneously produces radiolytic products and

sputters material, providing source material for the tenuous atmospheres around icy satellites, including

Europa. We measure the total sputtering yield, or number of ejected molecules per incident ion, for low energy

argon ions, analogous to the cold, heavy ion population within the magnetosphere of Jupiter, at temperatures

relevant to Europa. We find that current theoretical sputtering models over predict our empirical radiolytic

oxygen sputtering yields, and consequently the contribution of sputtered molecular oxygen (O2) due to the

cold, heavy magnetospheric ions that irradiate Europa.

The observational absence of the stable low temperature phase of H2O ice, microporous amorphous

solid water (ASW), in the outer solar system and ISM is surprising given that temperatures should favor

the formation of microporous ASW during ambient condensation. However, we demonstrate that energetic

electrons efficiently compact amorphous ice, destroying porosity and internal surface area. We find that

microporous ASW should only be expected in the youngest ices in interstellar molecular clouds. To enable

future detection of microporous ASW using the James Webb Space Telescope (JWST), we identify several

new near-infrared (NIR) features indicative of microporous ASW and demonstrate how they may also probe,
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the currently elusive homonuclear molecules.

Thermally-driven chemical reactions within astrophysical ices receive significantly less attention than

radiation-driven chemistry due to the low temperatures and minimal diffusion associated with astrophysical

ices. However, we find several instances of thermally-driven oxidation reactions that occur at temperatures

as low as 70 K. We demonstrate that a reaction occurs in ice mixtures of H2S, ozone (O3), and H2O

producing sulfur dioxide (SO2), sulfur anions, and O2 at low temperatures, and hydrated sulfuric acid at

high temperatures. This reaction is consistent with the observed hemispheric separation of sulfur species

and radiolytically-produced oxidants on the Jovian satellites. We also demonstrate that a reaction occurs

within ammonia (NH3), O3, and H2O ice mixtures that produces the nitrate ion, which is thermally stable

as ammonium nitrate salt at high temperatures. Ammonium nitrate exhibits several NIR spectral features

that may be consistent with the observed 2 µm features on several icy solar system worlds, including Charon,

Miranda, and Enceladus.
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Preface
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Chapter 1

Introduction

Volatile molecules can condense onto the surfaces of astrophysical objects as large as planets and as small as

interstellar dust grains. For example, water (H2O) ice has been detected on the surface or in the atmosphere

of nearly every planetary body in the Solar System (Schmitt et al., 1998). These detections include incredibly

dry objects like Mercury and the Moon, which may have H2O within permanently shadowed craters or buried

at depth (Harcke, 2005; Spudis et al., 2013), and the possibly oceanic moons of Jupiter and Saturn (Fink

et al., 1973; Fink & Larson, 1975). H2O ice is by far the most abundant condensed volatile in the universe;

however, it is not alone. Many other volatile molecules have been detected within the solid-phase both in

the outer solar system, and the interstellar medium (ISM). These molecules include but are not limited to

carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), ammonia (NH3), sulfur dioxide (SO2), and

hydrogen sulfide (H2S). Decades of astronomical observations provide spectroscopic evidence for the presence

of these ices through fingerprint spectral1 features within the infrared (0.8 - 10 µm) and ultraviolet-visible

(0.2 - 0.7 µm) wavelengths, though the observing geometry differs for solar system objects (reflected and/or

thermal light) and the ISM (transmitted light). A slightly more comprehensive collection of solar system ices

on each major planetary body is shown in Table 1.1, along with relevant spectral features. It is important

to note that a majority of the known interstellar molecules have been detected in the gas phase only.2 In

fact, the number of detected ices in the ISM is dwarfed by the number of those detected within the solar

system (Tielens (2005), Table 1.1). However, the number of known interstellar ices is expected to drastically

increase with the recent launch of the National Aeronautics and Space Agency (NASA) James Webb Space

Telescope (JWST), which has a significantly improved sensitivity and spectral resolution compared to its

predecessors (Bagnasco et al., 2007).

Icy material on the surface of solar system objects and on interstellar dust grains exists in a variety of

1Spectral features refers to spectroscopy or the study of how light interacts with materials. Each composition of ice interacts
with light differently, resulting in specific, identifiable features.

2Gas phase molecules can be detected from distinct rotational transitions that result in emitted or absorbed radio wave-
lengths. Importantly, Earth’s atmosphere is transparent in the radio wavelengths.
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different environments (Table 1.1). For example, interstellar ices exist in dense, cold molecular clouds at

temperatures as low as 10 K (Caselli & Ceccarelli, 2012) and are bombarded with ionizing radiation, both

in the form of energetic particles (largely protons and secondary electrons, Webber & Yushak (1983)) and

ultraviolet photons (Prasad & Tarafdar, 1983). H2O ice on the surface of Europa experiences significantly

warmer temperatures (80 - 130 K; Spencer et al. (1999)) and a distinct radiation environment due to Jupiter’s

magnetosphere and influences from the volcanos on the nearby moon Io (Cooper et al., 2001). These different

environments alter ices through thermal and radiation processing to varying degrees, and result in changes in

physical structure, chemistry or the formation of different molecules, and in the optical properties of the icy

material. Even H2O ice, which is incredibly common and considerably less complex than an organic molecule

like glycine (C2H6NO2), simultaneously experiences structural changes like compaction and amorphization

(i.e. loss of crystalline structure), the formation of new molecules through radiolysis (H2, O2, H2O2), and

the sputtering or ejection of material, all of which is temperature dependent and drastically alters the

observable optical properties of the H2O ice. Understanding these alterations due to thermal and radiation

processing is required to interpret the spectral data acquired during observational campaigns, missions,

and modeling studies. The interpretation of remote sensing data enables astronomers to address scientific

questions regarding the distribution of molecular ices in the solar system and the ISM.

Laboratory measurements and techniques directly probe the thermal and radiation-driven alteration of

icy surfaces and how these processes affect the observable properties of the ices. Typically, these techniques

deposit thin film (e.g. thicknesses of ∼ 0.1 - 2 µm)3 ice samples under ultra high vacuum (UHV) conditions,

and expose these samples to varying radiation and thermal environments (Schmitt et al., 1998; Baragiola

et al., 2002). To analyze the samples before, during and after thermal and radiation alteration, these studies

typically use analytical tools with astronomical analogs, like multi-wavelength range spectroscopy, or tools

that illustrate interactions between light and material. For example, laboratory infrared (IR) spectra show

molecular bonds present within an ice sample and consequently can probe the thermal- and radiation-induced

synthesis of new molecules, while providing tools for astronomical detection (e.g. new IR bands) and methods

for quantification (e.g. band strengths). Identification of new, resultant molecules, indicative of a specific

alteration processing, provides information that informs the distribution of molecular ices in both the solar

system and the ISM.

Often times additional analysis of laboratory spectral measurements is required to extract all possible

information out of laboratory studies. For example, Teolis et al. (2007b) demonstrated that reflectance

geometry spectral measurements can be modeled following the Fresnel equations for specular reflectance and

that these model calculations are required to extract important ice properties (e.g. thickness, density, etc.)

3A human hair is approximately 50 µm thick or at least 25x thicker than a vapor deposited thin film.
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due to thin film interference effects. Experimental studies have incorporated these models (Raut et al., 2007b,

2008); however, many of these works use fairly crude methods for both fitting data with spectral models,

and error representation. Some studies have demonstrated a more sophisticated analysis of laboratory data,

with a particular emphasis on the calculation of optical constants (Gerakines & Hudson, 2020); however,

there remains room for laboratory work to continue to incorporate novel statistical methods to fit spectral

data with physical models and extract relevant parameters.

This dissertation provides both laboratory and model-driven studies that encompass a diverse range of

astrochemical topics related to both the radiolytic and thermal processing of interstellar and solar system

ice analogs. Chapter 2 details the specifications of a new UHV chamber constructed in the Processes

Environments and Astrochemistry on Extraterrestrial Surfaces (PEAXS) Laboratory at Northern Arizona

University (NAU). Chapter 3 and 5 demonstrate the physical and chemical alteration of ices due to radiation,

typical of specific astrophysical environments, and quantify the rates of these processes, which is crucial to

explain observations of these environments. Chapter 6, 7, and 8 demonstrate the physical and chemical

alteration of ices due to thermal processes, and highlight the importance of ice temperature. Despite being

consistently overlooked within astronomical literature, thermally-driven reactions result in chemical products

that are consistent with molecular distributions throughout the solar system. Additionally, this dissertation

demonstrates the utility of incorporating sophisticated statistical analyses, derived from other disciplines

of astronomy and planetary science, into the analysis of laboratory data. Chapter 4 shows a traditional

example of Bayesian Inference applied to an atmospheric chemistry and structure problem in planetary

science, and Chapter 5 adapts this technique to laboratory astrophysics. Finally, implications of these

studies and potential avenues for future work are discussed in Chapter 9.
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Chapter 2

Methods and Materials

2.1 Experimental Setup

Under the guidance of Mark Loeffler, I constructed the ultra high vacuum (UHV) chamber employed through-

out the remaining chapters to produce, alter, and analyze thin film astrophysical ice analogs as a part of

this dissertation work. Here, I present a comprehensive description of each component of the UHV chamber

system, all modifications, calibrations, and the analytical techniques and procedures used in the subsequent

chapters.

2.1.1 Ultrahigh Vacuum Chamber

The base system is a custom-made stainless steel (Standard 304SS Material) vacuum chamber made by Nor

Cal Products (Figure 2.1). A schematic of the UHV chamber along the polar angle 0◦ is shown in Figure 2.2.

The chamber possesses 25 conflat ports: four 6” diameter ports, seventeen 2.75” diameter ports, four 1.33”

diameter ports. The ports are located at 0◦, 60◦, 90◦, 120◦, and 180◦ polar angles and between 0 - 360◦

azimuthal angles. The base chamber pressure is ∼ 1× 10−8 Torr at room temperature and ∼ 3× 10−9 Torr

at ≤ 200 K. The pressure is expected to be approximately one order of magnitude lower within the thermal-

radiation shield surrounding the sample and sample holder (shown in Figure 2.5). A differential pumping

system maintains the chamber base pressure. This system includes a IDP-7 Dry Scroll Vacuum Pump by

Agilent Technologies (10−1 - 10−2 Torr) and a TwisTorr 304 FS turbo pump by Agilent Technologies (10−8

Torr). The improved pressure at the sample surface occurs due to the cold-trapping, or cryogenic pumping

of the substrate and the thermal radiation shield. A UHV ionization gauge and Terranova Model 934 Wide

Range Vacuum Gauge Controller continually monitors the chamber pressure.

An Advanced Research Systems closed cycle Helium cryostat cools the sample, and the temperature is

monitored with a Lakeshore Model 335 temperature controller. The working temperature range is ∼ 5−320

K, which is limited by the thermal-radiation shield modifications required for our analytical tools, and

5



Figure 2.1: UHV chamber located in the Processes Environments and Astrochemistry on Extraterrestrial
Surfaces (PEAXS) laboratory at Northern Arizona University (NAU).
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Diode

Electrical Connection

Figure 2.3: The cold finger (copper rod) and the copper block responsible for holding the quartz crystal
microbalance (QCM) reflective gold substrate. Note the temperature diode attached to the right hand side
of the copper block (labeled on figure). The remainder of the cold finger is attached to the cold head, which
can be more easily seen in Figure 2.1 at the top of the UHV chamber.

the Indium used to improve thermal contact along the cooling stage, respectively.1 Two diodes measure the

temperature along the cooling stage: one diode is on the copper block sample holder, and one diode is further

up the cooling stage closer to the cold head (Figure 2.3). Because the second diode is closer to the cold

head, the temperatures of the diodes are typically offset. This temperature offset varies with temperature:

the offset is nonlinear and larger at low temperatures. For temperatures ≥ 50K, typical of a vast majority

of experiments shown throughout this dissertation, the offset is approximately 0.5 - 0.7 K. The diodes

were calibrated using the temperature of liquid molecular nitrogen (N2), which we measured to be 75.250

K. Compared to the temperature of liquid N2 in Flagstaff, Arizona, calculated using Clausius-Clapeyron

Equation, 75.30904 K (Meier, 2019), the absolute error of our sample holder diode is ∼ 0.078%.

The sample substrate is a highly reflective, optically flat gold mirror electrode of an Inficon IC6 QCM

(Figure 2.4). The QCM substrate is mounted on the copper block, and is in thermal contact with the cooling

1Indium is an incredibly soft metal with a high thermal conductivity and acts a putty between copper connections within
the QCM sample. This putty improves the thermal conductivity in the QCM. Indium has a low melting temperature (∼ 430
K), and the QCM operating temperature range ensures that the indium does not deform.
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Figure 2.4: QCM optically flat gold mirror substrate.

stage. A cylindrical thermal-radiation shield surrounds the cooling stage and sample holder minimizing

sample heating due thermal-radiation from the chamber walls. To accommodate the QCM electronics,

and sample exposure to the analytical tools, the thermal-radiation shield has two circular holes and two

rectangular slit modifications (Figure 2.5). The sample can be rotated 360◦ using the McAllister Technical

Services sample manipulator, which sits underneath the cryostat cold head (Figure 2.1).

2.1.2 Analysis Techniques

2.1.2.1 Infrared Spectroscopy

I acquired all infrared (IR) data presented in this dissertation using a Thermo Scientific Nicolet iS-50 Fourier

Transform Infrared Spectrometer (FTIR) light source (Figure 2.6), external optics, and a Mercury Cadmium

Telluride (MCT/A) detector. Figure 2.7 shows the internal components of the FTIR. Light from either an

IR (10,000 - 650 cm−1) or a near-infrared (NIR) source, also called the white light source, (11,500 - 2000

cm−1) is collimated using an off-axis parabolic (OAP) mirror toward the interferometer through the XT-KBr

beamsplitter (Thermo Scientific proprietary material, 11,000 - 350 cm−1). The interferometer beamsplitter

9



Figure 2.5: Cold finger (Figure 2.3) and QCM substrate enclosed with the thermal-radiation shield. The
machined holes in the thermal-radiation shield are required for any remote sensing techniques and to allow
space of the necessary QCM electronics (top).
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Figure 2.6: Thermo Scientific Nicolet iS-50 FTIR used for all IR experiments throughout this dissertation.
The light source can be directed through external port on either side of the FTIR, which are roughly
enclosed with the 4” diameter polyvinyl chloride (PVC) pipes. These two ports enable usage for both UHV
ice chambers in the PEAXS laboratory. The PVC pipe exiting toward the right is the beam path toward
the UHV chamber constructed for the work described in this dissertation.

sends one beam toward a moving mirror and the second beam toward a stationary mirror. The resultant,

combined beam, or interferogram exits the external FTIR port, toward the external optics.

The external optics direct the light toward the sample and substrate, and direct the reflected light from

the sample and substrate to the MCT/A. Figure 2.8 shows the external optics prior to interaction with the

sample and substrate. Note that both sets of external optics are enclosed in handmade acrylic plastic boxes

connected to the dry air purge system (discussed below). These acrylic boxes isolate the sensitive optics from

dust, and stray light, and maintain the dry air purge along the entire IR and NIR beam paths. After exiting

the FTIR, the light is reflected 90◦ and focused onto the sample and substrate using an 14” OAP mirror.

The angle of incidence is 37.5◦ relative to the gold substrate normal. The beam spot diameter on the sample

is approximately 5 - 6 mm. Specularly reflected light (37.5◦) from the sample and substrate is redirected 90◦

using an 14” OAP mirror toward 2” OAP mirror, which directs the reflected light another 90◦ and focuses

the light on the MCT/A detector (Figure 2.9). The chamber port windows that the light passes through are

11
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Figure 2.7: The internal components of the Thermo Scientific Nicolet iS-50 FTIR with the automatic beam-
splitter exchange (ABX) system installed. (A) IR beam source. (B) White light beam source. (C) OAP
mirror. (D) Interferometer. (E) OAP mirror. Note that the beamsplitter is hidden below the ABX system,
which is directed out of the page, and the passport mirror is slightly out of frame below the (C) mirror.
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Figure 2.8: External optics that direct the light exiting the FTIR toward the sample within the UHV
chamber. Light enters from the right, and is reflected off the OAP mirror toward the sample. The beam
path is denoted with red arrows.

KBr. Liquid N2 cools the MCT/A detector. The MCT/A reads the interferogram and the native software,

Omnic, converts the reflected intensity into a wavelength-dependent spectrum. For overnight experiments

(isothermal annealing experiments), I added liquid N2 to the MCT/A every 8 - 10 hours. The entire beam

path is purged continuously using dry air from a Parker Balston Model 75-62 Dry Air Compressor. This

purge removes most of the IR spectral features due atmospheric carbon dioxide (CO2) and water (H2O)

vapor from the final reflected light spectra.

I acquired all IR spectra as reflected intensity (arbitrary units), and subsequently converted the spectra

into units of optical depth (τ). Optical depth is determined through the following relationship:

τ = −ln

(
R

R0

)
(2.1)

where R is the reflectance intensity from the sample, and R0 is the reflectance intensity from the bare gold

substrate. Figure 2.10 shows a raw reflectance spectrum of the gold substrate, the gold substrate with a

deposited H2O-ice sample, and the resultant spectrum in units of optical depth. The optical depth spectrum

13
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Figure 2.9: External optics that direct the interferogram toward the MCT/A detector after interacting with
the sample within the UHV chamber. Light exits the chamber from the port at the top of the image and is
reflected 90◦ from the OAP mirror, and another OAP mirror reflects the light 90◦ on the MCT/A detector
inlet. The beam path is denoted with red arrows.
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enables easy visualization of the IR bands of interest, which are identified in the figure caption. The spectral

acquisition is automated and uses the a labview script written in-house by Robyn Meier and Mark Loeffler.

This script writes the QCM frequency before and after acquisition, sample diode temperature before and

after acquisition, and timestamp to a text file for each spectrum acquired and saves each spectrum as the

Omnic native file type (.spa). Once the experiment is completed, I convert each of the files into ascii type

files (.csv) manually using another labview script written in-house by Robyn Meier and Mark Loeffler. This

script converts each file into units of optical depth, given an input reference spectrum, and writes all data

into a single ascii file for additional analysis. In some cases, I manually remove remove excess water vapor

or atmospheric CO2 from the spectra using a spectrum of atmospheric water vapor. I apply a background

subtraction to some of the spectra shown in the remaining chapters of this dissertation either for visual

clarity (5th order polynomial baseline) or to integrate spectral bands (linear baseline). I wrote a python

script to automate spectral band integration, which was especially important for the isothermal annealing

experiments discussed below where I generated between 1300 and 1400 individual spectra. Within the script

I provided integration boundaries, subtracted a linear baseline between the boundaries, and calculated the

band area for each spectra, which I saved in a single ascii file for later use. This script is located on the

PEAXS laboratory computers for future use.

2.1.2.2 Ultraviolet Visible Spectroscopy

I acquired all Ultraviolet-Visible (UV-Vis) measurements presented in this dissertation using an Avantes

2048XL fiber optic spectrometer, and halogen and deuterium light source (Figure 2.11). The halogen and

deuterium light source, emitted along a fiber optic, is incident on the sample substrate at 37.5◦, and the

specular reflection is detected by the fiber optic spectrometer. The final reflectance spectra (R) shown in

this dissertation are calculated by the following relationship:

R =
Iλ,s − Iλ,d
Iλ,r − Iλ,d

(2.2)

where Iλ,s is the intensity of light reflected by the sample and substrate, Iλ,r is the intensity of light reflected

by the bare gold substrate or the reference spectrum, and Iλ,d is the dark signal or signal recorded when the

light source is off.

2.1.2.3 Mass Spectrometry

Mass Spectrometry (MS) enables the determination of the composition of molecules ejected from the ice

sample through sublimation during linear heating. I acquired all mass spectra using a Stanford Research
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Figure 2.10: Representative infrared data required to derive an optical depth spectrum. Top: IR reflected
intensity of the bare gold substrate (i.e. no ice sample present) using the white light source beam. Note
the minimal atmospheric H2O vapor absorption lines near ∼ 3µm. Middle: IR reflected intensity from a
representative H2O ice sample deposited onto the gold substrate using the white light source beam. Bottom:
calculated optical depth spectrum of a representative H2O ice sample deposited onto the gold substrate using
the white light source beam. The large feature around 3300 - 3000 cm−1 is the symmetric and asymmetric
O-H stretch. Minor features are visible around 3700 cm−1 (O-H stretch of 3-coordinated H2O molecules;
discussed in detail in Chapter 6) and 2200 cm−1 (2nd overtone of the H2O lattice vibrationa or a combination
bending and lattice vibrationb). a Hardin & Harvey (1973); Hagen et al. (1981). b Giguère & Harvey (1956).
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Figure 2.11: Avantes UV-Vis Spectrometer halogen (360 - 2500 nm) and deuterium (190 - 400 nm) source.
Note that the wavelength range of interest for the studies does not exceed 700 nm.
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Figure 2.12: Enclosed mass spectrometer used for several studies within this dissertation work. The ionization
grid is highlighted here, along with the copper gaskets required to seal the conflat UHV chamber ports.

Systems Residual Gas Analyzer (RGA-100) Quadrupole Mass Spectrometer, which is shown in Figure 2.12.

The mass spectrometer operates by heating a filament to produce an electron source, which are accelerated

by applying a voltage across a metal grid, resulting in electron impact ionization. Then a quadrupole mass

filter separates the ionized gas based on their mass-to-charge ratio. I operated this instrument in one of two

modes, analog or pressure vs. time. The analog mode monitored mass-to-charge ratios between 1 and 100

atomic mass units (amu) by individually scanning the partial pressure of each mass-to-charge ratio channel.

This mode was used during initial leak testing of the UHV chamber to determine the baseline partial pressure

of contaminant gases. The pressure vs. time mode enabled real-time monitoring of individual mass-to-charge

ratio channels during experiments. Common mass-to-charge channels monitored include 18 (H2O
+), and 32

(O+
2 ).

2.1.2.4 Quartz Crystal Microbalance Gravimetry

As briefly mentioned in Section 2.1.1, ice samples condense onto the optically flat gold mirror electrode of

an Inficon IC6 QCM. This QCM substrate enables constant monitoring of the sample areal mass, which I
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Figure 2.13: QCM frequency as a function of time during the growth of a ∼ 10, 000 Hz H2O ice sample at
20 K. Note that the removal or sublimation of material would result in an increase in QCM frequency.

use to calculate a sample column density assuming relative concentrations, and a sample thickness assuming

an ice density. The quartz crystal within the QCM is a piezoelectric material, or a material that oscillates

at a resonant acoustic frequency when an electric voltage is applied across the crystal. This fundamental

frequency varies slightly for each substrate but is approximately 5.879 MHz. This frequency is sensitive to

the areal mass deposited onto the reflective gold substrate. As mass adsorbs or desorbs from the sample,

the frequency becomes lower or higher, respectively. As a representative example, Figure 2.13 shows the

quartz crystal frequency changing while depositing a pure H2O ice sample at a constant deposition rate

and constant temperature. Note that the crystal frequency also changes with temperature. Figure 2.14

shows the QCM frequency while changing the temperature of a blank sample (i.e. no deposited ice sample).

This temperature dependence is consistent for an individual crystal, and allowed for the determination of

sublimation during linear heating.

From the measured oscillation frequency, the change in areal mass of the sample is determined from the
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Figure 2.14: QCM frequency curve as a function of temperature for the bare gold substrate (i.e. no deposited
ice sample). This curve is reproducible for a given gold substrate assuming the full sublimation of a previous
sample, and is reversible with temperature.

following relationship:

∆Q = −k(f1 − f0)

f0f1
(2.3)

where ∆Q is the change in areal mass, f0 is the initial frequency of the crystal, f1 is the final frequency of

the crystal, and k is a proportionality constant, k = 4.417× 105 Hz g cm−2 (Lu & Lewis, 1972). The QCM

frequency is sensitive to changes as small as 0.1 Hz or ∼ 1 ng cm−2, which for a minimally microporous,

amorphous H2O ice sample with a density of 0.82 g cm−3(Westley et al., 1998) is a column density of

4.13× 1013 H2O cm−2.

2.1.3 Chemicals

Each section below describes the purity and supplier of each chemical used throughout these studies.
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2.1.3.1 Water

Nearly all ice samples described in subsequent chapters contain H2O. Regardless of experimental conditions

and consequently, deposited ice structure, all ices are derived from high performance liquid chromatography

(HPLC) grade H2O vapors (CAS# 7732-18-5). HPLC H2O was purchased from Sigma Aldrich (Product#

270733-1L).

2.1.3.2 Argon

We purchased ultra-high purity argon (Ar) gas (CAS# 7440-37-1), 99.998% from Matheson gas (Product#

G1901175).

2.1.3.3 Methane

We purchased ultra-high purity methane (CH4) gas (CAS# 74-82-8), 99.97% from Matheson gas (Product#

G1949175).

2.1.3.4 Carbon Dioxide

We purchased CO2 gas (CAS# 124-38-9), 99.99% chemical purity from Matheson gas (Product# G1123175).

2.1.3.5 Oxygen

We purchased ultra-high purity molecular oxygen (O2) gas (CAS# 7782-44-7), 99.999% from Matheson gas

(Product# G1979175).

2.1.3.6 Hydrogen Sulfide

We purchased 99.95% purity hydrogen sulfide (H2S) gas (CAS# 7783-06-4) from Matheson gas (Product#

G1540275).

2.1.3.7 Ammonia

We purchased 99.95% purity, anhydrous ammonia (NH3) gas (CAS# 7664-41-7) from Matheson gas (Prod-

uct# G1501275).

2.1.3.8 Nitric Acid

We purchased 15 M (i.e. conc.) nitric acid (HNO3) (CAS# 7697-37-2), 70% v/v ACS grade reagent from

Sigma Aldrich (Product# 438073). HNO3 was required as both an ice mixture constituent, and as a cleaning
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Figure 2.15: H2O portion of the manifold system picture (left) and drawn schematic (right).

agent for all glass manifolds (H2O and non-reactive manifolds).

2.1.3.9 Acetone

We purchased HPLC Grade, ≥ 99.9% purity, acetone ((CH3)2CO) (CAS# 67-64-1) from Sigma Aldrich

(Product# 650501). (CH3)2CO was used as a cleaning agent for organic soluble materials (greases, oils) and

as a UHV chamber port leak testing agent, due to its high volatility/vapor pressure.

2.1.4 Gas and Vapor Manifold

The gas and vapor manifold is a single unit manifold that enables the deposition of either non-oxidizing

gases or vapors. The manifold is split into two components, a H2O vapor manifold and a “variable” gas

manifold. Both sections will be described in the sections below. The entire manifold system is pumped down

to ∼ 2.3×10−2 Torr using a refurbished Varian SD-200 mechanical oil pump from Duniway Stockroom. This

base manifold pressure is approximately an order of magnitude higher for the variable gas manifold due to

the 5 L glass bulb ballast, which will be discussed in the next section. The pressure within both sections is

monitored using a Baratron 626C capacitance manometer from MKS instruments. Both manifold sections

are connected to the UHV chamber by a Variable Leak Valve Model 203 from MKS instruments.

2.1.4.1 H2O Manifold

The H2O manifold section schematic is shown in Figure 2.15. The H2O manifold section is comprised of a

1.33” conflat port cross, bolted to a piece of aluminum, that interfaces a piece of borosilicate glassware, the

capacitance manometer, the leak valve, and pumping system.

The borosilicate glassware, shown in Figure 2.16, is filled with HPLC grade H2O. I purify the H2O by

opening the glassware stopcock and the mechanical valve to the pumping system. This process removes all
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Figure 2.16: Manifold glassware containing the H2O vapor source. The glassware is connected to the conflat
cross hardware with a cajon o-ring fitting that attaches to the kovar metal tip. The H2O vapor source is
controlled using the stopcock leak valve.

excess atmosphere trapped within the H2O. To fill the manifold with H2O vapor, the pumping system valve

is closed, and the manifold is allowed to reach an equilibrium pressure (220 - 260 mTorr). Although this

equilibrium pressure is fairly consistent across experiments, the temperature of the room, pumping time,

and relaxation time affect the equilibrium pressure. H2O vapors are leaked into the UHV chamber using

the quantitative leak valve. Regardless of the manifold pressure, I inject the vapor into the chamber at the

same rate using a quantitative leak valve (i.e. lower manifold pressure increasingly open leak valve, and vice

versa). The injection rate is proportional to the deposition rate, which is directly monitored using the QCM

substrate.

2.1.4.2 Variable Gas Manifold

The variable gas manifold section schematic is shown in Figure 2.17. The manifold section structure is

similar to the H2O manifold. A 1.33” conflat port cross is bolted to a piece of aluminum interfacing the

variable gas source, the capacitance manometer, the leak valve, and the pumping system.

The variable gas source is highlighted in Figure 2.18. The gas source is connected to both a variable
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Figure 2.17: Variable gas portion of the manifold system picture (left) and drawn schematic (right).

gas lecture bottle from a CGA-170 or 180 lecture bottle regulator, depending on the specific gas used, and

a 2 L or 5 L borosilicate glass ballast (Figure 2.19). Note that the CGA-170 and 180 regulators were used

for non-corrosive and corrosive gases, respectively. Prior to the start of a series of experiments with a given

gas, I incrementally leak the gas of interest into a ballast to fill the ballast and use it as the source of the

gas. Using the ballast as the gas source ensures consistency across individual experiments since the volume

contained a significant pressure (∼ 350 mTorr) that would not substantially change over the course of the

experiment. Over the course of this dissertation work, I used the ballast and “variable” gas manifold to

inject CH4, CO2, H2S, and NH3 into the UHV chamber. The ballast equilibrium pressure decreases as I

conduct a series of experiments with any specific gas and I compensate by increasing the leak valve opening

to achieve the desired injection rate, and the deposition rate was monitored using the QCM substrate.

2.1.5 Oxidant Manifold

In addition to the water and variable gas manifold system, this dissertation work required a manifold system

for oxidizing reagents. Unlike the water and variable gas manifold, the oxidant manifold system does not

contain any metal components. The oxidant manifold injects vapors of interest directly into the UHV

chamber using the stopcock as a leak valve. Because of the stopcock leak valve and consequently limited

control, I carefully opened the stopcock to ensure that the UHV chamber pressure did not exceed 5.0× 10−6

Torr during deposition. The QCM substrate monitors the deposition rate while I inject the oxidant. I used

the oxidant manifold for two different reactants, O3 and HNO3, in different configurations. Regardless of

configuration, the manifold was pumped down to ∼ 0.9 × 10−3 Torr using a IDP-3 Dry Scroll Pump from

Agilent Technologies. The two different configurations are described below.
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Figure 2.18: Image of Variable gas source (lecture bottle) and glass ballast. Note that this equipment is
connected to the conflat cross with a cajon tee fitting.
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Figure 2.19: Variable gas glass ballast showing the stopcock leak valve and kovar metal fitting.
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Figure 2.20: O3 manifold (left) and schematic (right).

2.1.5.1 O3 Manifold

Unlike all of the other gases used throughout this dissertation work, ozone (O3) cannot be purchased from

a chemical supplier. Instead, one of the oxidant manifold configurations has been optimized to produce O3

and deposit it into the UHV chamber. The full O3 manifold schematic, and the glassware are shown in

Figure 2.20. The O3 configuration is comprised of an O2 source (O2 Lecture Bottle and CGA-170 regulator),

pumping system, and the O3 glassware. The glassware is mounted to the UHV chamber table using a

machined and 3D-printed mount and protected with an acrylic housing. The procedure to produce O3

follows the subsequent steps. After the manifold has been evacuated (see above), I pressurize the small

volume within the CGA-170 regulator to 1.0 bar with O2 and I leak this O2 into the plastic manifold lines,

filling the glassware, which is then closed off from the O2 source using the top stopcock. Once isolated,

the glassware is exposed to a model BD-10AS High Frequency Generator (Tesla Coil) from Electro-Technic

Products, which produces an electrical discharge that arcs from the Tesla coil tip to the glassware, for

approximately 20 minutes. This arcing cracks O2 molecules into O atoms, which react to produce O3. These

reactions are summarized in Equations 2.4 and 2.5:

O2 + hν → O+O∗ (2.4)

O + O2 → O3 (2.5)

The resultant O3 condenses in a glassware arm that is submerged in a liquid N2 bath. After 20 minutes

and while the O3 is still condensed, the manifold is pumped out to ∼ 3× 10−2 Torr to remove any residual

or recombined O2. Once the residual O2 is removed, the N2 bath is removed and O3 sublimates, filling the

small ballast, and the pure O3 vapors are deposited into the UHV chamber.

27



/LTXLG�
0DQLIROG

9DSRU�
%DOODVW�2��
0DQLIROG7RZDUG�

3XPS

Figure 2.21: HNO3 glassware and stopcock leak valves (left), and the HNO3 liquid manifold attached to the
O3 manifold and UHV chamber.

2.1.5.2 HNO3 Manifold

The HNO3 oxidant manifold configuration is very similar to the O3 configuration, with two exceptions.

HNO3 does not need to be produced using the Tesla coil and a smaller manifold (liquid manifold) is required

to limit the quantity of concentrated HNO3 used in the laboratory. The full HNO3 liquid manifold glassware

is shown in Figure 2.21. The HNO3 configuration is comprised of the pumping system, liquid manifold, and

vapor manifold. The vapor manifold is the same manifold used for O3 production, and the liquid manifold

is connected between the vapor manifold and the pumping line.

To prepare the sample, I transferred 15 M HNO3 into the smaller liquid manifold using a bulb pipette.

I remove the dissolved atmosphere from the HNO3 using two freeze thaw cycles, where I freeze the 15 M

HNO3 with liquid N2 and pump down the liquid glass manifold to ∼ 2 × 10−2 Torr and warm to room

temperature. Once purified, I open the valve to the vapor manifold and allow the two manifolds time to

equilibrate (∼ 15 minutes). I leak the HNO3 into the UHV chamber using the stopcock leak valve. Despite

the fact that our starting liquid manifold composition is 70% HNO3 and 30% H2O by volume, due to the

relative vapor pressures of H2O and HNO3 at room temperature, we expect a deposited ice sample with

a H2O/HNO3 composition ratio of approximately 1 assuming that the relative vapor composition at room

temperature reflects the relative adsorption of each species to the sample substrate (Hanson & Mauersberger,

1988; Ritzhaupt & Devlin, 1991) .

2.1.6 Irradiation Source

Some of this dissertation work required the use of a radiation source to examine radiation-induced alteration

of ice samples. Specifically, Chapter 3 examines the sputtering, or ejection, of O2 from ion-irradiated H2O
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Ion Energy Raster Voltage
keV V
0.5 0.3
0.75 0.3
1.0 0.3
2.0 0.7
3.0 0.8
4.0 1.2
5.0 2.0

Table 2.1: Peak-to-Peak rastering voltages for each argon ion energy used.

ice samples. Here, I describe the ion irradiation source, the determination of the flux with a Faraday Cup,

and calibrations.

2.1.6.1 Ion Gun

The irradiation source used throughout this dissertation is a differentially-pumped model 1401 ion gun from

Nonsequitur Technologies, which is shown in Figure 2.22. This gun ionizes a source gas using accelerated

electron impacts, and extracts the ion source with a negatively biased electrode at the axial exit. To ensure

uniform irradiation, I externally rastered the ion beam in both the horizontal and vertical directions (200

Hz, 2000 Hz) using a Dual Channel 4050 Series Function/Arbitrary Waveform Generator by BK Precision.

I determined rastering voltages based on the uniformity of the beam profile over the diameter of the sample

and are shown in Table 2.1 for each ion energy of interest. I determined the beam profile using a Faraday cup

(Section 2.1.6.2). I optimized the ion source gas pressure to achieve a typical flux of ∼ 1 × 1013 ions cm−2

s−1, which corresponded to 7.5 - 9.0 mTorr. Note that this source pressure was changed in the sputtering

study (Chapter 3) to quantify the sputtering yield’s flux dependence, and the scaling factor and rastering

voltages were found to be independent of the source gas pressure.

2.1.6.2 Faraday and Electrometer

I measured the ion beam profile and ion fluxes using a Faraday Cup (shown in Figure 2.23). As ions enter a

pinhole (6.3724748× 105 µm2) in the Faraday Cup they produce a current and I measure this current using

a Keithy 6485 Picoammeter. Note that I prevent secondary electrons produced by ion impacts within the

Faraday Cup from leaving the cup by biasing the Faraday Cup in series with the electrometer with a +9 V

battery.

I attached the Faraday Cup to a linear manipulator so that I can remove the Faraday Cup from the

beam line of sight after determining the initial flux. Additionally, I recorded the flux after sample irradiation

to ensure that the beam flux did not change substantially over the course of the experiment. The ion
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Figure 2.22: Ion gun irradiation source used during this dissertation work. From left to right: ion beam exit
(covered to limit dust exposure), the tee fitting for differential pumping, the black electronics housing, and
the variable gas source and gas pressure valve.
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Ion Energy Flux Scaling Factor
keV
0.5 2.31335
0.75 2.57754
1.0 2.1959
2.0 2.25987
3.0 2.40273
4.0 2.48535
5.0 2.58842

Table 2.2: Flux scaling factors to calibrate the ion fluxes received at the Faraday Cup and at the sample.

flux stability was indirectly monitored using a thin wire in electrical contact with the Faraday cup. Note

that I biased the thin wire placed in the beam path at -9 V to avoid attracting secondary electrons from

the ionization gauge, which would drastically and inconsistently alter the thin wire current, erroneously

indicating flux variations due to the ion source. The current varied by less than 10% during the experiments,

and typically less than 5%. Since the ion beam diverges as the beam travels from the ion gun to the sample,

and our flux measurements are made with a Faraday Cup that is several centimeters upstream, I used a

scaling factor convert the measured flux to the actual flux reaching the sample. This calibration required the

use of a second Faraday Cup that was placed directly in front of the sample, and I determined the scaling

factor for each ion energy used (see Table 2.2). The relationship between the measured current and the flux

at the sample surface is:

ϕion =
I

Qe ×A×m
(2.6)

where ϕion is the ion flux at the sample surface, I is the measured current, Qe is the elementary charge

(1.60× 10−19 C), A is the area of the Faraday Cup hole (6.3724748× 105 µm2, measured using a calibrated

digital microscope) and m is the Faraday Cup flux scaling factor.

2.1.7 Warming Procedures

Examination of the effects of thermal alteration on the deposited ice samples required specific warming

procedures depending on the purpose. I used two different warming procedures: linear heating and isothermal

annealing. These next sections discuss each of these techniques and their purposes.

2.1.7.1 Linear Heating

The linear heating procedure involves warming a deposited ice sample from a starting deposition temperature

to a final temperature at a constant linear rate. I controlled the linear rate using the temperature controller

described in Section 2.1.1, and the range of safe heating rates include rates between 0.1 - 10 K min−1. The
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Figure 2.23: Faraday cup used for flux determination. The Faraday cup is attached and electrically isolated
from the aluminum L-piece and rod using Teflon padding and screws. Ions enter the small center hole and
current is read using the top copper colored wire. When conducting the experiment, the entire Faraday cup
is retracted using a linear manipulator (attached to the aluminum rod), and flux stability can be monitored
using the small thin wire, shown to the left of the Faraday Cup.
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lower limit of 0.1 K min−1 is set by the experimental time required to run these experiments. For example,

a warm from 50 K to 290 K at a rate of 0.1 K min−1 takes approximately 40 hours. The upper limit of 10 K

min−1 is set by the heating power output, which approaches the maximum heater power output and could

damage or degrade the heating element lifetime. Additionally, heating rates higher than 5 K min−1 result

in a substantial lag between the temperature diodes. Consequently, the effective working range of heating

rates is 0.1 - 5.0 K min−1.

A linear heating rate allows for the acquisition of IR data using the FTIR (Section 2.1.2.1) and sublimation

data from the QCM substrate (Section 2.1.2.4). I acquired IR spectra and QCM data over a small range of

temperatures due to the linear rate warming, and the size of this range depends on the warming rate and the

number of FTIR scans. Typically, I acquired a single spectrum or QCM data point every 1 minute or every

1 K, whichever increment results in more scans per spectrum. A typical number of scans is between 50 -

300. Regardless, the temperature associated with the spectrum and QCM data point is an average between

the starting and final temperature when the spectrum was acquired. I used the linear heating procedure

to identify reaction products, or sublimation products based on changes in the IR spectra and correlations

between the IR spectra and QCM data.

2.1.7.2 Isothermal Annealing

During the isothermal annealing procedure, I warmed an ice sample from a deposition temperature to a

temperature at a constant linear rate of 5.0 K min−1. After reaching the “isothermal” temperature, I

hold the sample at the temperature of interest for a specific time period, typically 24 hours. The range of

temperatures of interest differ based on the ice sample composition. IR spectra and QCM data are acquired

every 50 scans during both the initial warming, and the 24 hour isothermal period. Note that I acquire these

50 scans every minute (i.e. one spectrum every 5 K during warming, every minute during the isothermal

period). This technique results in a substantial number of spectra over the 24 hour time period, which is

necessary to determine the kinetic properties of interest (e.g. activation energy).

2.2 Standard Experimental Procedure

For each experiment described within this dissertation, I standardized several operating procedures. This

section describes the standard operating procedures (SOP) and where deviations that depend on the type

of experiment (e.g. irradiation, linear heating) occur.

For experiments requiring the mass spectrometer, I turned on and degassed the ionization filament to

remove any residual material from the mass spectrometer (i.e. condensed H2O). After the internal degassing
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procedures, the MS was set to pressure vs time acquisition to monitor each channel of interest. I turned

on the compressor to begin removing heat from the sample substrate, and cool the substrate from room

temperature (∼ 300 K) to 200 K at a rate of 2.5 K min−1. Once the substrate was at 200 K, I allowed

the chamber base pressure time to equilibrate (i.e. H2O condensing onto the thermal-radiation shield and

copper rod). While at 200 K, I took several steps depending on the expected analytical techniques. For

experiments requiring IR spectroscopy, I added liquid N2 to the MCT/A to cool the detector prior to any

spectral acquisition.

Once the chamber reached its cooled based pressure, ∼ 3 × 10−9 Torr, I cooled the substrate to the

deposition temperature at a rate of 2.5 K min−1. While cooling, I turned on all necessary manifold pumps

to pump manifold lines to their respective base pressures. In the case of the H2O manifold, I exposed the

H2O liquid to the manifold pump to remove any residual atmosphere gas trapped in the H2O. Once the H2O

glassware was cold to the touch, I closed the valve to the manifold pump and allowed the H2O vapor to fill

the manifold. I allowed the H2O manifold pressure to reach equilibrium prior to deposition (∼ 250 mTorr).

Once the chamber reached the deposition temperature, I acquired an IR background spectrum (800 scans)

if necessary. I closed the variable gas manifold from the manifold pump, and opened the ballast to fill the

manifold with the gas of interest. If O3 was required, I used the manifold pump to evacuate the manifold

lines, including the O2 regulator, to a based pressure of < 9 × 10−3 Torr, then the valve to the pump was

closed. I prepared the liquid N2 bath and I describe the remaining procedures in Section 2.1.5.1. If HNO3

was required, I prepared the liquid N2 and I describe the remaining procedures in Section 2.1.5.2. For ice

deposition, I rotated the sample substrate to face the deposition inlets at normal incidence. Note that I

did not use this deposition geometry for samples composed of microporous amorphous solid water (ASW),

which required background deposition or 180◦ from normal incidence. I deposited single component ice

mixtures by opening the quantitative leak valves to the desired QCM-derived rate until the sample reached

the desired ice thickness. For multi-component ice mixtures, I used a sandwich deposition method (Figure

2.24). With known QCM-derived rates, known deposition times, and the total deposited ice mass (in Hz), I

calculated the column number density of each species and derived a thickness assuming a density for each

species within the mixture. Note that this sandwich deposition does result in a small section of sample where

the species are not intimately mixed; however, this results in < 5% error in ice composition, which is within

the reproducibility of the growth conditions. Note that I measured the pressure of each manifold (excluding

the oxidant manifold) prior to and after deposition, the pressure did not vary by more than 5%, typically <

1%.

Once the ice sample is deposited, I rotated the sample substrate to normal incidence, with respect to the

ion gun irradiation source, or 37.5◦ with respect to the FTIR source. In the case of irradiation experiments,
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H2O

NH3 + H2O

H2O

Figure 2.24: QCM frequency as a function of time during the growth of a ∼ 7000 Hz H2O and NH3 ice
sample at 50 K. Color coordinated shaded regions indicate the different sandwich layers. Blue shaded regions
are regions of just H2O. The red shaded region is co-depositing H2O and NH3. No deposition is indicated
with gray shaded regions.
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I allowed the ion source to warm up for 30 minutes, prior to irradiating the sample. After the gun was

warmed up, I warmed the samples to the temperature of interest and irradiated. I measured the flux of the

irradiation source prior to and after irradiation to ensure beam stability. After irradiation, I turned off the

ion gun and warmed the sample to 200 K, at which temperature the compressor was turned off and any

residual sample sublimated. In the case of thermal experiments, I began the specific warming procedures

after deposition, and turned off the compressor either at the final temperature of interest, typically between

200 - 290 K, or after the 24 hour isothermal temperature hold.

2.3 Spectral Analysis

In addition to the laboratory methods described above, this dissertation includes statistical analysis tech-

niques to extract information from spectra. Specifically, a Markov chain Monte Carlo (MCMC) implemen-

tation of a Bayesian Inference framework is applied to spectral data, and through iteration the posterior

probability is constrained, which enables determination of a best-fit model and marginal probability dis-

tributions for individual parameters. These statistical techniques are commonplace for the evaluation of

astronomical data sets within the fields of exoplanet science and cosmology (Trotta, 2008; Macintosh et al.,

2014; Line et al., 2015). However, these approaches are significantly less common in planetary science and

virtually non-existent in laboratory-based science. For instance, laboratory science tends to apply brute

force and by-hand techniques to fit physical models to generated data sets. Bayesian inference and MCMC

algorithms enable the increasingly automated fitting of data, and provide more realistic picture of model

parameter uncertainty. For these reasons, integration of these statistical techniques into laboratory work is

crucial. To this end, this work presents the first attempts to incorporate MCMC-driven statistical analysis

into laboratory studies.

In the section below, the statistical techniques and open source software are described in detail. Following

this description, an example is provided in both Chapters 4 and 5. Chapter 4 demonstrates this technique’s

prowess in exoplanetary science, with novel applications in planetary science. The second example demon-

strates the transition from modeling remote sensing spectra to laboratory driven work. Note that these

examples require different forward models due to the vastly different physics and geometries; however, the

overall approach is identical. In addition to the laboratory-based example provided within this dissertation

work, this model and statistical approach has been successfully used by Carmack et al. (2023) to investigate

the pore accessibility of ASW using the underlying forward model described in Chapter 5.
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2.3.1 Bayesian Statistics and emcee

The statistical analysis approach used in Chapters 4 and 5 relies on a python-based MCMC implementation

of Bayesian Inference called emcee, which was developed by Foreman-Mackey et al. (2013). This robust

tool has been tested and used extensively in the exoplanet science community, and is written in python, a

powerful, open source language.

Bayesian inference is a statistical method that relies on Bayes’ Theorem of conditional probabilities to

make inferences about the distribution of a random, unknown variable or set of variables. Very generally,

conditional probability states:

P (B|A) =
P (A ∩B)

P (A)
(2.7)

where P (B|A) is the probability that event B occurs given that event A occurred, P (A∩B) is the probability

that both events A and B occurred, and P (A) is the probability that event A occurred. Let’s consider an

example about house cats. I apologize to any reader that is unable to relate. Let’s imagine that while

vacuuming your home you come across small bite marks on your house plants. Let’s imagine that your cat

likes to eat house plants, and event B is that your cat ate your house plant. Sometimes after eating your

house plants, your cat’s eyes dilate (event A). Conditional probabilities state that the probability of a cat

having eaten a house plant given that it’s eyes are dilated is equal to the probability that both events occurred

divided by the probability that the cat’s eyes are dilated. The probability that both of these events occurred

(P (A∩B)) is equivalent to the probability that event A occurred given B multiplied by the probability that

event A occurred:

P (A ∩B) = P (A|B)P (B) (2.8)

Thus, Bayes’ Theorem States:

P (B|A) =
P (A|B)P (B)

P (A)
(2.9)

Returning to the example, we now know that the probability that the cat ate a house plant given that

it’s eyes are dilated is related to the probability that the cat’s eyes dilate after eating a plant, multiplied by

the probability that the cat ate a plant, divided by the probability that the cat’s eyes are dilated. We know

from prior experience that the cat has eaten a plant on 50% of the days you have owned the cat, and you are

100% sure that you saw dilated pupils. Lastly, the likelihood that your cat’s eyes dilate after eating a plant

is about 90% because your cat notoriously overindulges. Then the probability that your cat did in fact eat
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some house plant given that it’s eyes are currently dilated is:

P (B|A) =
0.9× 0.5

1.0
= 0.45 or 45% (2.10)

Now, instead of addressing the “cat’s eyes are dilated because it ate too much plant” hypothesis, this

statistical framework can be adapted to analyze a data set using a physical model. Bayes’ Theorem is

re-written as:

P (θ|y) = P (y|θ)P (θ)

P (y)
(2.11)

where P (θ|y) is the posterior probability or the probability of a set of parameters (θ) given the data set y,

P (y|θ) is the likelihood probability or likelihood function of the data given θ, P (θ) is the prior probability

of those parameters, and P (y) is the probability of the data. Since the data exists (i.e. P (y) = 1), this

relationship is simplified. We also note that since P (y) does not depend on the fitted parameters for the

model, it is a constant of integration and can generally be ignored. Assuming the data follow a normal

distribution, the likelihood function is expressed as:

lnP(y|θ) = −1

2

∑
i

(yi − f(θ))2

σ2
i

+ ln2πσ2
i (2.12)

where yi is the ith data point, σi is the uncertainty for that data point, and f(θ) is the forward model-

derived values. The likelihood function maximizes as the model-derived values approach the data. The prior

probabilities for each parameter is determined based on known information regarding the parameters. Note

that for all studies within this work, these “priors” are uninformed or flat probabilities (e.g. binary, 1 within

a specified range or 0 outside of that range). Uninformed priors truncate the model to only allow parameter

values that are physical. For example, length parameters have a 0% chance of being negative. The use of

informed priors is discussed briefly in Chapter 9. Within the parameter value space dictated by the priors,

exploration of parameter value space determines the likelihood probability and subsequently maps posterior

probability space for each parameter of interest—enter emcee.

emcee is an open source python package that couples a MCMC algorithm to Bayesian Inference. Specifi-

cally, a modified Hastings-Metropolis algorithm pseudo-randomly samples n parameter (θ) of interest to map

the posterior probability distributions. emcee initializes a series of “walkers” with randomized initial con-

ditions. The walkers explore n-dimensional parameter space and for each position collectively evaluate the

likelihood function and consequently the posterior probability distribution for the n parameters (Foreman-

Mackey et al., 2013). Movement of the walkers is determined based on a “stretch” move, which moves a
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walker to a new position by randomly selecting another walker, extending a line between and beyond the two

walkers, and moving the original walker along that line. The movement is made if the posterior probability

for the new position improves upon the current position (acceptance condition). A more detailed description

of this algorithm can be found in Goodman & Weare (2010). For the studies within this dissertation, a

typical number of walkers and moves (or steps) is ∼ 100− 500 walkers and ∼ 500− 10000 steps depending

on the run. Walkers were randomly initialized in clusters around the a current best guess for the marginal

probability distribution mean for each parameter to ensure that walkers did not become isolated in local

distribution maxima.

The goodness of fit compared to the data sets is evaluated using the reduced chi squared (χ2
ν) criteria,

which calculates the weighted sum of the squared deviations scaled by the number of free parameters:

χ2
ν =

χ2

ν
=

1

ν

∑
i

(yi − f(θ))
2

σ2
i

(2.13)

ν is degrees of freedom or the number of data points minus the number of free model parameters, yi is the

ith data point, f(θ) is the model value, and σi is the uncertainty of the ith data point. χ2
ν values close to 1

indicate a good model fit, values << 1 can suggest possible overfitting of the data (i.e. too many free model

parameters), and values >> 1 can suggest an inappropriate physical model.

The final posterior probability distributions determined by all walkers after a prescribed number of steps

are visualized with corner plots (described in both Chapter 4 and 5). Briefly, these plots show the marginal-

ized posterior distribution for each individual parameter along the diagonal axis. The marginalized posterior

distribution is the posterior probability distribution integrated along all axes excluding the parameter of

interest. The off-diagonal plots show the 2-dimensional marginal probability distribution for pairs of pa-

rameters which can indicate correlations between parameters. Note that corner plots are typical tools for

visualizing n-dimensional parameter space (Foreman-Mackey et al., 2013; Line et al., 2015; Line et al., 2016).

These corner plots often show the 16th, 50th, and 84th percentiles for each one-dimensional marginalized

posterior distribution, or the mean and 1σ uncertainties (for a Gaussian distribution). This underlying emcee

tool is easily adapted to the project of interest, which can range wildly in topics (e.g. exoplanet transit spec-

troscopy and spectral effects due to radiation-induced compaction). Much of the heavy lifting goes into

the construction of the forward model, which is exchanged within the likelihood function. I describe each

forward model used in its respective chapter. Once a forward model is formalized and the data is acquired,

emcee hammers away (Foreman-Mackey et al., 2013).
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Chapter 3

The Sputtering of Radiolytic O2 in Ion Irradiated H2O-ice

Patrick D. Tribbett1, Mark J. Loeffler1,2

This is the Accepted Manuscript version of an article accepted for publication in Surface Science. Elsevier
B.V. is not responsible for any errors or omissions in this version of the manuscript or any version derived
from it. The Version of Record is available online at https://doi.org/10.1016/j.susc.2021.121797.

3.1 Abstract

Charged particle bombardment alters the physical and chemical properties of extraterrestrial icy surfaces

by simultaneously producing radiolytic products and sputtered material. To better understand these phe-

nomena, we measure the total sputtering yield of H2O-ice induced by 0.5 - 5 keV Ar+ at temperatures

between 40 and 120 K, using microbalance gravimetry as our analytical tool. In addition, we also estimate

the sputtered flux of radiolytic products formed during irradiation and in both cases find good agreement

with comparable laboratory studies. At 120 K, we find that the O2/H2O sputtered ratio increases nearly

linearly with the ion range suggesting that the ions are stopping at depths where O2 is still efficiently being

produced below the surface. Furthermore, we find that although theoretical models appear to over predict

our O2 sputtering yields by about of factor of three, we can make a small adjustment to this model, which

improves the agreement between the model and the laboratory data significantly. This empirical adjustment

may have implications for models of energetic processing that occurs on extraterrestrial icy surfaces, such as

Europa, where low-energy ions are thought to be the primary source producing O2 from sputtering of the

surface H2O-ice.

Keywords: Sputtering; Water ice; Low energy ions; Radiolysis; Europa

3.2 Introduction

Planetary surfaces with absent or tenuous atmospheres are irradiated with charged particles. These particles

can significantly alter the composition of the surface, as well as erode the surface through processes includ-

1Department of Astronomy and Planetary Science, Northern Arizona University, PO Box 6010, Flagstaff, AZ 86011, USA
2Materials Interfaces in Research and Applications, Northern Arizona University, PO Box 6010, Flagstaff, AZ 86011, USA
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ing sputtering. Sputtering occurs when incoming particles collisionally remove material (nuclear or elastic

sputtering), electronically excite and eject material (electronic sputtering), or produce and consequently

release radiolytic products (Sigmund, 1969; Brown et al., 1978; Haring et al., 1984). Sputtering by magneto-

spheric charged particles is responsible for the production of extended atmospheres around the Jovian and

Saturnian icy satellites (Plainaki et al., 2012; Johnson et al., 2009, 2006). For this reason, the sputtering of

water (H2O)-ice via energetic ions has been extensively studied, particularly for hydrogen, helium, and argon

ions (Brown et al., 1978; Christiansen et al., 1986; Shi et al., 1995; Baragiola et al., 2003; Famá et al., 2008;

Teolis et al., 2005; Bahr et al., 2001; Vidal et al., 2005; Bar-Nun et al., 1985b; Muntean et al., 2016). Addi-

tionally, electrons have been shown to erode surfaces through sputtering (Meier & Loeffler, 2020; Galli et al.,

2018; Heide, 1982, 1984). However, few have quantified the sputtering yields of lower energy heavy ions (Shi

et al., 1995; Bar-Nun et al., 1985b; Christiansen et al., 1986; Famá et al., 2008; Teolis et al., 2010; Muntean

et al., 2016), which are a substantial population of the charged particles within the Jovian magnetospheric

plasma (Cassidy et al., 2013). Sputtering is quantified by a term known as the sputtering yield (Y) or the

number of ejected molecules, atoms, or ions per incident particle. Nuclear sputtering occurs through billiard

ball style collisions resulting in the removal of material(Sigmund, 1969). Electronic sputtering occurs through

repulsive interactions between atoms when collisional energy is transferred to electronic energy promoting

electrons to anti-bonding orbitals (Baragiola, 2004). Y is dependent on the projectiles’s nuclear (SN ) and

electronic stopping cross section (Se); S =
1

N

dE

dx
, where dE/dx is the differential loss in energy per unit

path length, and N is the number density of the target. Early studies found that Y varied approximately

linearly with SN for solids, and when SN is dominant the sputtering yield followed predictions by linear

cascade theory (Sigmund, 1969). However for insulating ices like H2O, it was later shown that Y ∝ S2e, and

consideration of exclusively nuclear stopping cross sections results in drastic underestimations of Y (Brown

et al., 1980). Moreover, in H2O electronic sputtering dominates at larger ion energies (>10 keV) (Baragiola

et al., 2003). Lower ion energies (<10 keV) are dominated by nuclear sputtering, or some combination of

nuclear and electronic sputtering. Few studies have focused on this transitional region between nuclear and

electronic dominated sputtering (Bar-Nun et al., 1985b; Christiansen et al., 1986; Famá et al., 2008; Teolis

et al., 2010).

Sputtering yields of H2O-ice induced by low energy (0.5 - 6 keV) H+ and Ne+ at a wide range of

temperatures (30 - 140 K) were first quantified employing a calibrated quadrupole mass filter by Bar-

Nun et al. (Bar-Nun et al., 1985b). Their study confirmed a nuclear sputtering mechanism for Ne+ and

demonstrated a transition from a nuclear to electronic mechanism for H+ within the energy range studied.

Additionally, temperature dependent fluxes of ejected molecular oxygen (O2) and molecular hydrogen (H2)

were identified. Furthermore, Y was observed to be constant at temperatures less than 80 K but increased
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above 80 K, which is consistent with trends seen for higher (MeV) energy ions and believed to be a result

in the increased production of radiolytic O2 and H2 (Boring et al., 1983; Reimann et al., 1984). Soon after,

Christensen et al. 1986 quantified sputtering yields for 2 - 6 keV Ar+, Ne+, N+, He+, and e− at 78 K.

These yields were calculated based on resulting impact crater diameter (Christiansen et al., 1986). They

found that sputtering yields of H2O-ice at these lower energies agree fairly well with Sigmund’s linear cascade

theory for collisional sputtering. Famá et al. 2008 confirmed a sputtering yield enhancement at temperatures

greater than 80 K for low energy Ar+, which they also attributed to increased production of O2 (Famá et al.,

2008). Additionally, Famá et al. developed a theoretical model to predict sputtering yields of H2O-ice. This

semi-analytical model has been validated using a compilation of data from Brown et al. (1980); Rocard et al.

(1986); Christiansen et al. (1986); Famá et al. (2008); Muntean et al. (2016). More recently, Teolis et al.

2017 generalized Famá’s model for total sputtering yield, to predict sputtering yields of different ejected

species including H2, O2, H2O, and H2O2 (Teolis et al., 2017).

Interestingly, laboratory studies have also shown that the concentration of radiolytic O2 is not constant

with depth below the surface ice but reaches a maximum somewhere within the first 100 ML (300 Å) below

the surface (Teolis et al., 2009, 2005). Examining this surface region in more detail using low energy ions

will give direct insight into the concentration profile of radiolytic O2. In addition, it will also test how well

theoretical models predict values for O2 sputtered from H2O-ice in this energy range, which is of particular

interest to the astronomical community, as ions in this energy range are thought to be the main producer

of exospheres around icy satellites (Cassidy et al., 2013; Teolis et al., 2010). Thus, here we investigate the

sputtering yield of H2O-ice induced by 0.5 - 5 keV Ar+ at temperatures between 40 K and 120 K, using

microbalance gravimetry as our analytical technique. We compare our H2O sputtering yields to previous

work, as well as to predictions made by the Famá et al. 2008 sputtering model. Additionally, we estimate

the sputtered flux of radiolytically produced O2 and compare those estimates to the values predicted by the

Teolis et al. 2017 model and give possible explanations for any observed deviations between the laboratory

data and theoretical predictions.

3.3 Experimental Methods

3.3.1 Experimental Setup

All sputtering yield measurements were performed in a stainless steel ultra-high vacuum chamber with a base

pressure of 2.5 × 10−9 Torr (Figure 3.1); we estimate that the pressure at the sample is significantly lower

given that it is protected by a thermal-radiation shield. To prepare our samples, we vapor deposited H2O-ice

at 100 K at normal incidence onto an optically flat gold mirror electrode of an Inficon IC6 quartz-crystal
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Figure 3.1: Experimental setup along the sample holder axis.
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microbalance (QCM) as in our previous studies (Loeffler et al., 2020). Under these conditions, the sample

is amorphous and lacks significant microporosity (Sceats & Rice, 1982; Brown et al., 1996). Ice films were

grown at a rate of 2× 1015 H2O cm−2 s−1 to a column density of 2.9± 0.1× 1018 molecules cm−2 (∼ 0.87

µm), unless otherwise stated. Film thicknesses given in this paper were estimated from our QCM-derived

column densities, assuming a density of 1 g cm−3 for H2O-ice. We chose this value for density, so that

parameters derived from our modeling efforts (see Section 3.4) would be directly comparable to previous

work (Teolis et al., 2017). The QCM stability enabled us to be sensitive to changes of 0.1 Hz (∼ 5 × 1013

molecules cm−2).

After growth, the H2O-ice was cooled to the desired temperature and irradiated with Ar+ (0.5 - 5 keV) at

normal incidence using a differentially-pumped Non Sequitur electron impact ionization gun (Model 1401).

To ensure uniform irradiation of the sample, the ion beam was externally rastered with a BK Precision 4050

Series Function/Arbitrary Waveform Generator. Optimal peak to peak function voltages and the raster

frequency were determined based on the uniformity of the full width half maximum (FWHM) of the ion

beam for each ion energy used in this study. Typical fluxes, measured by a Faraday Cup, were ∼ 1 × 1013

ions cm−2 s−1. Secondary electrons produced by ion impacts within the Faraday cup were prevented from

leaving the cup by biasing it in series with the electrometer with +9 V. During the experiment, the ion flux

was monitored with a thin wire placed in the beam path and biased at -9 V. The current typically varied by

less than 10% during the experiment.

3.3.2 Calculating the Total Sputtering Yield

Sputtering yields were calculated based on the changes in output frequency of the QCM during irradiation

(df/dt), as described in Meier and Loeffler 2020 (Meier & Loeffler, 2020). The change in areal mass is related

the change in QCM frequency by:

dQ

dt
=

−k df
dt

f2
(3.1)

where Q is the areal mass of the ice film, f is the frequency at which the derivative is evaluated, and k is a

constant (4.417× 105 Hz g cm−2) (Lu & Lewis, 1972). Assuming the impactor flux (Φ) is constant and the

total mass loss is due to H2O, YH2O can be calculated by:

YH2O =

dQ

dt
Φ

(
NA

MH2O

)
(3.2)

where NA is Avogadro’s number, and MH2O is the molar mass of water (18 g/mol). The measured value
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of df/dt was determined after a fluence of ∼ 2 × 1015 ions cm−2 to ensure that sputtered flux from our

sample had reached equilibrium. As was most easily seen in our higher temperature experiments (data not

shown here), this chosen fluence is well past the point where df/dt has stopped increasing with fluence. This

increase at low fluences has previously been attributed to production of radiolytic H2 and O2 (Teolis et al.,

2005). We note that while we do present the total yield in terms of H2O both for simplicity and for ease of

comparison with previous experiments (Famá et al., 2008), we also consider the contribution from the main

radiolytically produced species (Section 3.4.4 for more details).

3.3.3 Calculating the Total O2 Sputtering Yield

The sputtered flux of stable radiolytic species from from H2O-ice mainly consists of H2O, O2, and H2 (Brown

et al., 1982; Boring et al., 1983; Reimann et al., 1984; Bar-Nun et al., 1985b; Teolis et al., 2009). Below 80

K, the flux consists primarily of H2O and the sputtering yield is relatively constant (Brown et al., 1984).

Between 80 K and 130 K, the yield increases as a result of the radiolytic production of O2 and H2. Thus, as

we are determining the sputtering yield via mass loss on our QCM, the changes we observe are predominantly

due to the ejection of H2O, O2, and H2. To provide estimates for the absolute O2 sputtering yield, we used

a two-tiered approach. First, to estimate the amount of O2 in the sputtered flux where the total yield has

been shown to be independent of temperature (≤ 80 K), we use the model prediction given in (Teolis et al.,

2017) (see Figure 6) for S+ ions, which are expected to sputter in a similar manner to Ar+ ions (Teolis et al.,

2017). We used this model to estimate the O2 component, after taking into account contribution from H2.

We utilized this approach rather than a fixed ratio for all energies, because differences in previous laboratory

studies suggest that the O2/H2O ratio in the sputtered flux depends on energy and ion type (Brown et al.,

1984; Bar-Nun et al., 1985b; Teolis et al., 2005). The model-derived O2/H2O ratio at each energy studied

here is given in Table 3.1. At irradiation temperatures higher than 80 K, we assume that any increase in the

mass loss at a given energy compared with the average mass loss of our 40 and 80 K experiments (which were

within ∼ 5 % of one another) is exclusively due to O2 and H2, and that these products are produced and

sputtered stoichiometrically (Brown et al., 1984; Bar-Nun et al., 1985b; Teolis et al., 2005). This “enhanced”

O2 is then added to the average O2 sputtered at 40 and 80 K (“intrinsic” O2) to produce the total O2

sputtering yield. For reference, we also give the O2/H2O ratios derived at 100 and 120 K for each energy in

Table 3.1. Based on stoichiometry, the values for the H2/H2O are assumed to be twice that of those given

for O2 in Table 3.1.
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Ion Energy O2/H2O O2/H2O O2/H2O

(keV) 40 and 80 Ka 100 Kb 120 Kb

0.5 0.082 0.070c 0.143

0.75 0.107 0.114 0.169

1.0 0.121 0.204 0.200

2.0 0.164 0.239 0.331

3.0 0.184 0.241 0.384

4.0 0.215 0.233 0.414

5.0 0.223 0.311 0.512

Table 3.1: O2/H2O ratios; a from reference Teolis et al. (2017) Figure 6. b this work. c we note that this
ratio is anomalously lower than the ratio at 40 and 80 K due to a larger uncertainty in the total mass loss.

3.3.4 Theoretical Models

Experimental results of this study and several references herein are compiled and compared to the total

sputtering yield model derived in Famá et al. (2008). Specifically, theoretical sputtering yields are computed

using:

YH2O(E,m1, Z1, θ, T ) =
1

U0

(
3

4π2C0
αSN + ηS2

e

)
×
(
1 +

Y1

Y0
e−Ea/kbT

)
cos−f (θ) (3.3)

where Z1 is the atomic number of the projectile, m1 is the mass of the projectile, U0 is the surface binding

energy of water, C0 describes elastic scattering in a binary collision approximation, kb is the Boltzmann

constant, f is the empirically derived angular dependence, and Ea is a fitted temperature dependence

constant. A detailed description of α and η can be found in Famá et al. (2008).

We also compared our estimated experimental O2 yields to predictions given by Teolis et al. 2017, who

developed a general relation that predicts O2 yields from the sputtering of H2O-ice for a given energy (E),

temperature (T) and incident angle (β). The derived expression is:

YO2(E, T, β) = ϵg0O2
x0

(
1− exp

(
− r0cosβ

x0

))(
1 + q0exp

(
− Q

kbT

))
(r0cosβ)

−1
(3.4)

where ϵ is the effective particle energy, which excludes energy contributing to lattice vibrations, g0O2
is the

surface radiolysis yield of O2, x0 is the approximate thickness of a surface layer that efficiently produces O2,

r0 is the projectile range at a given incidence angle, q0 describes the exponential temperature dependence,

Q is the related to the effective activation energy, and kb is the Boltzmann constant (Teolis et al., 2017).

We initially adopt values within the uncertainties of those used in Teolis et al. (2017) for g0O2
= 0.005
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O2 eV−1, x0 = 29 Å, q0 = 103 and Q = 0.06 eV. As ϵ = H ×E, where H is the fraction of projectile energy

available for radiolysis, we estimated ϵ by calculating H using Stopping and Range of Ions in Matter (SRIM)

(Ziegler et al., 2010). We found that H ranged between 0.83 and 0.98 for projectile energies between 0.5 keV

and 5 keV.

3.4 Results

3.4.1 Flux and Thickness Dependence

A key goal of our study is to determine the effect of sputtering due to low energy ion bombardment at

temperatures and energies relevant to extraterrestrial icy surfaces. Thus, we first needed to verify that our

results were independent of the ion flux and sample thickness.

To investigate whether we were in a range where the Ar+ flux effected the sputtering yield of H2O-ice,

we irradiated a 2.9× 1018 H2O cm−2 sample with 3 keV Ar+ at 80 K with ion fluxes between 0.085 and 2

×1013 ions cm−2 s−1. As can be seen in Figure 3.2, YH2O is essentially constant over this range of fluxes.

There is also the potential that the sample thickness could effect the sputtering yield. For instance, it has

been shown that YH2O induced by energetic electrons increases when the penetration depth of the projectile

is much greater than the film thickness (Meier & Loeffler, 2020). We note that this effect will likely not

be important in our studies, as the penetration depth of the Ar+ is always significantly less than the film

thickness (Table 3.2). However, previous studies have also demonstrated that ions can induce electrostatic

charging of ice (Shi et al., 2010), which could potentially alter the sputtering yield. Thus, we irradiated

samples of thicknesses between 60 nm and 1.2 µm with 3 keV Ar+ at 80 K and measured YH2O. As is shown

in Figure 3.3, there are no measurable variations in YH2O over the range of thickness studied, suggesting

that electrostatic charging effects are not significant enough in our experiments to alter the total sputtering

yield, in agreement with previous work (Famá et al., 2008).

3.4.2 Energy and Temperature Dependence of the Total Mass Loss

After determining that the total mass loss is independent of our chosen sample thickness and incident ion flux,

we measured YH2O for 2.9× 1018 H2O cm−2 samples as a function of Ar+ energy at temperatures between

40 and 120 K (Figure 3.4). We find that generally the total sputtering yield increases with temperature and

energy, although this dependence in temperature is much more evident in at the higher irradiation energies.

For instance, at 5 keV, YH2O is 1.14 times higher at 100 K and 1.41 times higher at 120 K than it is at 40

K.
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Figure 3.2: Total sputtering yield for a 2.9× 1018 H2O cm−2 sample irradiated with 3 keV Ar+ at 80 K as
a function of ion flux.

To verify that our experimental sputtering yields were not systematically offset from an absolute sput-

tering yield, we compared our values to those within the literature. Figure 3.5 shows our total sputtering

yields as a function of energy at an irradiation temperature of 80 K, along with others compiled in Famá

et al. (2008). All yields were acquired at irradiation temperatures between 60 and 80 K and corrected for

angular dependence by multiplying by a factor of cos(θ)1.78, where θ is the angle of incidence for the ions

(Famá et al., 2008). Our experimental yields are consistent with previously studies and for the most part

are transected by the theoretical values predicted by Famá et al. (2008) (i.e. Equation 3.3).
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Figure 3.3: Total sputtering yield for a H2O-ice irradiated with 3 keV Ar+ at 80 K as a function of column
density. Film thickness was calculated assuming a film density of 1 g cm−3. The dashed black vertical line
on the left of the figure indicates the range of a 3 keV Ar+.
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Figure 3.4: Total sputtering yield for a 2.9× 1018 H2O cm−2 sample as a function of incident ion energy for
120 K(△), 100 K(▲), 80 K(◦), and 40 K(•).
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Figure 3.5: Comparison of our experimental total sputtering yields with those found in literature and
compiled in (Famá et al., 2008). The symbols correspond to: this study Ar+ 80 K (•), (Christiansen
et al., 1986) Ar+ 78 K (▲), (Baragiola et al., 2003) Ar+ 60 K (△), and (Famá et al., 2008) Ar+ 80 K (◦).
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Ion Energy Nuclear Stopping Power Electronic Stopping Power Projected Range

(keV) eV/Å eV/Å Å

0.5 17.86 1.30 40

0.75 20.89 1.59 50

1.0 23.15 1.83 58

2.0 28.79 2.59 87

3.0 32.02 3.17 112

4.0 34.17 3.66 135

5.0 35.71 4.10 156

Table 3.2: Nuclear and electronic stopping powers, and projected ranges for argon ions used in this study
calculated using SRIM assuming a density of 1 g cm−3 for H2O (Ziegler et al., 2010)

3.4.3 Energy and Temperature Dependence of the Sputtered O2 Component

While the model comparison shown in Figure 3.5 assumes the total yield is in the form of H2O, we can also

estimate the portion of the yield that is due to sputtered O2 using the approach described in Section 3.3.3. In

Figure 3.6, we show the O2 sputtering yield as a function of energy for 40, 80, 100 and 120 K. The observation

that the O2 yield increases as function of energy is expected from the modeling predictions. We remind the

reader that the values at 40 and 80 K are derived from our total mass loss (Figure 3.4) and the O2/H2O

ratios given in Table 3.1. Interestingly, even at 100 K the O2 is still primarily driven by this intrinsic O2, as

the enhanced O2 is on average 20 % of the total O2 yield. As expected, the contribution from enhanced O2

at 120 K is more important, as on average it is about half of the total O2 yield. Additionally, we also find

that the YO2(120K)/YO2(40K) at each energy studied is within about 20% of the average value, supporting

previous conclusions that the temperature dependence in the O2 yield is independent of the particle energy

(Teolis et al., 2017). An additional way to look at the data in Figure 3.6 is to evaluate how O2/H2O ratio

in the sputtered flux changes with ion range. While this is somewhat uninformative at low temperatures, as

those ratios were taken directly from the model (Table 3.1), we plot this for 120 K in the inset of Figure 3.6.

The ratio increases nearly linearly from ∼ 0.15 at 0.5 keV to ∼ 0.5 at 5 keV. This increase of the ratio with

increasing ion range (and hence energy) is a consequence of the O2 concentration profile, as previous depth

profiling studies have convincingly shown that radiolytic O2 is most efficiently produced within the first few

hundred angstroms below the surface ice and the concentration falls exponentially as one moves into the bulk

(Teolis et al., 2005, 2009). Generally, this profile appears to be related to the production and out diffusion of

H2 as hydrogen loss makes the altered region more oxidizing, leading to the more efficient formation of O2

(Johnson et al., 2003; Teolis et al., 2005, 2009). Furthermore, the observation that our measured ratios with
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3 - 5 keV Ar+ are similar to what has been seen previously using more highly penetrating Ar+ at similar

temperatures (Baragiola et al., 2002; Teolis et al., 2005), suggests that our observed trend with energy would

quickly level out or possible drop slightly above 5 keV. This prediction seems reasonable considering that

5 keV Ar+ has a range of ∼150 Å in H2O-ice (Table 3.2) and thus is likely probing to a depth where the

radiolytic O2 is most efficiently produced.

Finally, we can also compare these derived O2 yields to the only previous laboratory study that estimates

the O2 yield for Ar+ in our energy range (Teolis et al., 2010, 2017). Although these experiments were only

performed at T ≤ 20 K, these values should be comparable to our low irradiation temperatures (≤ 80 K),

where the yield has been estimated to be nearly independent of temperature (Brown et al., 1984). These

values are overlayed with our data in Figure 3.6 after accounting for the dependence of the sputtering yield

on ion incidence angle (Famá et al., 2008). The overall agreement with our data is excellent, as the values

are no worse than within 10-15% of one another.

3.4.4 Comparison to Theoretical Predictions of the Sputtered O2 Component

Besides comparing our work to previous laboratory results, we were interested in determining whether the

most recent theoretical model predicting O2 sputtering yields from H2O-ice would agree with our newly

derived data. In Figure 3.7, we compare the model predictions with our O2 sputtering yields at 40 and 120

K, as well as those given for ≤ 20 K (Teolis et al., 2010, 2017). The two parameter values used were g0O2
=

0.005 O2 eV−1 and x0 = 29 Å, where the estimates of x0 (as well as r0) assume the H2O-ice density is 1 g

cm−3 (Teolis et al., 2017). While the previous laboratory results are well fit by the model, our data does not

yield satisfactory results. Specifically, our measurements at 40 K are systematically lower from the predicted

value by a factor of three, while our 120 K experiments are lower by about a factor of five to eight. The latter

can be improved substantially if we adjust the effective activation energy (Q) in the temperature term from

0.06 eV to 0.07 eV, which is within the uncertainty given previously (Teolis et al., 2017), although the fit

still is poor (see Figure 3.7 top). Superficially, the difference between our laboratory results and the model

is somewhat surprising, as our Ar+ O2 experimental yields compare well with those derived in (Teolis et al.,

2010) after correcting for the incidence angle (see above). However, this appears to be due to the difference

in projectile range in the two experiments, as even at our lower irradiation energies ions penetrate to depths

that fall into the “high-range” limit producing errors by as much as 50% (Teolis et al., 2017) or in our case

slightly higher.

As the propensity of the model to overestimate the O2 sputtering yield when the r0cosβ >> x0 is likely

related to the approximation that the energy is deposited uniformly over the ion range (Teolis et al., 2017),
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Figure 3.6: Calculated O2 sputtering yields for a 2.9 × 1018 H2O cm−2 sample as a function of incident
projectile energy for 40 (△), 80 (▲), 100 (◦) and 120 K (•). Additionally, data from (Teolis et al., 2010) is
shown for T ≤ 20 K (⋆). Inset: Derived O2/H2O ratio at 120 K as a function of ion range.
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we investigated whether a simple modification to equation 3.4 and its best fit parameters could improve

the fits shown in Figure 3.6 (top). Efforts to do this by only modifying g0O2
and x0 were, as expected,

unsuccessful. Additionally, adjusting these two parameters along with replacing the term representative of

the average deposited energy (ϵ/r0cosβ) with a simple piecewise function that introduces an additional term

of x0/(r0(cosβ)) when x0 ≥ 1, in an attempt to account for the predicted relation between the predicted

sputtering yield of O2 at high ion ranges, were only marginally better considering the quality of the fits

for both datasets. Interestingly, we found that optimizing the model with g0O2
= 0.001 O2 eV−1 and x0 =

90 Å after changing the average deposited energy term from ϵ/(r0cosβ) to ϵ/(r0(cosβ)
2.5) for all ion ranges

improved the fit for our low temperature and high temperature data sets substantially, while only marginally

changing the low temperature results where irradiation was performed at a high angle of incidence (Figure 3.7

bottom). More quantitatively, we found the difference between the model prediction and three laboratory

datasets to be typically within ∼ 10% and no worse than within 30%. While the significant downward

adjustment in g0O2
cannot be reconciled with laboratory estimates (Teolis et al., 2017), the larger value for

x0, which is an approximation of the depth over which O2 is produced, is reasonable considering our results

on the variation of the O2/H2O sputtered ratio as a function of ion energy as well as those from previous

depth profiling studies (Teolis et al., 2005, 2009). Although this empirical fit may prove to be fortuitous,

it suggests that careful consideration of how the energy is deposited over the region where O2 is formed

could substantially extend the accuracy of the existing model at large ion ranges. Until then, it is of interest

to determine whether this empirical adjustment would generally work when other parameters are varied

(incidence angles, ions, energies, etc.), something that could be tested with additional laboratory studies.

3.4.5 Astrophysical Implications

Icy moons in the outer Solar System are bombarded with charged particles of varying energies that can

erode and alter the composition of the surface ice. For Europa, an icy moon of Jupiter, Cassidy et al.

(Cassidy et al., 2013) used results from previous laboratory studies to estimate the sputtering rate of the

surface H2O, as well as the sputtering rate of radiolytically-produced H2 and O2. They found that while the

majority of the sputtered H2O is caused by fast Sn+ ions, the sputtered O2 and H2 are primarily caused by

slower On+ and Sn+ ions, which not only deposit substantial energy near the surface where these products

are primarily formed, but also bombard the surface at a significantly higher rate than do the fast ions

(Cassidy et al., 2013). Our new data here, which suggests that the sputtered O2 produced by low-energy

ions at the higher temperatures relevant to Europa (Spencer et al., 1999) is about a factor of five lower

than current theoretical predictions (assuming the use of Q = 0.06 eV), suggests that contributions from
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Figure 3.7: Comparison of our derived O2 total sputtering yields at 40 K (•) and 120 K (◦), as well as those
given in Teolis et al. 2010 (▲) with the yields predicted from equation 3.4. Top: solid lines (a-d) correspond
to using equation 3.4 along with the best fit parameters (g0, x0, Q, T, β): a) 0.005 O2 eV−1, 29 Å, 0.06 eV,
120 K, 00; b) 0.005 O2 eV−1, 29 Å, 0.07 eV, 120 K, 00; c) 0.005 O2 eV−1, 29 Å, 0.07 eV, 12 K, 600; d) 0.005
O2 eV−1, 29 Å, 0.07 eV, 40 K, 00. Bottom: solid lines (e-g) correspond to fits after modifying equation 3.4
(see text) along with the best fit parameters: (g0, x0, Q, T, β): e) 0.001 O2 eV−1, 90 Å, 0.07 eV, 12 K, 600;
f) 0.001 O2 eV−1, 90 Å, 0.07 eV, 120 K, 00; g) 0.001 O2 eV−1, 90 Å, 0.07 eV, 40 K, 00.
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these low-energy ions may have been significantly overestimated. For the time being, our new empirical fit

may allow for more accurate predictions of sputtering yields. However, we point out that accurate modeling

of the sputtering of extraterrestrial icy surfaces needs to take into account other factors (e.g., presence of

a regolith, possibility of redeposition, and temperature variations), besides the sputtering yield. Thus, a

more quantitative assessment on the degree to which our new laboratory data, as well as our new empirical

estimate would alter previous estimates of O2 erosion rates will require future modeling efforts.

3.5 Conclusions

We report sputtering yields for 0.5 - 5 keV Ar+ at irradiation temperatures between 40 and 120 K. Below 80

K, our total sputtering yields cluster around the theoretical sputtering yields predicted by the Famá et al.

2008 model and are generally consistent with previous laboratory studies. In addition, we also estimate the

sputtering yield of radiolytically produced O2 as a function of energy for temperatures between 40 and 120

K. At 120 K, we find that the O2/H2O sputtered ratio increases nearly linearly with the ion range from about

0.15 to 0.5, which we attribute to the ions stopping at depths where O2 is still efficiently being produced

below the surface, consistent with previous depth profiling studies. Although our O2 sputtering results agree

well with the only comparable laboratory study, we find that theoretical models over predict the values by

a factor of three or more, which is likely a consequence of the assumption that our more highly penetrating

ions deposit energy uniformly throughout the sample. However, we find that making a small adjustment to

this model allows us to fit the experimental data to within ∼ 10% in most cases and no worse than 30% in

any case. Although the adjustment is primarily empirical, it could be useful to refine models predicting the

sputtering of O2 in icy extraterrestrial environments. This may be particularly important for Europa, where

low-energy ions are predicted to be the primary ion producing O2 from sputtering of the surface H2O-ice.
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Chapter 4

Titan in Transit: Ultraviolet Stellar Occultations Reveal Complex Atmospheric
Structure

Patrick D. Tribbett1,2, Tyler D. Robinson1,2,3, Tommi T. Koskinen4

This is the Accepted Manuscript version of an article accepted for publication in The Planetary Science
Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript
or any version derived from it. The Version of Record is available online at https://iopscience.iop.org/
article/10.3847/PSJ/abf92d/meta.

4.1 Abstract

Transit spectroscopy is a key tool for exoplanet atmospheric characterization. However, transit spectrum ob-

servations can be limited by aerosol extinction when gas opacities are weak. The ultraviolet wavelength range

contains a variety of strong molecular and atomic features, potentially enabling gas species detection even

when atmospheric hazes are present. To understand the interplay between aerosol extinction and ultraviolet

molecular opacities, we investigate transmission through the atmosphere of Saturn’s moon Titan during an

occultation observed with the Ultraviolet Imaging Spectrometer (UVIS) aboard the National Aeronautics

and Space Agency (NASA) Cassini orbiter. We analyze the derived ultraviolet transit spectrum of Titan

using exoplanet-relevant atmospheric retrieval models that both include and exclude treatments for hazes.

Our retrieved gas column densities are consistent with previous studies analyzing UVIS occultation data.

Despite the apparent haze impact on the underlying occultation data, our treatments fail to correctly char-

acterize the haze in fits derived from simulated transit observations. This suggests that oversimplified haze

parameterizations can hinder detection of atmospheric hazes in transit. Our work indicates that continued

characterization of exoplanets in the ultraviolet wavelength regime can provide novel atmospheric constraints

even if transit spectra are dominated by haze extinction at longer wavelengths.

Keywords: Transmission spectroscopy (2133); Bayesian statistics (1900); Stellar occultation (2135); Sat-

urnian satellites (1427); Exoplanets (498)
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4.2 Introduction

Understanding the atmospheres of exoplanets provides essential insight into the formation, evolution, and

potential habitability of these systems (Seager & Deming, 2010; Madhusudhan, 2019). Over the last two

decades, transit spectroscopy (Seager & Sasselov, 2000; Brown, 2001; Hubbard et al., 2001) has emerged

as the leading technique for characterizing exoplanet atmospheres. Here, atmospheric opacity sources can

lead to small variations in the wavelength-dependent dimming of a stellar host during an exoplanet transit

event. Despite the subtle nature of this effect, spectroscopic transit observations have yielded detections of

atmospheric species in a diversity of exoplanet atmospheres (Charbonneau et al., 2002; Tinetti et al., 2007;

Swain et al., 2008; Stevenson et al., 2010; Line et al., 2014; Fraine et al., 2014; Sing et al., 2016; Benneke

et al., 2019; Tsiaras et al., 2019).

Of course, not all spectroscopic transit observations have revealed atmospheric features. Especially for

lower-mass exoplanets, observations have sometimes revealed flat, featureless transit spectra (Kreidberg

et al., 2014; Knutson et al., 2014; de Wit et al., 2016), at least to within measurement uncertainties. Here,

the presence of high altitude aerosols is often used to explain such flat transit spectra. As the transit

geometry implies that transit spectra probe long pathlengths along the limb of an exoplanet, even hazes or

clouds with small vertical optical depths can appear opaque (Fortney, 2005).

In theory, observing transit spectra in wavelength ranges where molecular or atomic opacities are relatively

large will probe the upper reaches of exoplanet atmospheres, thereby potentially avoiding the obscuring effects

of hazes and providing stronger detections of atmospheric species. This, for example, leads to a key strength

of NASA’s upcoming James Webb Space Telescope (JWST) (Gardner et al., 2006), whose spectral coverage

overlaps strong molecular rotation-vibration bands in the near- and mid-infrared with relevance to exoplanet

transit spectra (Deming et al., 2009; Beichman et al., 2014; Greene et al., 2016; Barstow & Irwin, 2016;

Batalha & Line, 2017). Another key wavelength regime with the potential for strong molecular and atomic

opacities—the ultraviolet—was originally suggested as a range with likely high utility (Hubbard et al., 2001)

and has recently been exploited to study the atmospheres of WASP-121 b (Sing et al., 2019) and HAT-P-41 b

(Wakeford et al., 2020), both building on earlier efforts in the ultraviolet for HD 189733 b by Sing et al.

(2011). In these works, Sing et al. (2019) observe strong Fe II and Mg II features for WASP-121 b, while

both Wakeford et al. (2020) and Sing et al. (2011) observe sloped transit spectra in the ultraviolet that are

consistent with hazes for HAT-P-41 b and HD 189733 b, respectively. In new modeling work, Lothringer

et al. (2020) detailed how strong opacities at ultraviolet wavelengths due to metals and metal-bearing species

could help probe rainout chemistry in exoplanet atmospheres.

To further explore the interplay between aerosol extinction and absorption due to atmospheric gas species
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in ultraviolet transit observations, we turn to Titan. For Titan, solar photons, solar wind, galactic cosmic

rays, and magnetospheric charged particles drive pervasive atmospheric chemistry resulting in multitudes

of higher order hydrocarbons and the carbon nitrogen aggregate tholins (Yung et al., 1984; Lavvas et al.,

2008; Toublanc et al., 1995; Podolak et al., 1979; Carrasco et al., 2018; Vuitton et al., 2009; Lavvas et al.,

2011). Additionally, Titan has a seasonally dependent detached haze layer located between 300 and 500 km

altitude (or at pressures lower than 10−5 bar; Lavvas et al., 2009; West et al., 2011, 2018) that is potentially

analogous to the hazes responsible for some featureless exoplanet transit spectra. However, it should be

noted that due to drastically different thermal conditions, aerosol haze composition and particle sizes for hot

exoplanets may differ from those seen in Titan’s atmosphere (Lavvas & Koskinen, 2017; Lavvas et al., 2019;

Moran et al., 2020). For a recent review of Titan’s atmosphere and climate, see Hörst (2017).

Here, we use Titan atmospheric stellar occultation observations from the Ultraviolet Imaging Spectrom-

eter (McClintock et al., 1993; Esposito et al., 2004) aboard NASA’s Cassini spacecraft to effectively study a

hazy world in transit. These occultation data are converted to exoplanet-like transit spectra following tech-

niques developed by Robinson et al. (2014) and Dalba et al. (2015). Critically, these occultation observations

have already been used to derive key atmospheric properties for Titan, including number density profiles for

various trace hydrocarbons (Koskinen et al., 2011), thereby helping to confirm aspects of our transit spectral

analysis. Moreover, it has been suggested that Titan’s hydrocarbon rich atmosphere may be representative

of a fairly common class of exoplanets, reinforcing the necessity of understanding the interplay of molecular

opacities and haze extinction (Lunine, 2010).

Below, we begin by describing our adopted occultation dataset and technique for converting this to an

ultraviolet transit spectrum of Titan. We then present the details of an atmospheric retrieval model designed

to interpret our derived transit spectrum. Following our retrieval analyses, we discuss the impact of Titan’s

detached haze layer on transit spectra. Finally, we conclude by interpreting our results with respect to the

current state of exoplanet observations.

4.3 Methods

The following subsections describe our approach to data reduction, modeling, and analysis. First, we briefly

describe the underlying occultation dataset and how this was transformed into an effective transit spectrum

for Titan. Next, we present a simple forward model that we use to fit our ultraviolet transit spectrum

of Titan. Finally, we describe our Bayesian approach to atmospheric characterization using our simulated

transit spectrum and forward model.
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4.3.1 Data Reduction and Transformation

Occultation data were acquired with the far-ultraviolet channel of the UVIS instrument on board the NASA

Cassini orbiter, as detailed in Koskinen et al. (2011). Spectra from the far-ultraviolet channel span 110–

190 nm with a spectral resolution of 0.28 nm. Further details regarding the optical specifications and

design of the UVIS instrument are described in Esposito et al. (2004). Data used in our analyses are from

Cassini flyby T41 I on 23 February 2008, where occultation observations probed 6◦S. Of the 12 independent

occultation observations presented in Koskinen et al. (2011), the T41 I dataset is the best option for both

high signal-to-noise-ratio data as well as a strong signature of two detached haze layers. Transmissivity as a

function of wavelength and altitude were calculated based on the ratio of the transmitted stellar spectrum

along the instrument line of sight and the unocculted reference stellar spectrum (Koskinen et al., 2011).

This inherently requires that all spectral variations are atmospheric in nature. It should be noted that

variations in host star flux also affect the light transmitted through the atmosphere, which is discussed

in more detail in Section 4.5. Quoted observational uncertainties are derived based on photon counting

(Esposito et al., 2004; Koskinen et al., 2011). The altitude- and wavelength-dependent transmission data

from Cassini flyby T41 I are shown in Figure 4.1. Note the two distinct vertically-isolated opacity sources

in the atmosphere near 500 km and 700 km. The lower region corresponds to the detached haze layer within

Titan’s atmosphere (Rages & Pollack, 1983; Porco et al., 2005). The upper region can also be attributed

to higher order hydrocarbons, and the structure may be due to atmospheric propagation of gravity waves

(Strobel, 2006; Koskinen et al., 2011). We note that the chemistry and dynamics of this atmospheric haze

are complex and are coupled to aspects of the deep atmosphere to which our study is not sensitive (West

et al., 2018).

Although the process of computing transit spectra from altitude-dependent transmissivities inherently

smooths over the smaller-scale effects induced by gravity waves, how gravity waves may manifest in transit

analyses merits some discussion. Gravity waves transfer momentum and energy within an atmosphere,

which can cause variation in thermal profiles and, consequently, density profiles of some species (Strobel,

2006; Koskinen et al., 2011). These perturbations can be substantial, particularly for hot, rotationally-

locked exoplanets (Watkins & Cho, 2010). Local increases in wind speed due to the deposition of energy via

gravity waves may result in Doppler shifted spectral features. Doppler shifted spectral features in exoplanet

transmission spectra have been previously reported for wind speeds of order 1–10 km s−1 (Snellen et al.,

2010; Kempton & Rauscher, 2012).

The transit depth spectrum corresponding to the altitude-dependent atmospheric transmission data was

calculated following methods described in Robinson et al. (2014). Given the wavelength-dependent trans-
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Figure 4.1: Altitude- and wavelength-dependent transmission data for Titan’s atmosphere from Cassini
flyby T41 I. An altitude of 0 km corresponds to Titan’s average surface radius (2575 km), and darker colors
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missivity (tλ,i) on a grid of impact parameters (bi; taken as the radial distance of closest approach for a ray),

the effective area of the Sun that would be blocked by an atmospheric annulus spanning levels i to i + 1 if

Titan were observed in transit is given by,

∆Aλ,i = (1− t̄λ,i) · π
(
b2i+1 − b2i

)
, (4.1)

where t̄λ,i = (tλ,i+1 + tλ,i) /2. The wavelength-dependent transit depth is then computed by summing over

annuli, with, (
Rp,λ

R⊙

)2
=

(
Rp

R⊙

)2
+

1

πR2
⊙

∑
i

∆Aλ,i , (4.2)

where Rp is the solid surface radius of the planet or, for worlds without a solid surface, a sufficiently deep

reference radius that all transmissivity values have reached zero. Corresponding transit depth uncertainties

are calculated following standard Gaussian error propagation techniques and are described further in Section

4.4.1 (Taylor, 1997). Equation 4.2 can be solved for the wavelength-dependent planetary radius (R2
p,λ), and

subtracting the solid surface radius of Titan from this yields the so-called effective transit altitude (or

height), zeff . Unlike in Robinson et al. (2014), losses due to refraction can be ignored here as the occultation

observations probe much greater altitudes (i.e., very low pressures and number densities). In all analyses,

UVIS data between 185-190 nm are omitted due to higher-order hydrocarbon features for which we do

not have sufficient absorption cross section data. Species suspected to be responsible for these unidentified

features include toluene and xylene (Koskinen et al., 2011).

Figure 4.2 shows the transit spectrum that results from application of the previously described techniques,

depicted here as effective transit altitude to help indicate where (vertically) in the atmosphere the transit

spectrum probes. Despite the detached haze layers present over this altitude regime, the modeled spectrum

is rich with molecular features. Several notable features include the broad methane absorption centered near

130 nm, acetylene and diacetylene features between 140 nm and 150 nm, and the ethylene features around

170 nm.

As a check of our UVIS-derived transit spectrum, we generated a transit depth spectrum from the

species slant path column number density profiles inferred from our adopted occultation data in Koskinen

et al. (2011). Here, the inferred slant column number densities were combined with known gas opacities to

compute the transmissivities for Equation 4.1. Figure 4.3 shows the transit depth spectra derived from the

UVIS data and from the Koskinen et al. (2011) species profiles. The dark and light blue spectra correspond

to transit depth spectra derived with and without the tholin haze profile, which helps isolate and quantify the

impact of haze on the UVIS-derived transits spectrum. Notably, haze impacts the transit depth spectrum
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Figure 4.2: Effective transit altitude for Titan from Cassini flyby T41 I occultation data.

at wavelengths where the altitudes probed are at or below roughly 800 km. This observed influence of haze

on the transit spectrum will be used in later sections to help explore the efficacy of cloud parameterizations

often used in the exoplanet atmospheric retrieval literature.

4.3.2 Forward Model

We seek to define a forward model that: (1) will enable retrievals of key atmospheric parameters when

applied to our derived transit depth spectrum, and (2) is analogous in complexity to similar models for

exoplanets. Following Benneke & Seager (2012) and Robinson et al. (2014), if the number density of an

extincting species is distributed exponentially with scale height H in an atmosphere, and if the extinction

cross section for this species is pressure-independent, then the optical depth integrated along a slant path

for an impact parameter b and for a single species is given by

τλ,j(b) = 2N0,jσλ,j
b

H
K1

(
b

H

)
eR0/H , (4.3)
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where a sub-script ‘j’ indicates the species, N0,j is the vertical column number density above a sufficiently

deep reference radius R0, σλ,j is the absorption cross section for the species, and Kn is a modified Bessel

function of the second kind. Assuming all species are distributed with the same scale height, summing over

all species yields the total slant optical depth,

τλ(b) = 2
b

H
K1

(
b

H

)
eR0/H ·

∑
j

N0,jσλ,j

 . (4.4)

Given the total slant optical depth, and assuming that extinction optical depth is equivalent to absorption

optical depth (see Robinson et al., 2017), the transit depth is obtained by integrating over impact parameters,

(
Rp,λ

R⊙

)2
=

(
R0

R⊙

)2
+

2

R2
⊙

∫ ∞

R0

[
1− e−τλ(b)

]
bdb . (4.5)

Finally, for numerical implementation it is convenient to define a dimensionless parameter, β = b/H, so that,

τλ(β) = 2βK1 (β) e
R0/H ·

∑
j

N0,jσλ,j

 , (4.6)

and, (
Rp,λ

R⊙

)2
=

(
R0

R⊙

)2
+ 2

H2

R2
⊙

∫ ∞

R0/H

[
1− e−τλ(β)

]
βdβ , (4.7)

where a grid of β values can be straightforwardly designed to ensure vertical resolution that is (at least) finer

than H. It is important to note that our forward model is consistent with common assumptions made within

the exoplanet retrieval literature of isothermal atmospheres and constant mixing ratios of each species (e.g.,

Heng & Kitzmann, 2017).

Following Koskinen et al. (2011), our gaseous opacity sources emphasize hydrocarbon and nitrile species

of substantial number densities in Titan’s atmosphere and that have non-negligible absorption cross sections

at deep ultraviolet wavelengths. Species used in this study are shown in Table 4.1 along with wavelength

coverage, measurement temperature, and a reference paper for our adopted opacity data. Opacity data

were selected on the basis of wavelength range and temperature relevance. Absorption cross sections for the

eight species used in this study are shown in Figure 4.4. To treat opaque atmospheric haze layers within

our forward model, we defined an altitude below which the optical depth is inflated to simulate complete

extinction.

We explore two simple haze treatments in our forward model. Though we exclude a treatment of the

haze chemistry or diffusion within the atmosphere, which is known to seasonally alter Titan’s ultraviolet
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assume altitude-dependent chemical compositions from fits in Koskinen et al. (2011).

66



Wavelength (nm)

Ab
so

rp
 io

n 
Cr

os
s S

ec
 io

n 
(c

m
2 /m

ol
ec

ul
e)

100 120 140 160 180 200

10−19

10−17

C₆₆₆
C₂₆₂
C₂₆)
C₂₆₆

100 120 140 160 180 200

10−21

10−18
₆C₂
₆C(₂
C₆)
C)₆₂

Figure 4.4: Absorption cross sections for the hydrocarbons and nitriles of interest in this study.
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Species Wavelength (nm) Temperature (K) Reference

Benzene (C6H6) 115–205 298 Capalbo et al. (2016)

Acetylene (C2H2) 120–190 150 Wu et al. (2001)

Ethylene (C2H4) 105–115 298 Lu et al. (2004)

115–192 140 Wu et al. (2004)

Ethane (C2H6) 120–150 150 Chen & Wu (2004)

Methane (CH4) 102–119 298 Ditchburn (1955)

120–142 150 Chen & Wu (2004)

143–152 298 Lee et al. (2001)

Hydrogen Cyanide (HCN) 115–190 255 Ferradaz et al. (2009)

Cyanoacetylene (HC3N) 112–230 298 Koskinen et al. (2011)

Diacetylene (C4H2) 115–168 173 Ferradaz et al. (2009)

Table 4.1: Absorbing species included in our forward model along with wavelength range, measurement
temperature, and a reference for the opacity data.

and visible spectrum, this approach will determine whether a simple haze structure can be extracted from

the ultraviolet and visible transit spectrum of a Titan-like exoplanet without a priori information of the

haze chemistry. Our two-parameter haze model specifies the lower boundary of a haze layer zh, measured

above R0 as well as a grey haze vertical optical depth τh, which is distributed uniformly over one scale

height. Slant optical depths are computed following the path distribution approach presented in (Robinson,

2017). A one-parameter haze model simply assumes the atmosphere is opaque for impact parameters that

probe below zh (see, e.g., Bétrémieux & Swain, 2016; Kempton et al., 2017), which serves to block all light

that would probe atmospheric layers deeper than the haze altitude and, as we show later, is instructive for

interpreting results from our two-parameter haze treatment. These simplified haze treatments are typical of

many exoplanet atmospheric retrievals (Barstow, 2020, 2021).

4.3.3 Markov Chain Monte Carlo Implementation

We retrieve atmospheric parameters by fitting our forward model to our UVIS-derived transit spectrum using

a standard Markov chain Monte Carlo (MCMC) approach to Bayesian inference. Specifically, we adopt the

widely-used MCMC tool emcee, developed by Foreman-Mackey et al. (2013). Bayesian statistics describe the

posterior conditional probability distribution of a set of parameters using the prior probabilities of those same

parameters and their likelihood probabilities given the data. The posterior distribution enables inference of

physical parameters as well as uncertainties on these parameters.
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Model Parameter Description Units Prior

H Scale Height km 0 < H

R0 Reference Radius km 0 < R0

logNj Column Number Density for Species j log cm−2 12 < logNj < 24

zh Haze Layer Altitude above R0 km 0 < zh

τh Haze Layer Optical Depth - 0 < τh < 10

Table 4.2: Model parameters, their units, and our adopted priors. Column number densities are measured
vertically above R0.

Briefly, Bayes’ Theorem states,

P (θ|y) = P (y|θ)P (θ)

P (y)
, (4.8)

or

P (θ|y) ∝ P (y|θ)P (θ) , (4.9)

where y are the observed data, θ is our set of atmospheric parameters (i.e., our atmospheric state parameters),

P (θ) is the prior probability for these parameters, and P (y|θ) is the so-called likelihood function. The value

of the likelihood function depends on the data, its associated errors, and the atmospheric state parameters.

When evaluating the likelihood function, parameter values that result in poorly fit data are penalized. In

our approach, the log of the likelihood function (often called the log-likelihood) is given by,

lnP (y|θ) = −1

2

∑
k

[yk − f(θ)]
2

σ2
k

+ ln 2πσ2
k , (4.10)

where yk is the kth spectral data point, σk is the uncertainty for this data point, and f(θ) is the transit

depth (forward) model. We adopt uninformed prior probability distributions that simply set physical limits

on the values that each parameter can take. Model free parameters, their descriptions, and corresponding

prior probability limits for our analyses are shown in Table 4.2. Our prior probabilities are largely based on

the physical limits of the properties that the parameters represent (e.g., all lengths cannot be smaller than

zero). Column number densities are retrieved in log space to ensure full exploration of parameter space over

multiple orders of magnitude. We note that the lack of prior knowledge regarding the expected range of

exoplanet column number densities would require careful attention to ensure the priors do not unphysically

truncate the posterior distributions.

In later sections, we use the Bayesian Information Criterion (BIC) to determine if the addition of a

haze layer is warranted in our forward model. The BIC has become increasingly common in the astronomy
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community by providing a robust means for model comparisons (e.g., Littenberg & Cornish, 2009; Feng

et al., 2016; Sharma, 2017), and is defined by,

BIC = −2 lnP (y|θ)max + ν lnN (4.11)

where ν is the number of model free parameters, N is the number of spectral data points, and P (y|θ)max

is the maximized log likelihood. The change in the BIC, ∆BIC, between two models is then evaluated to

support or reject adding additional parameters (e.g., zh and τh in our case) to improve the model fits. The

model with a lower BIC value is preferred over another. Following Kass & Raftery (1995), ∆BIC values

between 0 and 2 suggest that the evidence against the higher BIC model is “not worth more than a bare

mention.” Values between 2 and 6 suggest positive evidence against the larger BIC model. Values between

6 and 10 suggest strong evidence against the larger BIC model. Values greater than 10 suggest very strong

evidence against the larger BIC model. A more detailed description of the BIC and how to compare models

can be found in Kass & Raftery (1995).

4.4 Results

Clear sky (i.e., haze-free) and hazy models were applied within our retrieval framework to our derived

transit spectrum of Titan. As discussed immediately below, retrievals were initially performed assuming

only photon counting errors in the observations. Later retrievals — more analogous to an exoplanet case —

were performed with inflated error bars. As described in Section 4.3.2, adopted haze models are simplified

and similar to those used in some exoplanet atmospheric retrieval studies. Given that the haze has a notable

impact on the transit spectrum (Figure 4.3), our hazy retrieval models offer an opportunity to test the utility

of commonly-applied exoplanet cloud/haze parameterizations.

4.4.1 Error Scaling

We initially applied our clear sky and two-parameter haze retrieval models to the acUVIS-derived transit

spectrum of Titan with only propagated photon counting errors. Initial occultation data errors are 1-σ

uncertainties from Koskinen et al. (2011). Using Equations 1 and 2, and following standard Gaussian error

propagation techniques described in Taylor (1997), these wavelength- and altitude-dependent transmissivity

uncertainties (σti,λ) were mapped to effective transit altitude uncertainties following:

σ2
zeff

=
1

16R2
p,λ

∑
i

(
b2i+1 − b2i

)2
σ2
ti,λ

. (4.12)
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Effective transit altitude uncertainties are then propagated to transit depth uncertainties with,

σRp,λ/R⊙ = 2
Rp,λ

R2
⊙

σzeff , (4.13)

where zeff is the effective transit altitude and σzeff is the 1-σ effective transit altitude uncertainties. Figure 4.5

shows fitted spectra with uncertainties for the clear sky case. While the modeled spectra appear qualitatively

reasonable, the reduced chi-squared for the clear sky best-fit model was 72.1. Similarly, the reduced chi-

squared for the two-parameter haze best fit model was 72.2. Moreover, the probability this reduced chi-square

value would occur by chance is infinitesimal, further indicating an over-simplified model or underestimated

data error (Flannery et al., 1992). Here, quantitatively poor fits likely stem from a combination of incomplete

opacity data and overly-simplified model assumptions. For the former, and as can be seen in Table 4.1, the

laboratory opacity data are often measured in a temperature regime that is much warmer than Titan’s upper

atmosphere (which has characteristic temperatures of 150–200 K). Additionally, it is worth noting that both

best-fit models (our work and Koskinen et al., 2011) struggle to reproduce the acetylene and ethylene features

between 145–155 nm despite having cross section data for both species at Titan-relevant temperatures. This

may reflect uncertainty in the cross section measurements, which are estimated to be at 10% or less (Wu

et al., 2001, 2004). Regarding model assumptions, previous analyses of the UVIS occultation observations

reveal that the absorbing gaseous species do not have number density profiles that follow simple exponential

decreases with a uniform scale height (Koskinen et al., 2011), as is assumed in our model. A comparison of

Figures 4.3 and 4.5 demonstrates the error associated with our model assumptions.

To produce better fits (as indicated by the reduced chi-squared) and to better mimic noisy exoplanet

data, we opted to inflate the error bars on our transit spectrum via a uniform multiplicative scaling factor

(as is a relatively common practice; Tremaine et al., 2002; Hogg et al., 2010; Foreman-Mackey et al., 2013;

Line et al., 2015). Figure 4.6 demonstrates how increasing the data uncertainty affects the resulting reduced

chi-squared for a best-fit clear sky model. Based on this analysis, we chose a multiplicative scaling factor

of 8 to produce reduced chi-squared values reliably close to unity without losing spectral information and

potentially overfitting the data. As is discussed later, error scaling does not impact any of the conclusions

we draw from subsequent retrieval analyses.

4.4.2 Clear Sky Retrievals

Retrieved atmospheric parameters for the application of our clear sky model to the UVIS Titan transit

spectrum with inflated uncertainties are shown in Figure 4.7. This so-called “corners” plot depicts, along

the diagonal, the posterior distributions for all retrieved parameters marginalized over all other parameters.
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Figure 4.5: Titan transit depth spectrum is shown in black. Propagated error bars are included; however,
they are small enough such that they are not visible on this scale. Modeled transit spectra from our clear
sky retrieval analyses are shown as a 2-σ (95.5%) spread in blue.
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Figure 4.6: Reduced chi-squared values for the best-fit model from our retrieval framework when increasing
the multiplicative error scaling factor on the UVIS-derived transit spectrum. The dotted line represents a
reduced chi-squared of unity.
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Off-axis plots show two-dimensional posterior distributions where all but two retrieved parameters have

been marginalized over. For the one-dimensional marginal distributions, values at the 16th, 50th, and 84th

percentile are indicated above each sub-plot (i.e., the distribution mean and ±1-σ), and the reduced chi-

squared for the best-fit model was 1.126. All one-dimensional marginal distributions are roughly Gaussian in

shape. The reference radius (R0) is anti-correlated with all gas column number densities over a narrow range

of parameter space as roughly fixed number densities aloft can be maintained when the reference radius

is increased but the column number densities down to this radius are decreased. These anti-correlations

with R0 then lead to correlations between all gas column number densities over narrow ranges of parameter

space. Finally, Figure 4.8 shows the 1-σ (68.2%) and 2-σ (95.5%) spread in model spectra derived from our

retrieval.

4.4.3 Hazy Retrievals

Marginalized posterior distributions for our two-parameter haze model applied to the UVIS-derived transit

spectrum are shown in Figure 4.9. The resultant spectra are shown in Figure 4.10. As can be seen in

the spectra, fits produced by the two-parameter haze model show little to negligible difference in quality as

compared to the clear sky model. More quantitatively, the reduced chi-squared for the best-fit two-parameter

haze model is 1.130, indicating that the models are nearly identical in their ability to fit the data.

Correlations between gas column number densities and the reference radius parameter in the two-

parameter hazy model analysis are similar to those seen in the clear sky analysis. However, and as compared

to the clear sky analysis, the two-parameter hazy one-dimensional posterior distributions are generally wider

and non-Gaussian (excepting the scale height distribution). The detached haze vertical optical depth (τh)

is poorly constrained, but is generally found to be optically thick in the horizontal (i.e., slant) direction. A

tail in the marginal distribution for the reference radius (R0) to smaller radii correlates with zh to maintain

the floor of the transit spectrum near 3,100 km, or about 500 km above the solid body radius of Titan,

which corresponds to the deepest altitudes probed in our transit spectrum. This, in turn, leads to tails in

the marginal distributions for the gas vertical column abundances towards larger values. Lastly, it should

be noted that the primary benzene feature (∼ 180 nm) probes near 500 km in the transit spectrum. For this

reason, the distribution is likely impacted by the haze parameterization, which sets the floor of the transit

spectrum near 500 km.

Results from our one-parameter haze model can be used to further understand the correlations and

wide distributions seen in our two-parameter haze treatment. Marginalized posterior distributions from the

application of our one-parameter model are shown in Figure 4.11 and the resulting spread in model spectra
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Figure 4.7: Marginalized posterior distributions for a clear sky retrieval analysis applied to the UVIS-derived
transit data for Titan in Figure 4.2. Sub-plots along the diagonal show posterior distributions where all but a
single parameter have been marginalized over, and distribution values at the 16th, 50th, and 84th percentile
are indicated above each sub-plot. Off-diagonal sub-plots show posterior distributions where all but two
parameters have been marginalized over.
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Figure 4.8: Titan transit depth spectrum with 8× inflated error bars (light grey). Modeled transit spectra
from our clear sky retrieval analysis are shown as 1-σ (68.2%) and 2-σ (95.5%) spreads, dark blue and light
blue respectively. Note that the difference between the 1-σ and 2-σ spreads is most discernible in the 175–185
nm range.
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Figure 4.9: Same as Figure 4.7 except with the addition of a two-parameter haze treatment.
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Figure 4.10: Same as Figure 4.8 except for retrieved spectra that include a two-parameter haze treatment.
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are shown in Figure 4.12. Here, the reference radius and haze altitude combine to set the floor of the transit

spectrum near 500 km above Titan’s solid body radius. With the haze layer fixing the floor of the transit

spectrum, R0 can take on a wide range of values and, correspondingly, the column number densities also

vary over a wide range of values. These behaviors are also seen in the two-parameter haze model results

and are analogous to a degeneracy between the reference radius, pressure, and gas abundances discussed for

retrievals applied to transiting exoplanets in Heng & Kitzmann (2017).

4.5 Discussion

Titan is a well-studied world in the Solar System, which enables intercomparisons between our retrieval

analyses and previous works, as is discussed immediately below. Here, we also explore how the BIC parameter

enables model selection amongst our various haze treatments (including haze-free models), and we discuss

implications that stem from our non-detections of Titan’s tholin haze in our retrievals. Finally, we describe

how our transit spectrum results could apply to future exoplanet observations.

4.5.1 Comparisons to Previous Studies

To compare with previous studies, we convert our vertical column number densities (measured above R0) to

slant path column number densities. These two column number densities are related through,

Ns(z) =
2 (Rp + z)

H
·K1

(
Rp + z

H

)
· eR0/H ·N0 (4.14)

where Ns is the slant path column number density of some species at a tangent altitude of z above the

solid body radius. Using Equation 4.14, we randomly re-sampled our MCMC-derived distributions for each

species to derive slant column number density distributions at 700 km altitude (selected to best compare to

results in Koskinen et al., 2011). With these derived distributions, we directly compare our slant column

number densities to previous Cassini/UVIS retrievals.

Critically, our retrieved column number densities generally agree with previous studies that used Cassini/UVIS

observations, as shown in Table 4.3. Thus, with sufficient signal-to-noise, transit observations can constrain

atmospheric properties with uncertainties comparable to orbital measurements. Despite general agreement

between our retrievals, Koskinen et al. (2011), and Shemansky et al. (2005), column number densities for

ethane (C2H6) and benzene (C6H6) show more substantial deviation and merit some discussion. Ethane is

a known photochemical product within Titan’s atmosphere (Lavvas et al., 2008). Unfortunately, there are

no apparent distinct ethane features within Titan’s transit spectrum. Rather, it provides relatively grey
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Figure 4.11: Same as Figure 4.7 except with the addition of a single-parameter haze treatment.
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Figure 4.12: Same as Figure 4.8 except for retrieved spectra that include a single-parameter haze treatment.
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opacity between 120–135 nm, with a slight slope longward. Using photochemical calculations and mixing

ratio constraints Koskinen et al. (2011) estimate an upper limit for the column number density of ethane.

Our retrieved column number density, which is obtained without photochemical modeling, is in agreement

to within an order of magnitude of previous UVIS results. Additionally, retrieved column number densities

for benzene show some variation. These discrepancies likely stem from simplifying assumptions in our model

— namely that atmospheric species are distributed exponentially with scale height. Koskinen et al. (2011)

demonstrate that column densities for benzene have additional structure with altitude, especially near 700

km. Generally, all retrieved column number density values across studies are fairly consistent.

Comparisons to previous results do present some issues, however. Potentially most importantly, the

results from our transit retrievals can be most sensitive to the abundance of a given species at a range of

altitudes that is quite distinct from the 700 km altitude level adopted for comparisons. For example, in the

far-ultraviolet (∼ 130nm) the transit spectrum probes much greater altitudes than the comparison altitude

of 700 km. As methane is responsible for the majority of the opacity in this region, our methane constraint is

primarily applicable at altitudes markedly larger than 700 km and our assumption of a constant scale height

for number density distributions leads to a discrepancy at 700 km. Figure 4.13 demonstrates this effect by

comparing our idealized slant path column number density profiles with those inferred in Koskinen et al.

(2011). Our simplified model profiles generally agree with previous UVIS-derived profiles in altitude regions

where our best-fit model is most sensitive to the species number density. Sensitivity was determined based

on the contribution function, or ∂zeff/∂Nj . Deviations between our retrieved profiles and those of Koskinen

et al. (2011) occur where our retrievals have limited or no sensitivity, either due to the extent of altitudes

probed by the transit spectrum or due to the strength of the given species’ opacity.

4.5.2 Model Selection Considerations

To determine a preference for either our clear sky or hazy models, we calculated the BIC for each model

using Equation 4.11. Recall that differences in the BIC between fitted models can quantitatively indicate if,

say, the improvement in a fit through the addition of model parameters is warranted. The ∆BIC value was 6

when comparing the clear sky and one-parameter haze model, with the higher individual BIC corresponding

to the hazy model. This evidence suggests that there is no reason to include an additional free parameter

to fit for an opaque haze layer. For the clear sky and two-parameter haze model comparison, the ∆BIC

value was 14. This indicates strong evidence that supports excluding the two-parameter detached haze

layer treatment. These findings remain true for data even without inflated error bars, indicating that error

inflation did not result in substantive losses in spectral information.
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Figure 4.13: Best-fit model slant column number density profiles for each species retrieved in this work (solid
lines) compared with those inferred in Koskinen et al. (2011) (dashed). Circles indicate where our model
is most sensitive to the column number density of that species based on the maximum of the contribution
function (i.e., ∂zeff/∂Nj). Grey regions indicate where the contribution function is zero, either due the
strength of the opacity or the extent of the altitudes probed by the transit spectrum. Note that the haze
panel compares slant path optical depth profiles at 180 nm.
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It is tempting to interpret results from our two-parameter haze treatment in Figure 4.9 as showing a

slight preference for models with a detached haze layer near 500 km above Titan’s solid body radius with

a slant optical depth near unity (i.e., τh near 0.1). This would correspond to the haze density maximum

near 500 km seen in the altitude-resolved transmission data (Figure 4.1). Future work might find stronger

evidence for the detection of this “detached” haze layer (and, potentially, the haze layer/maximum near

700 km) in our transit spectrum by including wavelength-dependent (i.e., non-grey) opacity data for organic

hazes and/or exploring haze models that do not assume a uniform distribution of aerosol opacity across

a scale height. Regarding the latter point, the transmission data in Figure 4.1 show a sharper increase in

aerosol number density near the base of the haze layer near 500 km (Koskinen et al., 2011). Along these lines,

future work might also investigate how atmospheric constraints are degraded as observational uncertainties

are artificially inflated to increasingly larger levels than are investigated here.

4.5.3 Relevance to Exoplanet Cloud/Haze Parameterizations

Given the quantifiable impact of haze on the UVIS-derived transit spectrum of Titan (Figure 4.3), it is striking

that none of the hazy retrieval models confidently detected a haze layer (regardless of error scaling). This

suggests that common models for parameterizing the distribution of hazes/clouds in exoplanet atmospheric

retrieval models could lead to false negative non-detections of aerosols. Furthermore, and as can be seen by

comparing Figures 4.7 and 4.9, false negative results can also be associated with degradations in the inferred

distributions of other atmospheric parameters. In the particular case here, the false negative and degradations

likely stem from two distinct over-simplifications. First, hazy retrieval models applied here assume a grey

haze opacity. Future work could explore other parameterizations of haze opacity, although we caution

against any heavy reliance on Titan’s aerosol optical properties as these may not be particularly relevant

given conditions in hotter exoplanet atmospheres (Lavvas & Koskinen, 2017; Lavvas et al., 2019; Moran

et al., 2020). Additional laboratory work addressing the optical properties of relevant haze compositions will

be increasingly important given the varied and extreme conditions of the numerous classes of exoplanets (He

et al., 2020; Moran et al., 2020).

A second over-simplification stems from our assumption that the haze either truncates the transit spec-

trum below a fitted altitude (i.e., our one-parameter haze model) or that the fitted haze optical depth is

distributed uniformly over one scale height above a fitted altitude (i.e., our two parameter haze model). In

reality, results from Koskinen et al. (2011) show that the haze profile is continuous below about 1,000 km

with regions of local increases in density (e.g., near 500 km and 700 km for the dataset adopted here).

While a two-parameter haze model is common in the exoplanet retrieval literature (for a review see Barstow,
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2020, 2021), Titan’s high-altitude haze demonstrates the importance of exploring other haze parameteriza-

tions (e.g., an exponential vertical haze distribution, potentially with its own distinct scale height) when

applying retrieval analysis to exoplanet observations. The inability of our retrieval models to detect Titan’s

tholin haze highlights the importance of appropriately balancing simplicity with physicality in treatments of

clouds/hazes.

4.5.4 Considerations for Future Exoplanet Observations

While our results demonstrate the rich atmospheric information that can be provided by observations of

exoplanet transits at ultraviolet wavelengths, the acquisition of such data comes with additional complica-

tions. Perhaps most fundamentally, the overall faintness of Sun-like and cool stars at ultraviolet wavelengths

implies that reaching even 10–100 parts per million (ppm) accuracy on transit spectrum observations is

difficult. Specifically, shortward of 140 nm, Sun-like stellar spectra exclusively consist of atomic emission

lines and minimal continuum severely limiting the signal-to-noise (SNR) (Young et al., 2018). Beyond this,

the so-called “transit light source effect” will be most pronounced at short wavelengths (see, e.g., Rackham

et al., 2018). Here, occulted heterogeneities on the stellar photosphere — namely spots and faculae — can

introduce systematic biases in transit spectra, and the contrast between these heterogeneities and the back-

ground photosphere is strong in the ultraviolet regime (Oshagh et al., 2014; Llama & Shkolnik, 2015). To

consider how our results for Titan might translate to other star-planet systems, we note that the transit fea-

tures we observe span 6–12 scale heights. For a sub-Neptune with a gravity of 10 m s−2 and an atmospheric

temperature of 500 K, this range of scale heights translates to 100–200 km for a water-dominated atmo-

sphere and 1,000–2,000 km for a H2/He-dominated atmosphere. This range of thicknesses (100–2000 km)

corresponds to transit depths of 10–100 ppm for a Sun-like host and 200–3,000 ppm for a mid-M dwarf (at

0.2R⊙). For comparison, Sing et al. (2019) reach uncertainties of ∼ 20 parts per thousand in 1 nm bins

for WASP-121b with Hubble Space Telescope (HST)/Space Telescope Imaging Spectrometer (STIS) while

Wakeford et al. (2020) obtain 100–1,000 ppm uncertainties in 10 nm bins for HAT-P-41b with Wide Field

Camera 3 (WFC3)/UVIS aboard HST — both at longer ultraviolet wavelengths than studied here. Thus,

while the quality of atmospheric characterization obtained from Cassini/UVIS-derived transit spectra of

Titan may be out of reach for HST, it may be that next-generation ultraviolet-capable space telescopes (e.g.,

the Large UltraViolet-Optical-InfraRed [LUVOIR; Roberge & Moustakas (2018)] surveyor, or the Habitable

Exoplanet Observatory [HabEx; Gaudi et al. (2018)]) could better leverage exoplanet transit observations

at ultraviolet wavelengths.
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4.6 Conclusions

In this paper we have investigated the interplay between absorption by atmospheric hydrocarbon and organo-

nitrile species and haze extinction in an occultation-derived ultraviolet transit spectrum of Titan. Critically,

Titan’s complex atmospheric chemical structure may be analogous to hazy exoplanet atmospheres rich in

hydrocarbon species. Our findings are summarized as follows:

• Despite extensive haze structures in Titan’s atmosphere, numerous ultraviolet molecular gas absorption

features are easily detected in our occultation-derived transit spectrum. The subtle impact of high-

altitude hazes on the ultraviolet transit spectrum of Titan differs from the results of similar analyses

of the near-infrared transit spectrum of Titan, which demonstrated a spectral impact of the main

haze layer and strong detections of primarily CH4 (Robinson et al., 2014). This difference suggests

that various wavelength regimes (ultraviolet, visible, infrared, etc.) can have dramatically different

sensitivities to gas and aerosol species, ultimately imploring for complementary analyses to derive a

whole picture.

• Solar System observations provide valuable, often ground-truthed, tests of exoplanet atmospheric char-

acterization techniques.

• Application of various haze parameterizations within our atmospheric retrieval framework to our ul-

traviolet transit spectrum of Titan all resulted in inferred gas column densities that are consistent with

previous analyses of Cassini/UVIS observations

• Despite the apparent impact of haze extinction on the underlying occultation data and Titan’s UVIS-

derived transit spectrum, retrievals using a simplified haze parameterization were unable to detect these

haze layers in transit. Thus, oversimplified haze parameterizations, which are conventional within exo-

planet atmospheric characterizations, may result in false negative results for detections of atmospheric

clouds and hazes.
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Chapter 5

Compaction of Microporous H2O ice via Energetic Electrons

Some figures appearing in this chapter have been reproduced from Behr, P. R., Tribbett, P. D., Robinson,
T. D., and Loeffler, M. J. (2020), Astrophys. J. 900, 2, 147. IOP Publishing Ltd is not responsible for any
errors or omissions in this version of the manuscript or any version derived from it. The Version of Record
is available online at https://iopscience.iop.org/article/10.3847/1538-4357/abad3f/meta.

5.1 Abstract

Here we provide experimental evidence for the compaction of microporous amorphous solid water (ASW) via

energetic electron irradiation using Ultraviolet-Visible (UV-Vis) spectroscopy. While this project, and the

published version of this data, included analysis of infrared (IR) spectra to demonstrate the disappearance

of the dangling bond (DB) absorption features, which serve as a proxy for porosity and internal surface

area, this chapter will focus on our analysis with UV-Vis spectroscopy. The experimental data (both UV-Vis

and IR spectra were acquired by first author Patrick R. Behr, a summer 2019 research experience for

undergraduates (REU) student at Northern Arizona University (NAU). Additionally, Behr analyzed the

infrared spectra. My contribution to the project focuses on the analysis of the UV-Vis data using a Fresnel

reflectance model coupled to a Markov chain Monte Carlo (MCMC)-implementation of Bayesian Inference.

This chapter includes an introduction to motivate compaction of microporous ASW and previous work

addressing irradiation-induced compaction, the Fresnel reflectance model and a brief description of the

UV-Vis spectra, results, and discussion. For access to all published information, see the DOI located in the

disclaimer above.

Keywords: Astrochemistry (75); Interstellar medium (847); Cosmic rays (329); Solid matter physics

(2090); Surface ices (2117); Laboratory astrophysics (2004); Spectroscopy (1558)

5.2 Introduction

Microporous ASW should preferentially form on interstellar dust grains from the ambient condensation of

H2O vapor within cold (∼ 10 K; Caselli & Ceccarelli (2012)), dense molecular clouds in the interstellar
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medium (ISM). Laboratory studies have demonstrated that background deposition (analogous to ambient

condensation) creates microporous ASW (Sceats & Rice, 1982; Brown et al., 1996), which can be easily

identified remotely using several absorption features in the IR region that have been attributed to dangling

O-H bonds or DBs (Buch & Devlin, 1991; Rowland et al., 1991). More specific information regarding

these DBs can be found in Chapter 6. These DBs occur at surface vacuum interfaces. Due to the cold

temperatures during condensation, they are not locked within a crystal lattice and do not participate in

intermolecular lattice bonding, which results in their having unique IR features. This phase of H2O ice

could have critical implications for the chemical history of interstellar ices since the significant pore volume

(Mayer & Pletzer, 1986) could trap additional volatiles (Bar-Nun et al., 1985a) and the surface area may

facilitate gas phase chemical reactions. Moreover, recent work by Carmack et al. (2023) demonstrated that

all micropore networks within ASW are accessible from the surface regardless of sample thickness, further

highlighting the importance of volatile trapping. However, to date, microporous ASW has not been detected

anywhere.

While non-detections (Dartois et al., 2013) of ASW may be attributed to the presence of other IR active

molecules with absorption features near the DB absorption bands or due to constraints on the previous

generations of telescopes (discussed in Chapter 6), previous laboratory studies have demonstrated that

heavy ion bombardment destroys the DB absorption bands and induces compaction. For example, Raut

et al. (2007b) demonstrated that microporous ASW compacts (i.e. decrease in thickness and porosity) when

irradiated with H+, He+, Ne+, and Ar+ with energies between 80 and 400 keV. However, this work found that

compaction scaled linearly with the stopping power of each projectile above a stopping power threshold of 4

eV Å−1. This threshold suggested that complete compaction would take approximately the entire lifetime

of a molecular cloud, which would suggest that ASW should still be present. To address the stopping power

threshold of compaction, and improve estimates for the lifetime of microporous ASW, we grew microporous

ASW samples and irradiated these samples with 5 keV electrons, which have a stopping power of 0.35 eV

Å−1 (i.e. below the threshold). We acquired UV-Vis spectra during irradiation, and fit these spectra using

a Fresnel reflectance forward model coupled to a MCMC-implementation of Bayesian Inference (emcee; see

Chapter 2) to derived model parameters, including the ice thickness. Using the model-derived thickness

and the QCM-derived areal mass, we demonstrate that electrons compact ASW and the implications are

discussed in Section 5.5.
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5.3 Methods

5.3.1 Experimental Methods

We deposited microporous ASW samples in a similar ultra high vacuum (UHV) chamber to that described

in Chapter 2. A detailed description of this UHV chamber can be found in Loeffler et al. (2020). We

background deposited microporous ASW samples onto a quartz crystal microbalance (QCM) substrate to a

column density of 1.68× 1018 H2O cm−2 or a thickness of ∼ 0.7µm, which we determined using the UV-Vis

analysis technique described below. We irradiated samples at an incidence angle of 12.5
◦
with 5 keV electrons

produced by a EGG-3103C Kimball Physics electron gun with typical electrons fluxes of ∼ 2×1012 electrons

cm−2 s−1. We determined the electron fluxes using a Faraday Cup, nearly identical to that described in

Chapter 2. We acquired UV-Vis spectra before, during, and after irradiation using the instrument described

in Section 2.1.2.2.

5.3.2 Fresnel Reflectance Model

To analyze the UV-Vis spectra, we generated synthetic spectra using a forward model derived from the

Fresnel equations for specular reflectance (Heavens, 1965). This technique is similar to previous studies

modeling the radiation-induced compaction of porous ASW ice (Raut et al., 2007b, 2008) and is described

previously in Teolis et al. (2007b). Note that all of these previous studies fit this forward model to spectral

data by-eye.

The Fresnel equations for specular reflectance calculate the wavelength-dependent Fresnel Coefficients

for both parallel and perpendicularly polarized light reflected from the ice and vacuum interface (Equations

5.1 and 5.2) and reflected from the ice and substrate interface (Equations 5.3 and 5.4):

r⊥,ice =
n0cos(θice)− nicecos(θ0)

n0cos(θice) + nicecos(θ0)
(5.1)

r∥,ice =
nicecos(θice)− n0cos(θ0)

nicecos(θice) + n0cos(θ0)
(5.2)

r⊥,sub =
nfilmcos(θsub)− nsubcos(θice)

nicecos(θsub) + nsubcos(θice)
(5.3)

r∥,sub =
nsubcos(θsub)− nicecos(θice)

nsubcos(θsub) + nicecos(θice)
(5.4)

where r denotes the Fresnel coefficient for either parallel (∥) or perpendicularly (⊥) polarized light for

either the vacuum/ice interface or the ice/substrate interface, n0 is the incident real index of refraction
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or the real index or refraction of a vacuum (assumed to be 1), θ0 is the angle of incidence, nice is the

wavelength-dependent real index of refraction of the ice (H2O, or H2S in the case of Chapter 7), nsub is the

wavelength-dependent complex index of refraction of the gold substrate, θice is the angle of refraction for the

ice, and θsub is the angle of refraction for the substrate. The angles of refraction are calculated from Snell’s

Law:

θice = arcsinn0/nice sin θ0 (5.5)

θsub = arcsinn0/nsub sin θ0 (5.6)

Since H2O-ice is transparent within the wavelength range 0.25 - 0.7 µm (Warren & Brandt, 2008), we use

the Sellmeier equation to approximate the wavelength-dependent, real index of refraction:

n(λ) =
A+B(λ)2

λ2 − C2
(5.7)

where n is the wavelength-dependent, real index of refraction of H2O, and A, B, and C are the fitted Sellmeier

coefficients. Note that this technique is frequently used to estimate the real index of refraction within the

field of material science (Voronin & Zheltikov, 2017). The Sellmeier approximation also works for the H2S ice

samples in Chapter 7 since H2S is also transparent within 0.3 - 0.7 µm. The slight difference in wavelength

range is due absorptions of H2S in the deep UV. The complex optical constants (n - ik) for the gold substrate

were taken from Babar & Weaver (2015).

From the Fresnel coefficients, we calculated the parallel and perpendicular reflectance components:

R⊥ =

(
r⊥,ice + r⊥,sube

(−2iϕ)

1 + r⊥,icer⊥,sube(−2iϕ)

)2

(5.8)

R∥ =

(
r∥,rmice + r∥,sube

(−2iϕ)

1 + r∥,icer∥,sube(−2iϕ)

)2

(5.9)

where i is an imaginary number, and ϕ is the phase angle. The phase angle is related to the ice thickness

(d) through the following relationship:

ϕ = 2πniced cos θice
1

λ
(5.10)

The total reflectance from the ice and the substrate is assumed to be an equal parts mixture of parallel and

perpendicularly polarized light. A similar exercise is completed to calculate the total reflected light from the
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bare substrate, though substantially simplified:

r⊥,bare =
n0 cos θsub − nsub cos θ0
n0 cos θsub + nsub cos θ0

(5.11)

r∥,bare =
nsub cos θsub − n0 cos θ0
nsub cos θsub + n0 cos θ0

(5.12)

Rbare = 0.5
(
r2⊥,bare + r2∥,bare

)
(5.13)

Additionally, we included a scattering efficiency factor in the forward model to account for the increased

light scattering at high irradiation fluence. This scattering is a consequence of radiation-induced roughness

on the surface at a length scale significantly smaller than the UV-Vis wavelengths analyzed. For this reason,

the scattering is approximated as Rayleigh scattering. We evaluated the total light reflected from the sample

as:

R =

(
Rice

Rbare

)(
1− σs

λ4

)
(5.14)

where σs is the scattering efficiency factor.

5.3.3 Optimization of Synthetic Spectra

We fit the synthetic spectra produced from the Fresnel reflectance forward model to the UV-Vis laboratory

data using a MCMC-implementation of Bayesian Inference using the open source emcee python package

(Foreman-Mackey et al., 2013). Note that this is the same python package that I used for the atmospheric

forward model retrievals in Chapter 4. I explain this technique in detail in Chapter 2. Briefly, Bayes Theorem

states that the posterior probability distribution for a given set of physical parameters (θ) and a given set of

data (x) is proportional to the prior probabilities of those parameters and the likelihood probability of the

data given those parameters:

P (θ|x) ∝ P (θ)P (x|θ) (5.15)

where P (θ|x) is the posterior probability distribution, P (θ) is the prior probability, and P (x|θ) is the like-

lihood probability. A modified Hastings-Metropolis algorithm psuedorandomly samples the the parameters

to effectively map the posterior probability distribution space for each individual parameter. The likelihood

probability or likelihood function effectively compares the laboratory data and associated error with the

reflectance forward model for a given set of parameters:
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Model Parameter Description Priors
A Sellmeier Coefficient A > 0
B Sellmeier Coefficient B > 0
C Sellmeier Coefficient −200 < C < 200
d Film Thickness d > 0
σs Scattering Efficiency Parameter 7 < σs < 9

Table 5.1: Model fitted parameters, their descriptions, and their prior probabilities.

lnP (x|θ) = −1

2

∑
i

(xi −Ri)

σ2
i

+ ln2πσ2
i (5.16)

where xi is the ith reflectance data point, σi is the associated uncertainty for the ith data point, and Ri is

the Fresnel reflectance forward model. The likelihood probability (and consequently posterior probability

distribution) maximizes as the differences between the data and model are minimized. As in Chapter 4, I

assume uniformed (flat) prior probability distributions to truncate the parameter values and limit the MCMC

algorithm to physical parameter values (e.g. an absolute length cannot be negative). The parameters of

interest, their description, and the prior probability limits are shown in Table 5.1. Note that the scattering

efficiency factor is retrieved in log space to ensure that multiple orders of magnitude are sufficiently explored.

5.4 Results

We background deposited microporous ASW ice samples at 30 K, and irradiated with 5 keV electrons,

acquiring UV-Vis spectra before, during, and after irradiation. Figure 5.1 shows the UV-Vis reflectance as

a function of wavelength, acquired prior to (top) and after (bottom) irradiation to a fluence of 3.18 × 1016

electrons cm−2. Since H2O ice is transparent with this wavelength range, these periodic dips in reflectance

are due to interference between the light reflected from the surface of the ice and the surface of the gold

substrate, rather than light absorbed by the H2O ice sample. Prior to irradiation, the spectrum shows large

interference fringes with minimal scattering at the deep UV wavelengths. Additionally, the modeled best

fit spectrum (shown in red) agrees well with the laboratory data, indicating an appropriate physical model.

More quantitatively, the reduced chi-squared (defined in Chapter 2) is 0.82, confirming the quality of model

fit. After irradiation (bottom), the spectrum shows evidence for wavelength-dependent scattering due to

irradiation-induced surface roughness. However, the model accounts for this and qualitatively agrees with

the laboratory spectrum. The reduced chi squared for this spectrum is 1.28, again suggesting a good model

fit. Notably, the model and data deviate around 500 nm. This discrepancy is likely due to the assumed

optical constants of the gold substrate. Additionally, both laboratory spectra show a small artifact of the

halogen light source near 650 nm.
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Figure 5.1: UV-Vis reflectance spectra of a ASW ice deposited with a column number density of 1.68× 1018

H2O cm−1 after deposition at 30 K (top), and after irradiation with 5 keV at 30 K to an electron fluence of
3.18× 1016 electrons cm−2. Laboratory spectra are shown in solid black lines. Best fit modeled spectra are
shown in dotted red lines.
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Importantly, Figure 5.1 shows that after irradiation, the number of interference fringes decreases, qual-

itatively indicating that as the electron fluence increases, the ice thickness decreases (i.e. compacts). The

model-derived thickness confirms the qualitative fringe counting. Figure 5.2 shows the marginalized poste-

rior probability distributions for each individual parameter along the diagonal axis showing the distributions

16th, 50th, and 84th percentiles (i.e. distribution mean and 1σ uncertainty). Off axis plots show the two-

dimensional marginalized posterior probability distributions for each pair of parameters. Note that there are

correlations between the Sellmeier coefficients, which is expected; however, these values do not extend over

the entirity of parameter space. Importantly, from these distributions, we determine the mean ice thickness

and uncertainty. Our initial ice thickness is ∼ 704 nm and our final thickness after irradiation is ∼ 527 nm,

with a modeled uncertainty of < 0.1%.

Following this method for determining the ice thickness, we derive a sample thickness at incremental

fluences using the UV-Vis spectra. With the known column density (or areal mass) of the sample, known

independently from the QCM data, we calculate the density for each UV-Vis spectra. As the sample is

irradiated, the density increases from an initial value of 0.72 g cm−3 to a final compact value of 0.95 ± 0.02 g

cm−3, which is consistent with the previously determined density for compact H2O-ice (0.94 g cm−3) (Narten

et al., 1976). Assuming a final compact density (ρc) of 0.95 g cm−3, we calculate the sample porosity:

ϕ = 1− ρ

ρc
(5.17)

Figure 5.3 shows the porosity of the microporous ASW sample as a function of fluence. As the fluence

increases, the porosity decreases and the sample becomes fully compact. Note that the remote indication of

porosity (DB absorption bands) also decreases as a function of fluence. For additional information regarding

the DB IR analysis, see Behr et al. (2020).

5.5 Discussion

MCMC-based analysis of the UV-Vis spectra indicate that the thickness of microporous ASW ice samples

decreases as a function of electron fluence. As the QCM-derived areal mass remains constant, this decrease in

thickness requires an increase in density and consequently a decrease in porosity. Note that 5 keV electrons

do sputter a small amount of material resulting in a small loss in areal mass as a function of fluence. Meier

& Loeffler (2020) demonstrated that 5.0 keV electrons sputter ∼ 0.03 H2O electron−1 at 60 K, which should

be similar to 30 K (Davis et al., 2021). Given that the fluence reached in our study is ∼ 2× 1016 electrons

cm−2, this results in an insignificant loss in the total areal mass of our samples (∼ 0.03% by number). A

fluence of ∼ 2× 1016 electrons cm−2 is required to full compact the ice samples. The complete compaction
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Figure 5.2: Marginalized posterior probability distributions for each individual model parameter along the
diagonal, and the two-dimensional posterior probability distributions for each pair of parameters.

of microporous ASW with energetic electrons is of fundamental interest because it demonstrates that the

proposed stopping power threshold of 3 eV Å−1 is not necessary to achieve compaction and the destruction

of micropores and any remotely detectable features. Because energetic particles with lower stopping power

than this threshold were not previously included in compaction timescale estimates, the time period required

for compaction is significantly less than that estimated in Raut et al. (2008). Specifically, Behr et al. (2020)

estimated the lifetime of microporous ASW to be on the order of 105 years, which is significantly shorter
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Figure 5.3: Normalized porosity and dangling bond (DB) absorption normalized band area of a 1.68× 1018

H2O cm−2 ASW sample as a function of fluence. Fits to this data are described further in Behr et al. (2020).

than the lifetime of a molecular cloud (Blitz & Shu, 1980). Radiation-induced compaction likely explains the

lack of abundant microporous ASW; however, it does not explain the absense of microporous ASW in the

youngest of molecular clouds. The anticipation of microporous ASW detections in young molecular clouds

is addressed in depth in Chapter 6.
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Chapter 6

Probing Microporous ASW with Near-infrared Spectroscopy: Implications for
JWST’s NIRSpec
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any version derived from it. The Version of Record is available online at https://iopscience.iop.org/

article/10.3847/1538-4357/abff55.

6.1 Abstract

The presence of porous amorphous solid water (ASW) in interstellar ice mantles has long been suspected

but, to date, has not been identified. With the upcoming launch of the James Webb Space Telescope

(JWST), future detections of porous ASW seem promising. To this end, we investigated the near-infrared

spectra of ASW to confirm that two features that have been seen sporadically in literature and have either

not been identified or only tentatively identified were indeed due to dangling bond (DB) absorption bands.

These bands may provide an additional way to identify porous ASW with remote sensing spectroscopy. Our

systematic study tested the thermal stability of these features and their spectral shifts during gas adsorption.

We correlated these changes to what we observed in the well-studied fundamental DB absorptions at 3720

cm−1 and 3696 cm−1. We find excellent agreement between the behavior of the fundamental DB absorption

bands with those centered at 5326 cm−1 and 7235 cm−1, as well as a shoulder located at 7285 cm−1,

confirming that all these features are due to DBs present in porous ASW. We estimate that these weaker

DB absorptions should be identifiable after 4 - 5 hrs of observation time with JWST’s NIRSpec instrument.

These new features may not only prove useful in future observational campaigns in search of porous ASW

but also may serve as a powerful way to indirectly detect weakly absorbing species that challenge the ability

of remote sensing spectroscopy.

Keywords: Laboratory astrophysics (2004); Solid matter physics (2090); Surface ices (2117); Astrochem-

istry (75); Interstellar medium (847); Spectroscopy (1558)
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6.2 Introduction

At cold temperatures (< 100 K), water vapor condenses to form amorphous solid water (ASW) (Blackman

& Lisgarten, 1958). ASW will contain pores, and the characteristics of these pores will depend strongly

on the growth conditions (Sceats & Rice, 1982; Brown et al., 1996; Stevenson et al., 1999; Horimoto et al.,

2002). Porous ASW is believed to be of particular importance for astronomical environments, as the pores

within the ice can trap volatile gas species and may promote gas-solid phase chemistry altering the chemical

history of the ice (Bar-Nun et al., 1985a; Mayer & Pletzer, 1986). One consequence of ASW’s porosity and

large internal surface area is that the intermolecular bonding at the internal surfaces can differ compared to

what occurs in the bulk of the ice (Mayer & Pletzer, 1986). More specifically, the water molecules at the

pore surface partially dangle off into the pore and cannot participate in lattice bonding. These dangling

bonds (DBs) are characteristic of porous ASW and are typically identified in laboratory studies using the

pair of infrared (IR) bands centered at 3696 cm−1 and 3720 cm−1 (or 2.705 µm and 2.688 µm) (Buch &

Devlin, 1991; Rowland et al., 1991). These bands have been assigned to vibrations of 3-coordinated (one

free hydrogen bond) and 2-coordinated water (two free hydrogen bonds) molecules.

Although the temperatures within the interstellar medium (ISM) and the outer Solar System are suffi-

ciently low to form porous ASW from ambient condensation of H2O, the DB IR spectral features have not

been detected anywhere. Previous laboratory studies have demonstrated that energetic particle bombard-

ment can efficiently destroy the DB absorption bands (Palumbo, 2006; Raut et al., 2007b; Dartois et al.,

2013; Mej́ıa et al., 2015; Behr et al., 2020), as well as compact the pore volume (Palumbo, 2006; Raut et al.,

2007b, 2008; Behr et al., 2020). In fact, most recent laboratory estimates (Behr et al., 2020) suggest that

the DB features will be destroyed 10-100 times faster than the average lifetime of a molecular cloud (Blitz

& Shu, 1980), which is consistent with these features’ absence in remote sensing spectra.

The absence of the DB features in remote sensing spectra taken to date could also be a consequence

of other more basic factors. For instance, the proximity between the fundamental DB bands and the fun-

damental OH stretch of H2O-ice could inhibit clear detection of these features, especially in spectra that

do not have the high signal to noise ratios (∼ 10 − 100) that are typically observed in laboratory spectra.

Moreover, IR-active species, such as CO2, which have absorption features in this spectral region may also

inhibit clear detections of DB features (Dartois et al., 2013). Thus, in this study, we were interested in

determining whether we could confidently identify any other absorption bands present in the spectrum of

ASW that could be attributed to the DBs and hence identify porous ASW. We note that near-infrared

spectral features for the DBs, where overtones and combination modes typically occur, are expected. Yet,

to our knowledge, there are only a few instances in literature where these potential features are either seen
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Identification References SNRd

a b c

DB2 (DB1)+ νe2 5320 5313 5326 31.06
2DB2 7230 - 7235 10.83
2DB1 - - 7285 3.08

Table 6.1: Compilation of previous laboratory work characterizing NIR DB features: aMastrapa et al. (2008),
25 K, bZheng et al. (2009), 10 K, and cthis work, 21 K. See Palumbo (2006) and Mej́ıa et al. (2015) for a
review of the fundamental DB features. dSignal to noise ratios are calculated by dividing the absorption
feature’s peak height by the peak-to-peak signal adjacent to the absorption feature (noise). These SNR
values are for this work only. Note that these features can also be seen in Fig. 3 in Schmitt et al. (1998);
however, band centers are not reported. eAssignment for ν2 is from Hagen et al. (1981).

or tentatively identified (Schmitt et al., 1998; Mastrapa et al., 2008; Zheng et al., 2009). For instance, two

absorption features are observed near 5320 cm−1 and 7230 cm−1 by Schmitt et al. (1998) but not identified,

while in more recent works, one or two features are seen and tentatively assigned to the DB absorptions

(Mastrapa et al., 2008; Zheng et al., 2009).

In an effort to confidently identify any new potential DB absorption bands, we deposited ASW films

between ∼ 20 and 150 K and studied their near-infrared spectra in detail after growth, during warming and

during adsorption of methane. Finally, we point out that this work was also motivated by the upcoming

launch of the James Webb Space Telescope (JWST). The near-infrared spectrometer (NIRSpec) instrument

on JWST is expected to have a significantly better sensitivity and resolution than its predecessors (Bagnasco

et al., 2007; Milam et al., 2016), opening up new opportunities for detection of previously unidentified species,

as well as more robust characterizations of the physical properties of the icy materials in extraterrestrial

environments.

6.3 Experimental Methods

Experiments were performed within a stainless steel ultra-high vacuum chamber with a base pressure of

1.5×10−9 Torr. The specifications of this chamber are detailed in Tribbett & Loeffler (2021); modifications to

include reflectance spectroscopy are similar to those described in Loeffler et al. (2020). To prepare our ASW

samples, we background deposited H2O (high-performance liquid chromatography (HPLC) grade, Sigma

Aldrich) at 21 K onto an optically flat gold mirror electrode of an Inficon IC6 quartz-crystal microbalance

(QCM) as described in our previous studies (Loeffler et al., 2020). Note that in all cases, the thermal-

radiation shield was removed to allow molecules from all angles to deposit on the sample, which should

more closely mimic an extraterrestrial environment, while maximizing the sample’s porosity (Loeffler et al.,

2016b). Samples were deposited at a rate of ∼ 4 × 1014 H2O cm−2 s−1 to a column density of 4.13 × 1018

H2O cm−2 or an ice thickness of ∼ 1.76 µm assuming a density of 0.70 g cm−3 (Behr et al., 2020).

100



For analysis, the specular reflectance between 12,000 cm−1 and 2000 cm−1 was acquired using a halogen

light source from a Thermo-Nicolet iS50 Fourier Transform Infrared Spectrometer (FTIR) and an MCT-A

detector at a spectral resolution of 2 cm−1. The incident angle of the light source was 37.5◦ with respect

to the surface normal of our gold-mirror QCM. IR spectra reported here are given in units of optical depth,

-ln(R), where R is the ratio of the intensity of reflected light from the sample divided by the intensity reflected

from the bare substrate. All reflectance spectra were collected without rotating the substrate (i.e. collected

at the same viewing geometry).

To determine temperature dependence of the spectral features, H2O-ice samples were warmed at a rate

of 2 K min−1 and allowed to equilibrate at the acquisition temperature before taking an IR spectrum. To

quantify the band area of any DB absorption bands, we used a 5th order polynomial to reproduce and remove

the baseline continuum from the absorption region prior to integration, as we have done in previous studies

(Loeffler et al., 2006b; Behr et al., 2020). In some experiments, we also deposited methane (ultra-high purity,

99.97 %, Matheson Gas) onto the ASW samples via background deposition at 21 K at a rate of ∼ 2× 1014

CH4 cm−2 s−1, which was monitored using the QCM. The low deposition temperatures allowed us to avoid

competition between adsorption and desorption of the CH4 (Raut et al., 2007a).

6.4 Results

6.4.1 Thermal Stability of DB Absorption Bands

Figure 6.1 shows the near-infrared spectrum of an ASW sample after deposition at 21 K and during warm-

ing to 150 K. As expected, the spectra are dominated by two broad absorption bands, which are due to

combination (ν2 + ν3; 5041 cm−1) and overtone (2ν3; 6748 cm−1) modes of H2O-ice (Gerakines et al., 2005;

Mastrapa et al., 2008). The sharp rise beginning near ∼ 3800 cm−1 is due to the fundamental stretching

mode of H2O-ice. These near-infrared features change slightly during warming with the most drastic changes

being due to the crystallization of ASW that occurs at higher temperatures (Jenniskens & Blake, 1994).

In addition to these large absorption features, there are three spectral regions that contain smaller

absorption bands that appear at higher wavenumbers than each large feature, which we show in Figure

6.2. It is well-known that the bands located at 3720 cm−1 (DB1) and 3696 cm−1 (DB2) are indicative of

dangling bonds present in 2- and 3-coordinated H2O molecules (Buch & Devlin, 1991; Raut et al., 2007a;

Dartois et al., 2013; Mej́ıa et al., 2015; Behr et al., 2020). In addition, we also assign these other smaller

features present in Figure 6.2a and 6.2b to dangling bond absorptions (see Table 6.1 for more details). The

absorption band centered at 5326 cm−1 (DB3) is consistent with what was previously tentatively identified

as a DB combination feature at 5313 cm−1 (Zheng et al., 2009) and at 5320 cm−1 (Mastrapa et al., 2008),
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Figure 6.1: IR spectra of a 4.13 × 1018 H2O cm−2 sample deposited at 21 K and incrementally warmed to
150 K. Spectra correspond to (2nd from the bottom to top): 21 K, 30 K, 50 K, 70 K, 90 K, 110 K, 130 K,
and 150 K. For comparison, the bottom spectrum is a 4.13 × 1018 H2O cm−2 crystalline sample deposited
at 150 K and cooled to 21 K. Note that the optical depth at < 4500 cm−1 is divided by 10 for comparison.
Spectra are vertically offset for clarity.

as well as what was observed in one of our recent works (see Figure 3 in Loeffler et al., 2020). Furthermore,

we suspect that the DB3 combination band is due to both 2- and 3-coordinated H2O molecules, as previous

studies have shown that peak position of the O-H stretching and H2O bending modes shift in opposite

directions as the coordinate state changes (Falk, 1984), which likely prevents the two transitions from being

resolved in our spectra. Finally, there appear to be two absorptions located at 7285 cm−1 (DB4) and at

7235 cm−1 (DB5). Similar to DB3, this is consistent with the tentative identification of a feature at 7230

cm−1 (Mastrapa et al., 2008), although the smaller absorption feature (DB4) was not reported in that work.

By comparing the band areas of each DB absorption region, we estimate that DB3 and DB4+DB5 are ∼ 20

times smaller than DB1+DB2, which is typical of an overtone or combination mode absorption (Hudson

et al., 2017). Admittedly, it would be better to refine this estimate in future laboratory measurements,
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as the relative strength of the absorption features can change with film thickness in our setup, which is a

consequence of thin film interference effects present in reflectance spectroscopy (Teolis et al., 2007b).

As can be most clearly seen in Figure 6.2, all DB features weaken during warming, eventually dissipating.

Both shoulder bands (DB1 and DB4) are unidentifiable at temperatures warmer than 70 - 90 K, supporting

that they are both indicative of 2-coordinated water molecules. DB2, DB3, and DB5 dissipate by 150 K;

generally agreeing with the temperature dependence of the larger DB feature (DB2) shown in earlier studies

(Horimoto et al., 2002). We point out all of these DB features are absent, as expected, within the crystalline

H2O-ice reference sample (Figure 6.2, bottom spectrum), which was background deposited at 150 K and

acquired at 21 K.

We also studied the decrease in the DB absorption bands during warming more quantitatively by mea-

suring the normalized band areas for each DB region as a function of temperature (Figure 6.3a). Band areas

were normalized to unity based on the band areas at 21 K. Note that both DB pairs (DB1, DB2, and DB4,

DB5) overlapped enough that we calculated the total band area for those spectral regions. As can be seen

in Figure 6.3a, the normalized band area for each region decreases as a function of temperature at a nearly

identical rate, further supporting that all these features are indeed due to dangling bonds in ASW.

6.4.2 Gas Adsorption

To further confirm that these new absorption bands are due to dangling bonds in ASW, we adsorbed CH4

onto the surface of our ASW samples after deposition at 21 K. This effort was motivated by previous work

that has shown the position of DB1 and DB2 shifts to lower wavenumbers as gas attaches to the DBs

(Rowland et al., 1991; Chaabouni et al., 2000; Palumbo & Strazzulla, 2003; Raut et al., 2007a). Figure

6.4a shows the spectra of DB1 and DB2 during deposition of CH4. Previous studies have shown that

CH4 adsorbs onto the pore surfaces of ASW prior to condensing on the surface of the sample as a thin

film (Raut et al., 2007a). The appearance of the 2904 cm−1 CH4 absorption feature (Figure 6.4b) during

adsorption supports this expectation. This feature is only found in amorphous CH4 or amorphous H2O +

CH4 mixtures (Hudson et al., 2015; Mej́ıa et al., 2020) and our relatively high deposition temperature (21

K) should produce crystalline CH4 if it deposited as a multilayered thin film. Thus, we estimate the CH4

uptake into the pores with our QCM data. As expected, DB1 and DB2 shift by approximately 30 cm−1,

agreeing with previous studies (Palumbo, 2006; Raut et al., 2007a). Interestingly, the percentage of CH4

required to induce a spectral shift in our sample is greater in our experiments than reported previously (Raut

et al., 2007a). While this difference is not entirely clear, it seems likely due to slightly different experimental

parameters (thickness, deposition temperature, etc.) employed in each study. Analogously, DB3 also shifts
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Figure 6.2: IR spectra focusing on the regions containing (a) DB4 and DB5, (b) DB3, and (c) DB1 and
DB2 for a 4.13 × 1018 H2O cm−2 sample deposited at 21 K and incrementally warmed to 150 K. Spectra
correspond to (2nd from the bottom to the top): 21 K, 30 K, 50 K, 70 K, 90 K, 110 K, 130 K, and 150 K.
For comparison, the bottom spectrum is a 4.13× 1018 H2O cm−2 crystalline sample deposited at 150 K and
cooled to 21 K. Spectra are vertically offset for clarity. The dotted line shows an example of our baseline fit
for each DB feature at 21 K (see Section 6.3 for more details).

approximately 30 cm−1 as CH4 adsorbs to the ice surface (Figure 6.5b). In addition, we also observe an

absorption band at 5384 cm−1, which is a combination band of CH4 (Grundy et al., 2002). Figure 6.5a

shows the DB4 and DB5 region with increasing CH4 uptake. Admittedly, this spectral region is not as easily

interpreted as the other spectral regions, due to the appearance of multiple combination bands of CH4 that

occur near and overlap the DB bands (Calvani et al., 1992; Quirico & Schmitt, 1997; Grundy et al., 2002).

However, after the smallest amounts of CH4 uptake, we can clearly resolve the shifted DB5 feature at 7185

cm−1 (see arrow in Figure 6.5a). There may also be two additional CH4 absorptions that overlap with the

two DB features in the spectrum with the highest CH4 uptake (Figure 6.5a, top spectrum), yet their presence

is not obvious here, likely because they are two to three times weaker than the CH4 absorption at 7130 cm−1

(Calvani et al., 1992; Grundy et al., 2002). Future studies using a gas other than CH4 would likely better
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Figure 6.3: (a) Normalized band area of the ∼ 3700 cm−1 DB band pair (•), the 5326 cm−1 DB band
(◦), and the ∼ 7200 cm−1 DB band pair (▲) for a 4.13 × 1018 H2O cm−2 sample deposited at 21 K and
incrementally warmed to 150 K. (b) Normalized band area of the shifted DB2 (3669 cm−1; ◦) and the shifted
DB3 (5296 cm−1; •) bands for a 4.13× 1018 H2O cm−2 sample deposited at 21 K as a function of adsorbed
CH4. Dashed and solid lines correspond to the best linear fits during the initial linear increase in band area
for the 3669 cm−1 and 5296 cm−1 bands, respectively. Oscillation of the band areas above ∼ 1018 CH4 cm−2

is likely due to thin film interference effects (Teolis et al., 2007b).

elucidate these shifts in DB4 and DB5.

6.4.3 Estimating the Fraction of Water with a Dangling Bond

In addition to confirming multiple absorption bands that are to dangling bonds in our samples, it is also of

interest to estimate the fraction of H2O molecules that contain dangling bonds. Although doing this in more

than a qualitative manner is challenging, below we make a rough estimate based on two different approaches.

As the DB3 absorption band appears to be due to both the 2- and 3-coordinated H2O molecules (see

Section 6.4.1), we can use the gas adsorption experiments to estimate an upper limit of the fraction of H2O

molecules that contain dangling bonds in our deposited sample. To do this, we calculated the band area of

the DB3’ (shifted DB3) during CH4 adsorption, which we plot (Figure 6.3b) after normalizing each band
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Figure 6.4: (a) IR spectra of the DB absorption features near ∼ 3700 cm−1 and (b) the weak CH4 features
near ∼ 2900 cm−1 for a 4.13× 1018 H2O cm−2 sample deposited at 21 K with increasing CH4 uptake. From
bottom to top, spectra correspond to (in units of 1017 CH4 cm−2): 0, 4.68, 9.34, and 23.4. For clarity, each
spectrum has been vertically offset after removal of the baseline continuum (see Section 6.3 for more details).

area to the initial band area of the unshifted band. The increase with CH4 uptake is initially linear and then

slows down, which we interpret as the CH4 initially going into the pores and attaching to a dangling bond,

and then later beginning to deposit on the outer surface layers of the sample. Fitting the initial linear rise

of band and setting the y-value to unity, we estimate that ∼ 1.3± 0.1× 1018 CH4 cm−2 would be needed to

shift 100 % of the DB3 band if all the DB bonds could be accessed. Assuming each CH4 molecule adsorbs to

a single H2O molecule, we estimate that ∼ 30 % of the H2O molecules contain dangling bonds. We suspect

this is an upper limit, as the CH4 may also adsorb to interior and exterior surfaces of our sample, which

lack dangling bonds, or two CH4 molecules could potentially attach to a 2-coordinated H2O molecule. Our

interpretation is consistent with our separate analysis of the DB2’ feature, also shown in Figure 6.3b, which

is only sensitive to 3-coordinated H2O molecules. In that case, the shape of the curve is still the same,

yet has a smaller slope, which we can use to estimate that 9.3 ± 0.5 × 1017 CH4 cm−2 would be needed

to shift 100 % of the DB2 band or that up to ∼ 23 % of the H2O in the sample consists of 3-coordinated
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4.13× 1018 H2O cm−2 sample deposited at 21 K with increasing CH4 uptake. From bottom to top, spectra
correspond to (in units of 1017 CH4 cm−2): 0 , 4.68, 9.34, and 23.4. Resolved CH4 features in the ∼ 7200
cm−1 are indicated with stars; from left to right these correspond to: ν2 + 2ν3, 7488 cm−1; ν1 + ν2 + ν3,
7351 cm−1; 2ν2 + ν3 + ν4, 7303 cm−1; 2ν3 + ν4, 7279 cm−1; ν1 + ν3 + ν4, 7130 cm−1 (Grundy et al., 2002).
Note the single CH4 feature in the ∼ 5300 cm−1 region at 5384 cm−1 (Grundy et al., 2002). For clarity,
each spectrum has been vertically offset after removal of the baseline continuum (see Section 6.3 for more
details).

H2O molecules. Interestingly, the slopes for DB2’ and DB3’ represent the number of 3-coordinated H2O

molecules and the total H2O molecules with dangling bonds, respectively. Assuming that the CH4 adsorbing

to surfaces without dangling bonds affects both bands similarly, the ratio of the two slopes suggests that

the 3-coordinated H2O molecules make up ∼ 70 % of the total H2O molecules with dangling bonds. This

estimate is qualitatively consistent with the size of DB1 and DB2 (Figure 6.2c), especially considering that

the absorption strength of the 2-coordinated H2O molecule (DB1) will likely be slightly weaker than the

3-coordinated H2O molecule (DB2) (Moudens et al., 2009).

Another way to estimate the fraction of H2O molecules that contain dangling bonds is by noting that the

band area of the DB3 combination absorption band is ∼ 124 times smaller than the corresponding band area

of the combination mode for fully coordinated H2O molecules in our fresh sample. Previous work has shown

107



that the IR absorption strength of the free O-H bond (DBs) stretch is between ∼ 8 - 17 % the strength of

the fundamental O-H stretch of H2O-ice due to fully coordinated molecules (Hagen et al., 1981; Moudens

et al., 2009). Assuming this decrease in strength is similar for these combination bands, then we estimate

that 5 – 10 % of the H2O molecules in the sample contain dangling bonds. Of course this could also be an

underestimate, as the IR absorption strength of the fundamental H2O bending mode may be weaker in the 2-

and 3-coordinated H2O molecules than it is in the fully coordinated H2O molecule. Regardless, this value is

somewhat higher than the 1 - 2 % (or 0.5 - 1 % fraction of OH bonds in the sample are dangling bonds) value

estimated by Dartois et al. (2013), although this discrepancy may be at least partially due to a difference

in sample porosity, which is strongly dependent on conditions under which the ice is deposited (Brown

et al., 1996; Stevenson et al., 1999; Horimoto et al., 2002). At any rate, assuming that the resulting band

strength (A-value) of DB3 would scale similarly to previous measurements of 1.2× 10−18 cm H2O
−1 for the

fully coordinated combination mode at 5040 cm−1 (Gerakines et al., 2005), we estimate that the A-value in

transmission, which could be used directly for measurements in the ISM, is between 9.6×10−20 and 2.1×10−19

cm H2O
−1. This somewhat crude estimate should be refined with direct transmission measurements, where

interference effects are typically less prominent (Teolis et al., 2007b), which is something we hope to do in

the future.

6.5 Astrophysical Implications

As noted previously, there have been no detections of the fundamental DB absorption bands (DB1 and

DB2) in the spectra of interstellar ices. While the particular susceptibility of these features to energetic

particle irradiation may be largely responsible for the absence of these features (see above), it also seems

reasonable that there may be some regions in interstellar space where porous ASW exists, such as in very

young molecular clouds. Dartois et al. (2013) showed spectra in the fundamental DB region (∼ 3700 cm−1)

of several younger stellar objects, finding that CO2 absorptions and spectral noise prevented any detection of

porous ASW. While the increased sensitivity predicted for JWST’s NIRSpec, compared to prior generation

telescopes (Milam et al., 2016), may enable future detections of porous ASW through the identification of

the fundamental DB absorptions, these features may still be obstructed by other IR active species. Our

new results, which clearly show two additional spectral regions that could be used to identify porous ASW

through detection of DB absorption bands, may serve as an alternative way to identify porous ASW with

remote sensing spectroscopy. The 5326 cm−1 DB band (DB3) may be particularly useful given that unlike

the fundamental and overtone DB bands, this combination band is well separated from CO, CO2, and CH4

absorption features in this spectral region (Gerakines et al., 2005; Dartois et al., 2013).
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Admittedly, these near-infrared DB absorption features are ∼ 20 times weaker than the fundamental DB

absorption features. As the column density of our samples are similar to what is typical of H2O-ice detected

in the ISM ∼ 1 × 1019 H2O cm−2 (Whittet et al., 1996; Gibb et al., 2000), we suspect that the DB3 and

DB5 (Figures 6.2b and 6.2c) features will have optical depths on the order of ∼ 10−3. This small of an

optical depth would make these features difficult if not impossible to detect with even large prior generation

telescopes, where previous estimates (Sandford & Allamandola, 1993) suggested that integration times on

the order of hours were required to observe an absorption feature with an optical depth of ∼ 0.03 at a SNR

of 3 (3σ confidence). However, given that the minimum detectable flux estimated for JWST’s NIRSpec is

about a factor of 10 - 100 better than any prior generation telescopes (Milam et al., 2016; Rivkin et al.,

2016), it is of interest to estimate the integration time that would be required to observe these new dangling

bond features with JWST. To do this, we used the JWST Exposure Time Calculator for JWST’s NIRSpec

operating in its fixed slit observation mode with the G235M/F170LP grating/filter pair (Pontoppidan et al.,

2016), which has a resolving power of ∼ 1000 for wavelength coverage that includes DB3, which is the mostly

likely of the new DB features to be well separated from other absorption features potentially present (see

above). Similar time estimates are expected for the DB5 absorption band. Given a typical continuum flux of

40 mJy at 2 microns for the bright embedded source W33A (Capps et al., 1978), which is a common target

for weak ice absorption features (Whittet et al., 1996; Gibb et al., 2000), and binning every four wavelength

resolution elements (∼ 0.002 µm), we estimate that this feature should be observable at a SNR of 3 after an

integration time of ∼ 4.5 hrs. Thus, we suspect that these features should be large enough to be identified

by JWST’s NIRSpec in future observing campaigns.

Finally, we also speculate that much of the ASW in the ISM will have molecules trapped in its pores,

which will alter the position of each DB feature, as shown here for CH4 or for other gases previously (Rowland

et al., 1991; Chaabouni et al., 2000; Palumbo & Strazzulla, 2003; Loeffler et al., 2006c). This complication

may, in some cases, inhibit the success of using remote sensing spectroscopy to identify porous ASW and any

adsorbed species present, while in other cases, it may enhance it. In the former case, adsorbates may appear

at similar peak positions as these shifted DB features, as we show for DB4 and DB5 in Figure 6.5a, making

unique identifications difficult. In the latter case, where adsorbates don’t have a feature appearing near or

overlapping with the DB features, the peak position of the shifted DB band may not only identify ASW

but also possibly the adsorbed species, as the magnitude of the shift will vary depending on the adsorbed

molecule. This characteristic of the DB absorption bands may be particularly valuable for cases where the

adsorbates are weakly absorbing, such as with homonuclear molecules (H2, N2 and O2), which are likely

important components of many interstellar ice mantles (Sandford & Allamandola, 1993; Ehrenfreund et al.,

1993).
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7.1 Abstract

Here we present a laboratory study demonstrating a low temperature thermal oxidation reaction within H2O

+ H2S + O3 solid ice mixtures that produces observable sulfur anion products at temperatures as low as

90 K. This reaction primarily produces SO2, sulfur anions (including HSO−
3 , HSO−

4 , and SO2−
4 ) and O2 at

lower temperatures (90 - 140 K) and hydrated states of sulfuric acid (H2SO4: nH2O, where n = 0, 1, 4) at

higher temperatures (150 - 250 K). We estimate that the overall activation energy to initiate these reactions

is 20 ± 3 kJmol−1, which is significantly lower than the activation energy required to oxidize SO2 to the

sulfate ion. Given the detection of sulfur species on the surfaces of the Galilean satellites, and the prevalence

of radiolytically produced oxidants, we expect that these thermal reactions will play an important role in

explaining results obtained from future observations and missions that can measure the spatial distribution

of these species.

Keywords: Laboratory astrophysics (2004); Astrochemistry (75); Surface ices (2117); Galilean satellites

(627)

7.2 Introduction

The radiolytic chemistry of icy surfaces within the Solar System and in the interstellar medium (ISM) has

been studied for several decades. However, the thermal chemistry of surface and subsurface ices has received

1Department of Astronomy and Planetary Science, Northern Arizona University, PO Box 6010, Flagstaff, AZ 86011, USA
2Center for Materials Interfaces in Research and Applications (MIRA), Northern Arizona University, PO Box 6010, Flagstaff,

AZ 86011, USA
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significantly less attention due to the characteristically low temperatures (∼ 60 - 160 K on the Galilean

and Saturnian satellites (Squyres, 1980; Hanel et al., 1982; Spencer et al., 1999); ∼ 20 - 40 K in the outer

Solar System (Stern et al., 1993; Earle et al., 2017); ∼ 10 K in the ISM (Caselli & Ceccarelli, 2012)).

Despite the low temperatures in these astronomical environments and the limited diffusion associated with

solid state materials, recent studies have demonstrated that many chemical systems are thermally reactive

at temperatures as cold as 80 K (Moore et al., 2007b; Bossa et al., 2008; Loeffler & Hudson, 2010). Low

temperature acid-base reactions (Demyk et al., 1998; Noble et al., 2013) proceed through proton transfer; and

increasingly complex reaction mechanisms, including oxidation reduction (Loeffler & Hudson, 2013, 2016)

and nucleophilic additions (Bossa et al., 2008; Noble et al., 2012), also occur at low temperatures. For a

recent review of thermally reactive astrochemical systems see Theulé et al. (2013).

One environment of particular interest is the Galilean system, which is exposed to substantial ionizing

radiation (Cooper et al., 2001; Nordheim et al., 2019), is geologically active (Greeley et al., 2004), and

possesses surface and near-surface diurnal temperatures potentially conducive to low temperature thermal

reactions (Spencer et al., 1999). Decades of laboratory studies have demonstrated that the irradiation (H+

and e−) of H2O-ice produces a number of radiolytic products including H2, O2, and H2O2 (Moore & Hudson,

2000; Orlando & Sieger, 2003; Loeffler et al., 2006b; Zheng et al., 2006). If enough radiolytic O2 is produced,

then O3 will also be produced, as has been shown directly in experiments that deposited H2O-ice, while

actively irradiating the sample with heavy ions (Teolis et al., 2006). Despite the overwhelming number of

laboratory studies demonstrating solid state radiolysis and the production of strong oxidants (H2O2 and

O3), and a magnetospheric radiation environment encompassing the Galilean satellites, the observational

evidence for these two solid state species is both underwhelming and complex. In fact, only H2O2 has been

definitively observed on Europa’s surface, and it is largely confined to the leading hemisphere (Carlson et al.,

1999b; Hand & Brown, 2013). Conversely, O3 has only been detected in ultraviolet reflectance spectra of

the trailing hemisphere of Ganymede (Noll et al., 1996). While it seems likely that the conditions of the

local surface environment (radiation flux, composition, temperature, etc.) strongly influence the formation

and survival of these two species, to date, there is no unanimously accepted solution that can explain these

observations.

Interestingly, Noll et al. (1997) noted a possible anti-correlation between these oxidant populations and

other resident species, specifically sulfur species. SO2 is largely confined to the trailing hemisphere of

Europa (Hendrix et al., 2011), while H2O2 has primarily been detected on the leading hemisphere (Hand

& Brown, 2013). Low temperature thermal reactions may play an important role in these hemispheric

dichotomies especially in the near sub-surface. Previous laboratory studies by Loeffler & Hudson (2013,

2016) demonstrate that SO2 reacts readily with both H2O2 and O3 at temperatures as low as 80 K. For a
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recent review of sulfur ice astrochemistry see Mifsud et al. (2021a). H2S has also been tentatively identified

on the surface of the Galilean satellites (McCord et al., 1998). Though H2S does not react with the oxidant

H2O2 in the solid phase (Loeffler & Hudson, 2015), H2S reacts readily with the oxidant O3 in the gas phase

(Cadle & Ledford, 1966; Hales et al., 1969; Glavas & Toby, 1975). A low temperature thermal oxidation

reaction between an additional sulfur compound and the strong oxidant O3 may have implications for the

surface and sub-surface chemistry of the Galilean satellites. Here, we demonstrate the efficacy of a thermal

oxidation reaction within H2O + H2S + O3 ice mixtures at temperatures relevant to the icy satellites. We

identify the reaction products using a combination of infrared spectroscopy, microbalance gravimetry, and

mass spectrometry as our analytical tools. In addition, we derive an overall reaction activation energy and

discuss this reaction’s implications for both Europa, Ganymede, and Callisto in anticipation of the upcoming

NASA’s Europa Clipper Mission.

7.3 Experimental Methods

We performed all experiments within a stainless steel ultra-high vacuum (UHV) chamber with a base pressure

of 10−9 torr (∼ 10−10 torr within the thermal-radiation shield). Figure 7.1 shows the current setup used for

this study, which has been slightly modified from our recent work (Tribbett & Loeffler, 2021; Tribbett et al.,

2021). To prepare our samples, we co-deposited H2O (high performance liquid chromatography (HPLC)

grade, Sigma Aldrich), H2S (99.95% purity, Matheson Gas), and O3 at 50 K from separate mixing lines onto

an optically flat gold-mirror electrode of an Inficon IC6 quartz-crystal microbalance (QCM). We produced

O3 within a glass manifold filled with O2 (99.999% purity, Matheson Gas) by sparking the manifold with a

Tesla coil for ∼ 20 min. Resultant O3 condensed in a portion of the manifold submerged in a liquid nitrogen

bath, and all residual O2 was pumped away. We determined the composition of our H2O + H2S + O3

(71:23:6 ± 2:2:1) ices by first leaking in a small amount of H2O, then adding H2S, and finally adding in O3,

all while monitoring the change in deposition rate with our QCM. The amount of pure H2O and H2O +

H2S was ∼5% of the total mass of the sample, and the derived composition includes these first two layers.

We estimate that the uncertainty of our composition measurements due to the unmixed layers is less than

5%, which is within the reproducibility of our growth conditions. We estimate the thickness of our mixture

to be ∼ 0.85 - 1. µm, assuming a density of 0.82 g cm−3 for H2O (Westley et al., 1998), 1.65 g cm−3 for O3

(Teolis et al., 2007a; Raut et al., 2011), and 1.15 g cm−3 for H2S. Due to the sparse density measurements of

solid H2S and density’s dependence on deposition method (Loeffler et al., 2016b), we opted to determine the

density of amorphous H2S deposited at 50 K within our UHV chamber using ultraviolet-visible spectroscopy

(see Behr et al. (2020) for additional information regarding the methods). Our derived density of 1.15 g
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cm−3 is consistent with the Lorentz-Lorenz estimate by Hudson & Gerakines (2018) (∼ 1.1 g cm−3) for

background deposited amorphous H2S ice and the more recent measurement by Yarnall & Hudson (2022a)

for crystalline H2S ice (1.22 g cm−3).
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Figure 7.1: Experimental setup.

We monitored the ice samples using a combination of infrared (IR) spectroscopy, mass spectrometry

(MS), and the QCM. We acquired specular reflectance spectra between 10000 cm−1 and 650 cm−1 using

the infrared light source from a Thermo-Nicolet iS50 Fourier Transform Infrared Spectrometer (FTIR) that

is incident on the sample at 37.5◦, and analyzed the reflected light using a MCT-A detector at a spectral

resolution of 2 cm−1. Here, we report spectra in units of optical depth (-ln(R/R0)), where R is the reflected
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intensity from the sample and R0 is the reflected intensity from the bare gold substrate.

Once the ice samples were deposited, we performed one of two heating approaches: linear heating or

isothermal annealing. During the linear heating experiments, we warmed the ice samples from 50 K to 290

K at a rate of 0.1 K min−1, while monitoring for reactions using IR spectroscopy and the QCM. QCM data

indicated that sublimation of O3 within an H2O-ice matrix between 50 K and 130 K is negligible (see section

7.4). However, the band area of the O3 combination band at 2104 cm−1 decreases by∼ 15% between 50 K and

130 K, which is consistent with Loeffler & Hudson (2016) and is taken into account in our analysis. During

the isothermal annealing experiments, we warmed the ice samples from 50 K to an annealing temperature

between 95 K and 125 K at a rate of 5.0 K min−1. Samples remained at the annealing temperature for 24

hours, where we monitored them using IR spectroscopy to derive reaction kinetic parameters (Loeffler &

Hudson, 2013). To determine the extent of the reaction, we monitored the 2104 cm−1 O3 band, since sulfur

anions products appear and overlap with the stronger fundamental O3 feature at 1032 cm−1 (Teolis et al.,

2007a; Loeffler & Hudson, 2016). Lastly, during both warming techniques, we monitored the composition of

the ejected flux using a Stanford Research Systems (SRS 100) Residual Gas Analyzer, aimed at an incident

angle of ∼19◦ with respect to the QCM substrate.

7.4 Results

Figure 7.2 shows the mid-infrared spectrum of a H2O + H2S + O3 ice mixture after deposition at 50 K

and at several temperatures during warming to 150 K at a rate of 0.1 K min−1. The initial spectrum is

dominated by several large absorption features attributed to H2O (O-H bending mode, 1654 cm−1; lattice

mode, 806 cm−1) and H2S (S-H stretching modes, 2551 cm−1, S-H bending mode, 1175 cm−1), as well as

several sharper peaks attributed to O3 (1032 cm−1 and 2104 cm−1). Spectral assignments for these reactants

can be found in Table 7.1. We note that there is a small amount of CO2 and OCS contamination within our

ice mixture, indicated with asterisks in the 150 K spectrum. The CO2 is evident by the absorption feature

between 2400 - 2300 cm−1 (C=O stretch). Instead of using the band strength of the CO2 (Gerakines et al.,

1995; Gerakines & Hudson, 2015), which can be problematic due to the interference effects typical of thin

film reflectance spectroscopy (Teolis et al., 2007b), we estimated the CO2 column density by co-depositing a

mixture with known amounts of H2O and CO2 to a thickness of ∼ 0.9− 1µm and compared the integrated

band area of the fundamental CO2 feature to the integrated band area of the feature in our H2O + H2S +

O3 ice. With this approach, we determined the amount of CO2 in our ice mixtures to be ∼ 1.10× 1015 CO2

cm−2 or ∼ 0.04% of our sample by number. Regardless, previous work has shown that CO2 is not oxidized

by O3 at these temperatures and thus does not participate in the observed reactions (Loeffler & Hudson,
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Figure 7.2: IR spectra of a H2O + H2S + O3 sample (75:20:5) during warming at a rate of 0.1 K min−1.
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H2O2 band at ∼ 2850 cm−1.

2016). CO2 has also been shown to react with H2O to create H2CO3 or carbonic acid; however, this reaction

is endothermic (31.4 kJ mol−1) and unlikely to occur at low temperatures in the absence of ionizing radiation

(Zheng & Kaiser, 2007). The OCS contamination is apparent from the small band centered at 2045 cm−1

(Ferrante et al., 2008), and is likely introduced by the H2S source, which lists OCS as a possible contaminant

at 0.2% by volume. Despite being fairly dilute, the band strength for the C=O stretch of OCS is comparable

to CO2 (Yarnall & Hudson, 2022b) and minimal contamination from this compound is reasonable. Moreover,

this feature can be seen in the spectra of mixtures of H2S and H2O ice throughout the literature, where

similar qualities of H2S are used (Jiménez-Escobar & Muñoz caro, 2011; Yarnall & Hudson, 2022b). Recent

work has demonstrated that OCS can undergo thermal nucleophilic addition in the presence of methylamine

(CH3NH2)((Mahjoub & Hodyss, 2018)); however the kinetics of a simple addition reaction between OCS

and H2O are unfavorable (Ghosh et al., 2010). Given the minimal change in band area and shape during
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our experiments and the minor amount present, it is also unlikely OCS contributes to our thermal reactions

with O3. Regardless, we hope to investigate this as a chemical system (H2O + OCS + O3) in the future.
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Figure 7.3: Mid-infrared spectra of a H2O + H2S + O3 sample (75:20:5) during warming at a rate of 0.1
K min−1, highlighting the spectral region containing features attributed to the sulfur products (see Table
8.1 for spectral assignment details). Spectra correspond to 50 K (bottom) and 151 K (top). Note that the
broad and unresolved feature at 1235 cm−1 has been a attributed to both HSO−

3 and HSO−
4 (see Table 8.1

for additional details). Asterisks correspond to HSO−
4 , and plus signs correspond to HSO−

3 .

During warming, both H2S and O3 absorption features begin to decrease by around 70 K despite negligible

mass loss from the sample at these temperatures (Figure 7.4). We suspect that this decrease corresponds to

the formation of an intermediate sulfur compound that we cannot uniquely identify with infrared spectroscopy

(see Section 7.5.1 for more details) (Glavas & Toby, 1975). Above 90 K, several spectral changes include

the broadening of the H2O bending feature, and the appearance of HSO−
3 (1038 cm−1), HSO−

4 (992 cm−1),

SO2−
4 (1111 cm−1), and the broader feature at 1235 cm−1 which has been attributed to both the bisulfite

and bisulfate anions (Moore et al., 2007b; Loeffler & Hudson, 2016). Above 110 K, an additional band

attributed to HSO−
3 appears at 1013 cm−1, and two sharp stretching bands of SO2 appear at 1333 cm−1
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and 1149 cm−1. Several of these smaller features are more evident in Figure 7.3, which highlights the

wavelength region (1400 - 800 cm−1) most affected by the presence of the sulfur anions. Additionally, we see

the appearance (between 110 - 130 K) and disappearance (150 K) of a small band at 2848 cm−1, which we

attribute to H2O2 (Loeffler et al., 2006b; Zheng et al., 2006). The feature’s disappearance at temperatures

below where it will sublimate (Loeffler et al., 2006c) is consistent with known thermally-driven reactions

between H2O2 and HSO−
3 (Loeffler & Hudson, 2013). Figure 7.4 shows the mass loss rate during warming

of our H2O + H2S + O3 ice mixtures from 50 K to 290 K at a rate of 0.1 K min−1 and the O2 (32 amu) flux

measured with the MS. Over the temperature range of interest for these thermal reactions (80 - 130 K), there

is negligible desorption from our samples as indicated by the QCM and MS. Between 135 and 140 K, we

observe our first peak in the mass loss rate spectrum, which, based on our MS measurements, we attribute to

thermally-produced oxygen diffusing from our sample as the H2O-ice begins to crystallize. The desorption

of trapped O2 prior to the desorption of H2O is consistent with previous laboratory studies examining the

thermal desorption of O2 within H2O-ice mixtures (Vidal et al., 1997; Loeffler et al., 2006c). The presence

of O2 is also consistent with the reaction mechanisms discussed below (see section 7.5.1), which yields O2

as a major reaction product. Further warming results in two large, unresolved peaks at 155 K and 160 K,

which we attribute to O2, H2S, and H2O. Similar to the O2, residual H2S desorbs from the ice as the H2O

crystallizes, and ultimately sublimates from the sample. Following the large H2O desorption peak, we find

several additional desorption peaks that we attribute to H2O desorbing from stable states of hydrated sulfuric

acid. Based on previous studies (Moore et al. (2007b); Loeffler et al. (2011)), the desorption peak at 174 K is

due to the decomposition of sulfuric acid tetrahydrate, while the peak at 203 K is due to the decomposition of

sulfuric acid monohydrate (H2SO4:4H2O and H2SO4:H2O). We note that an additional peak occurs around

193 K. While this peak may indicate another stable hydrated state of sulfuric acid (Zhang et al., 1993), our

samples were too thin at this point to allow us to determine whether there was a unique spectral signature

associated with this peak (data not shown). We intend to pursue this unidentified peak further in future

studies using additional chemical systems that are not oxidant limited (e.g. H2O:SO2:H2O2). Once the final

H2O peak desorbs, a film of solid crystalline sulfuric acid remains until it begins to desorb at ∼ 240 K, which

is consistent with previous studies examining the radiolytic and thermal stability of H2SO4 (Moore et al.,

2007b; Loeffler et al., 2011).
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Figure 7.4: QCM-derived mass loss rate (solid line) and O2 partial pressure (dashed line) during warming
of a H2O + H2S + O3 sample (75:20:5) at a rate of 0.1 K min−1. Inset: QCM-derived mass rate shown in
main figure but with an expanded scale to show the entire mass-loss rate curve.

7.5 Discussion

7.5.1 Reaction Chemistry and Spectral Assignments

The thermal oxidation of H2S with O3 has been studied in the gaseous and aqueous phases due to the

reaction’s implications for Earth’s atmospheric chemistry (Hales et al., 1969; Glavas & Toby, 1975; Mark

et al., 2011); however, the exact mechanism is still unclear. Early works suggested that the primary reaction

sequence produces SO2 and O2 through a five-membered ring (HSO3H) and the more stable intermediates

HSO, HSO2, and SO (see Equations 7.1 - 7.3).

H2S + O3 −→ HO2 +HSO (7.1)

119



HSO+O3 −→ HO+ SO+O2 (7.2)

SO +O3 −→ SO2 +O2 (7.3)

This sequence was later corroborated by chemical luminescence experiments identifying HSO within H2S

and O3 gaseous mixtures (Schurath et al., 1977). Moreover, several previous studies have also demonstrated

an oxidative addition reaction between photolyzed oxygen atoms and H2S at low temperatures within an

argon matrix forming SO2 through the intermediate HSOH (Smardzewski & Lin, 1977; Smardzewski, 1978).

Additionally, we note the presence of H2O2 in our thermally altered samples, which may form through the

recombination of hydroxyl radicals formed in Equation 7.2 (Loeffler et al., 2006b; Zheng et al., 2006):

2OH −→ H2O2 (7.4)

The insertion of excited oxygen radicals into water molecules is also a possible H2O2 formation mechanism

as suggested by Zheng et al. (2006); however, we find no evidence of the formation of H2O2 in our thermally

altered H2O + O3 reference samples, which indicates that this formation pathway is significantly less efficient.

Mark et al. (2011) argue that the oxidation of H2S by O3 may primarily occur through the intermediate

HS− and a peroxysulfinate anion (HS(O)O−
2 ) based on the overall molar ratio of O3 and SO2−

4 within their

aqueous system (2.4 O3/SO
2−
4 rather than the predicted 4 O3/SO

2−
4 , or a series of 4 O-transfer reactions):

H2S + H2O −→ HS− +H3O
+ (7.5)

HS− +O3 −→ HS(O)O−
2 (7.6)

HS(O)O−
2 +H3O

+ −→ 2H2O+ SO2 (7.7)

More recent computational studies agree that at low temperatures SO2 and H2O are major products formed

via the peroxysulfinate intermediate (Mousavipour et al., 2013). We can estimate our O3/SO
2−
4 by integrating

the rate of mass loss QCM data (Figure 7.4) between ∼ 230 K and 270 K, which is mass loss due to pure

anhydrous sulfuric acid (Moore et al., 2007b; Loeffler et al., 2011), and our known concentration of O3 initially

deposited at 50 K. We estimate that our O3/SO
2−
4 molar ratio is 2.8 ± 0.6. This molar ratio suggests that

the peroxysulfinate anion intermediate may also facilitate this reaction. Regardless of the mechanism, the
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strong SO2 band at 1333 cm−1 appears in our spectra between 100 and 110 K indicating that the H2S is

ultimately oxidized to SO2 producing some O2 in the process (Moore et al., 2007b).

The remainder of our reaction sequence agrees with additional atmospheric studies (Erickson et al.,

1977; Hoffmann, 1986) and solid state astrochemical work (Loeffler & Hudson, 2016) addressing the thermal

oxidation of SO2, beginning with the formation of bisulfite (HSO−
3 ):

SO2 + 2H2O −→ HSO−
3 +H3O

+ (7.8)

Features previously attributed to bisulfite (1038 cm−1 and 1235 cm−1; Moore et al. (2007b); Loeffler

& Hudson (2010); Kaňuchová et al. (2017); Mifsud et al. (2021b)) appear in the IR spectra at nearly the

exact temperature as in previous studies. Their appearance suggests that any produced SO2 is immediately

converted to HSO−
3 via autoionization of H2O, which is consistent with work by Loeffler & Hudson (2016)

where this reaction occurs at temperatures as low as 80 K. Remaining O3 then converts the bisulfite to

bisulfate (HSO−
4 ), with prominent features at 992 cm−1, 1057 cm−1, and 1235 cm−1. These absorption

features are consistent with features found in hydrated states of sulfuric acid (Moore et al., 2007b; Loeffler

et al., 2011; Loeffler & Hudson, 2016).

HSO−
3 +O3 −→ HSO−

4 +O2 (7.9)

Unlike the thermal reactions within SO2 + O3 + H2O (Loeffler & Hudson, 2016), we did not find any

evidence for the sulfur anion, metabisulfite (S2O
2−
5 ) within our heated ice samples, suggesting that the

reaction between H2S and O3 does not produce enough stable bisufite to facilitate the following reaction:

2HSO−
3 + −→ S2O

2−
5 +H2O (7.10)

This reaction is likely limited by the number of O3 molecules required to fully oxidize the initial H2S.

7.5.2 Reaction Kinetics

Extrapolating laboratory kinetic data to astronomical temperatures and timescales is crucial for understand-

ing thermal processes in realistic astrochemical environments. For thermal chemical reactions within the gas

and aqueous phases, Arrhenius parameters (activation energy, and pre-exponential factors) are commonly

extracted from laboratory data. Though solid state environments uniquely challenge the assumptions of

Arrhenius behavior (e.g. limited motion and orientation within solids, etc.), Vyazovkin & Wight (1997)

suggest that these kinetic parameters have parallels within the solid state. Some previous works have had
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success determining a reaction’s overall activation energy by employing an isothermal annealing technique

and fitting the data with first order Arrhenius kinetics (Bossa et al., 2009b; Noble et al., 2013; Loeffler &

Hudson, 2013). Figure 7.5 shows the 2104 cm−1 O3 band during warming and isothermal annealing at 120

K, which we integrate after removing the linear continuum to determine the O3 band area, a proxy for O3

abundance or the extent of the reaction. Figure 7.6 shows the normalized O3 band area as a function of

time (50 K; t = 0) for three annealing temperatures (98.5 K, 105.5 K, and 110.5 K). Assuming first order

Arrhenius reaction kinetics, our reaction rate constant (k) is related to our O3 column number density by

the following:

N(t) = N0e
−kt (7.11)

We calculate the rate constant using the time at which half of the O3 is consumed by the reaction

(k = ln(2)
t1/2

). We note that for the case of 120 K, over half of the initial O3 is consumed prior to reaching the

annealing temperature. For this reason, we only use annealing temperatures below 110.5 K to calculate the

reaction’s activation energy.

The inset for Figure 7.6 shows the Arrhenius plot for nine different annealing temperatures, where the

linear fit is proportional to −Ea/R and R is the universal gas constant. We derive an activation energy of 20 ±

3 kJ mol−1, which is significantly lower than the activation energy required to oxidize SO2 (Loeffler & Hudson,

2016). Whether this difference in activation energy is due to the use of different techniques (isothermal

annealing vs. linear heating (Vyazovkin &Wight, 1997; Loeffler & Hudson, 2016)) or a fundamental difference

in the chemistry is something we hope to investigate in the future. Regardless, our activation energy seems

reasonable compared to literature values derived using this isothermal annealing technique (Bossa et al.,

2009b; Noble et al., 2013; Loeffler & Hudson, 2013).

7.5.3 Astrophysical Implications

Our recent studies demonstrate the importance of considering low temperature thermal reactions in astro-

nomical environments. Specifically, H2S is readily oxidized to sulfur anions and hydrated states of sulfuric

acid in the presence of O3 within a H2O-ice matrix. This oxidation sequence agrees well with gas phase

literature (Glavas & Toby, 1975), and solid state studies focusing on SO2 and O3 (Loeffler & Hudson, 2016).

We suspect that these results will not only be important for interpreting data from future outer Solar System

Missions focusing on Europa, such as Europa Clipper (Phillips & Pappalardo, 2014) and JUICE (Grasset

et al., 2013), but also for future observations of Ganymede and Callisto, as sulfur compounds and O3 or its

precursor (O2) are likely present and mixed within the surface of all these satellites. Below, we discuss our
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Figure 7.5: IR spectra of the region containing the O3 2104 cm−1 band in an H2O + H2S + O3 ice during
warming at 5 K min−1 and isothermal annealing at 120 K. From the bottom to the top, these spectra
correspond to time elapsed since beginning warming: 0 min, 17 min, 22 min, 25 min, 300 min, and 24 hr.
The first spectrum was acquired at 50 K, and the rest were acquired after equilibrating at 120 K.

results in more detail with regards to each of these three Jovian satellites.

The detection of O2 on both hemispheres of Europa (Spencer & Calvin, 2002) is expected given the strong

radiation environment present on the surface (Cooper et al., 2001, 2009; Paranicas et al., 2009; Cassidy et al.,

2013; Nordheim et al., 2019) and the numerous laboratory studies that have shown that O2 can be formed

via radiolysis (H+, Ar+, and e−) of H2O-ice (Haring et al., 1984; Teolis et al., 2005; Sieger et al., 1998; Davis

et al., 2021). However, the lack of detection of O3 on Europa is a bit more puzzling, as laboratory studies

have shown that O3 is easily produced from ion and electron irradiation of O2-ice (Famá et al., 2002; Bennett

& Kaiser, 2005) and from heavy ion irradiation of H2O-ice that is deposited while being actively irradiated

(Teolis et al., 2006). While it is unclear why O3 is absent on the leading hemisphere of Europa, we have

noted previously that the lack of O3 on the trailing hemisphere of Europa could be due to thermal reactions

with SO2 (Loeffler & Hudson, 2016), which has been detected on the surface of the trailing hemisphere (Lane

et al., 1981; Hendrix et al., 2011; Becker et al., 2022). Here we show that H2S will also react with O3 on
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Figure 7.6: Normalized integrated O3 2104 cm−1 band area in a H2O + H2S + O3 ice mixture deposited at
50 K during warming at a rate of 5 K min−1 to the following annealing temperatures: (98. K, ◦; 105.5 K,
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the reaction activation energy (see text for more details). The R2 for this linear fit is 0.86.

the order of hours or days at the temperatures found on Europa (∼ 90 - 130 K). The potential involvement

of H2S in the thermal chemistry occurring on Europa’s surface would also explain its lack of detection on

Europa, as H2S should form from implantation of iogenic ions into the surface ice or from the irradiation

of other numerous sulfur bearing compounds present (Carlson et al., 1999a, 2002; Strazzulla et al., 2009).

Moreover, the radiolytic lifetime of H2S on the surface of Europa is on the order of several years (Carlson

et al., 1999a), whereas its thermal lifetime in the presence of O3 is ∼ 5 hours at 120 K. These lifetimes

further highlight the potentially significant role these reactions play in the overall sulfur cycle on Europa,

especially below the surface, where there is significantly less radiation (Cooper et al., 2001).

For Ganymede, surface O2 is primarily located in the mid- and low-latitudes of the trailing hemisphere

(Trumbo et al., 2021), which is consistent with current flux models, O2 production via the radiolysis of
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H2O-ice (Poppe et al., 2018; Johnson & Jesser, 1997) and more recent comparisons of Ganymede’s spectra

and laboratory spectra of oxygen rich H2O-ice (Migliorini et al., 2022). O3 has mainly been identified in the

trailing hemisphere (Noll et al., 1996; Hendrix et al., 1999) and has been found to be most abundant near

the poles of the trailing hemisphere (Hendrix et al., 1999). Moreover, Hendrix et al. (1999) found that the

O3 abundance correlates with the solar zenith angle, suggesting that the O3 is destroyed by photolysis more

easily at lower latitudes, where the sunlight is most intense. H2S has also been tentatively attributed to a

feature at 3.88 µm in observations of Ganymede’s surface using the Galileo NIMS instrument (McCord et al.,

1998). Although the geographic distribution of this feature has not been studied, more recent work using

the Very Large Telescope or VLT (Ligier et al., 2019; King et al., 2022) shows minor amounts of sulfuric

acid hydrates and sulfates at low-latitudes on the trailing hemisphere, which are thermal products of O3 and

H2S, as well as reaction products between SO2 and O3 (Loeffler & Hudson, 2016). Thus, it is also possible

that the lower abundance of O3 found at lower latitudes is due to the presence of sulfur-bearing compounds.

More observational work is necessary to further constrain the compositional variation across Ganymede’s

surface.

On Callisto, O2 has been detected on the trailing side (Spencer & Calvin, 2002); however, there have

been no definitive detections of O3. Additionally, H2S and SO2 have been tentatively identified on Callisto

using the Galileo NIMS instrument (McCord et al., 1998). While these features may be due to another

species entirely (H2CO3 or other carbon-bearing compounds; Johnson et al. (2004)) or be an artifact of the

method of analysis as suggested by Hendrix & Johnson (2008); the presence of H2S and SO2 in the absence

of O3 is consistent with our thermal oxidation reactions.

7.6 Conclusions

We have shown that thermal oxidation reactions occur within H2O + H2S + O3 ice mixtures on laboratory

timescales at temperatures relevant to Europa, Ganymede, and Callisto. These reactions produce sulfur anion

and O2 products at low temperatures and hydrated sulfur acid at higher temperatures, and the activation

energy to initiate these reactions is significantly lower than the activation energy required to oxidize SO2 to

the sulfate ion. These results are generally consistent with the observed geographic distributions of sulfur

compounds on the Galilean icy satellites, and this study further highlights the importance of considering

thermal chemical alteration on astrophysical surfaces, despite the low temperatures. Finally, we suspect

that thermal reactions with sulfur bearing species will be important for interpreting observations made by

NASA’s upcoming Europa Clipper Mission, as well as future compositional investigations of the Galilean icy

satellites.
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Chapter 8

Thermal Reactions between NH3 and O3: Salt Formation Mechanism

Patrick D. Tribbett1, Mark J. Loeffler1,2, Stephen C. Tegler1, William M. Grundy3

In Prep..

8.1 Abstract

We demonstrate the efficacy of a low temperature, thermal oxidation reaction between NH3 and O3 within a

laboratory ice sample (H2O + NH3 + O3) at temperatures as low as 70 K. This reaction produces NO−
3 and

NH+
4 at low temperatures (70 - 120 K), and the salt NH4NO3, which is stable under vacuum to temperatures

as high as 260 K. We estimate that the overall reaction activation energy to initiate this reaction is ∼ 17± 2

kJ mol−1, which is reasonable given the activation energies for other thermally-driven reactions involving

NH3. In addition to being an efficient pathway to remove NH3 and O3 from an icy surface, we also find

that the product NH4NO3 has an absorption feature near 2.2 µm. A spectral feature in this region has been

previously attributed to NH3, hydrated NH3, NH+
4 -bearing salts, and NH3-bearing phyllosilicates. Given the

similar positions of our product and the one found on icy body surfaces, we suggest that a low temperature

reaction pathway such as this may be important to explain observations. Thus, we intend to measure its

optical constants in the near future to enable its detection within the spectra of outer solar system objects.

8.2 Introduction

Through its near-infrared (NIR) absorption feature near 2.2 µm, ammonia (NH3) has been tentatively

detected on the surface of Charon (Brown & Calvin, 2000; Cook et al., 2007), Pluto (Dalle Ore et al., 2019);

several Uranian satellites, including Miranda and Ariel (Bauer et al., 2002; Cartwright et al., 2020); Quaoar

(Jewitt & Luu, 2004), Orcus (Barucci et al., 2008), and possibly Enceladus (Emery et al., 2005; Verbiscer

et al., 2006; Hendrix et al., 2010). Additionally, solid NH3 likely exists at depth within the atmospheres

1Department of Astronomy and Planetary Science, Northern Arizona University, PO Box 6010, Flagstaff, AZ 86011, USA
2Materials Interfaces in Research and Applications (MIRA), Northern Arizona University, PO Box 6010, Flagstaff, AZ 86011,

USA
3Lowell Observatory, 1400 W Mars Hill Rd, Flagstaff, AZ 86001, USA
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of Uranus and Neptune (Hueso et al., 2020) and may provide a source for the activity on active Centaurs

(Chandler et al., 2020).

Due to the prevalence of these NH3-bearing compounds, decades of laboratory studies have investi-

gated their physical and chemical properties. Radiation studies have demonstrated the efficient and fluence-

dependent sputtering of pure NH3 and mixtures of NH3 and H2O (Lanzerotti et al., 1984; Loeffler et al.,

2010), and the radiolytic production of nitrogen- or N-bearing compounds. Loeffler et al. (2006a) demon-

strated that H+ irradiation and the subsequent heating of H2O and NH3 resulted in the formation and

eruption of N2 and H2 bubbles, a possible small-scale source of the H2O vapor and nitrogen within the

plumes detected on Enceladus during NASA’s Cassini flybys (Waite et al., 2006; Hansen et al., 2006). Ad-

ditionally, irradiating NH3 and H2O mixtures results in the formation of of small amounts of increasingly

complex N-bearing molecules including hydrazine (N2H4), hydroxylamine (NH2OH) (Zheng & Kaiser, 2007),

and ammonium (NH+
4 ) (Moore et al., 2007a), as well as results in the amorphization of crystalline ammonia

hydrates (Moore et al., 2007a). Laboratory studies have also demonstrated that NH3 participates in a num-

ber of different thermally-driven reactions, including acid-base reactions (Schutte et al., 1999; Noble et al.,

2013; Loeffler & Hudson, 2015), and nucleophilic additions (Bossa et al., 2009a,b). Notably, recent work

by Potapov et al. (2019) demonstrates that, in general, this reactivity in the absence of irradiation is likely

underestimated in laboratory work due to catalytic effects of dust grain surfaces, which tend to be difficult

to effective recreate experimentally. Many of these thermally-driven reactions result in the formation of

NH+
4 -bearing salts, and Kruczkiewicz et al. (2021) demonstrate that these salts remain stable under a wide

range of thermal conditions.

Solid NH3 also interacts strongly with H2O ice and can produce various hydrates (Bertie & Morrison

(1980)). NH3 can also react with other material and produce semi-volatile ammonium-bearing (NH+
4 ) salts,

including but not limited to ammonium hydrosulfide or NH4SH (Loeffler et al., 2016a), ammonium carbonate

or (NH4)2CO3 (De Sanctis et al., 2016) and ammonium acetate or NH4HCO2 (Kruczkiewicz et al., 2021);

these salts also have an absorption feature near 2.2 µm due to NH+
4 . The formation of salts has been used to

explain the relative depletion of NH3 in cometary ices (Filacchione et al., 2019; Poch et al., 2020; Kruczkiewicz

et al., 2021). Lastly NH3-bearing phyllosilicates may explain the NH3 spectral features identified on warmer

astronomical bodies, like the dwarf planet Ceres (King et al., 1992; Singh et al., 2021). NH3- and NH+
4 -

bearing compounds are seemly present on surfaces of astronomical objects throughout the Solar System

under vastly different radiation and thermal environments.

In addition to the thermally-driven acid-base and nucleophilic addition reactions, many recent studies

have demonstrated the importance of oxidative reactions, specifically for simple sulfur-bearing molecules

expected on several outer Solar System satellites (Loeffler & Hudson, 2010, 2013, 2015; Tribbett & Loeffler,
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2022; Mifsud et al., 2021a). The strong oxidants hydrogen peroxide (H2O2) and ozone (O3) have been

detected or are expected on a number of planetary bodies since both oxidants are radiolytic byproducts

of H2O (Loeffler et al., 2006b; Teolis et al., 2006) and O2 (Famá et al., 2002; Bennett & Kaiser, 2005).

O3 has been detected on Ganymede (Noll et al., 1996), and on Rhea and Dione (Noll et al., 1997) using

ultraviolet observations of each satellite. Both hydrogen sulfide (H2S) (Tribbett & Loeffler, 2022) and sulfur

dioxide (SO2) (Loeffler & Hudson, 2016) undergo thermally-driven oxidation reactions when exposed to O3

to produce increasingly complex sulfur anions (HSO−
3 , HSO−

4 , and SO2−
4 ) at low temperatures, and hydrated

sulfuric acid at higher temperatures. While H2O2 does not react with H2S, H2O2 does oxidize SO2 in the

presence of H2O (Loeffler & Hudson, 2013, 2015).

Early literature suggests that O3 oxidizes NH3 to the oxidized nitrogen anion, nitrate (NO−
3 ). However,

Loeffler & Hudson (2015) found that NH3 and H2O2 ice mixtures undergo a simple acid-base proton transfer.

This difference suggests that the NH3 and O3 system should be revisited to further investigate the chemical

properties of NH3. Here, we present evidence for a thermally-driven oxidative reaction between NH3 and

O3 at temperatures as low as 70 K in both H2O-dominated and NH3-dominated H2O + NH3 + O3 ice mix-

tures. We identify the reaction products using a combination of infrared spectroscopy, and mass gravimetry,

provide estimates for the overall activation energy of this reaction, and place our results in the context of

extraterrestrial environments.

8.3 Experimental Methods

We performed all experiments at Northern Arizona University in an ultra high vacuum (UHV) chamber

with a base pressure of 10−9 torr (∼ 10−10 within the thermal radiation shield). Note that we describe

the specifications for this UHV chamber in detail in a recent publication (Tribbett & Loeffler, 2022). To

prepare ice samples, we codeposited H2O (high-performance liquid chromatography grade, Sigma Aldrich),

NH3 (99.99% purity, Matheson Gas), and O3 from separate mixing lines onto an optically flat gold mirror

electrode of a quartz crystal microbalance (QCM). We produced O3 by sparking a glass manifold containing

∼ 750 torr of O2 (99.999%, Matheson Gas) with a Tesla coil for ∼ 20 minutes. O3 condenses into the portion

of the manifold submerged in liquid nitrogen, and the residual O2 is pumped out leaving the residual O3 to

be leaked into the UHV chamber.

We determined the relative abundances of molecules in our ice samples following the QCM technique

described in Tribbett & Loeffler (2022). We estimate the thickness of our ice samples to be ∼ 1.1µm

assuming a density of 0.82 g cm−1 for H2O (Westley et al., 1998), 1.65 g cm−3 for O3 (Teolis et al., 2007a;

Raut et al., 2011), and 0.68 g cm−3 for NH3 (Hudson et al., 2022). Note that discrepancies exist in the
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literature regarding the density of amorphous NH3 at low temperatures (Wood & Roux, 1982; Satorre et al.,

2013; Hudson et al., 2022), and we opt to use the most recent literature values available. For experiments

requiring nitric acid (HNO3), we deposited 15 M HNO3 (70% v/v, Sigma Aldrich) from the ozone glass

manifold, purified with two liquid nitrogen freeze thaw cycles. We note that the ratio of HNO3/H2O in the

deposited mixtures is ∼ 1 due to the vapor pressure of both constituents (Hanson & Mauersberger, 1988;

Ritzhaupt & Devlin, 1991). We estimate the thickness of these ice samples to be ∼ 0.9µm, assuming a

density of 0.82 g cm−3 for H2O (Westley et al., 1998) and 1.51 g cm−3 for HNO3 (Stern et al., 1960).

We monitored our ice mixtures using a combination of infrared (IR) spectroscopy, mass spectroscopy,

and QCM gravimetry. We acquired IR specular reflectance between 10,000 - 650 cm−1 (1 - 15.38 µm)

with a spectral resolution of 2 cm−1 at an incidence angle of 37.5o using the IR light source from a Thermo-

Nicolet iS50 Fourier Transform Infrared Spectrometer (FTIR) and an Mercury Cadmium Telluride (MCT/A)

detector. Infrared spectra reported here are in units of optical depth (τ = −ln (I/I0)), where I is the reflected

intensity from the sample and I0 is the reflected intensity from the bare gold substrate. After deposition,

we warmed our samples following one of two different heating treatments: linear heating or isothermal

annealing. In the linear heating experiments, we warmed our samples from 50 K to 290 K at a 0.1 K

minute−1. For the isothermal annealing experiments, we first warmed our ice samples from 50 K to the

desired annealing temperature (75 K - 90 K) at 5 K minute−1. The ice sample remained at the prescribed

annealing temperature for 24 hours, and we monitored it using IR spectroscopy to derive the reaction kinetic

parameters following a technique common in the astrochemical literature (Bossa et al., 2008; Loeffler &

Hudson, 2013; Tribbett & Loeffler, 2022) (see Section 8.5 for details). Several of our previous studies focused

on sulfur molecule chemical systems use the O3 combination band at 2104 cm−1 as a proxy for the extent

of the reaction rather than the stronger ozone fundamental band at 1034 cm−1 (Teolis et al., 2007a), since

the combination band is well separated from the reaction products of interest (Loeffler & Hudson, 2013,

2016; Tribbett & Loeffler, 2022). For the NH3 ice mixtures, we find that reaction products strongly overlap

with the O3 combination band (see Table 8.1). Thus, we use the fundamental O3 band as a proxy for the

extent of the reaction. Additionally, we note that the O3 fundamental band is temperature dependent and

decreases ∼ 7% between 50 K and 90 K, which we take into account in our analyses.

8.4 Results

Figure 8.1 shows the mid-IR spectra acquired for a water-dominated H2O + NH3 + O3 (70:25:5) ice mixture

deposited at 50 K, and incrementally warmed to 123 K and 207 K at a rate of 1 K min−1. The 50 K

spectrum is dominated by several large overlapping spectral features attributed to H2O (O-H stretch, 3295
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Figure 8.1: IR spectra of a H2O + NH3 + O3 sample (70:25:5) during warming at 1.0 K min−1. Spectra
correspond to 50 K (black), 123 K (red), and 207 K (blue). The 50 K and 120 K spectra are vertically offset
for clarity. Inset: Highlighting the fundamental O-H stretching region of the sample at 207 K.

132



cm−1), NH3 (N-H stretch, 3376 cm−1), and intermolecular interactions between the H2O and NH3 (N· · ·O-

H, 2912 cm−1) (Moore et al., 2007a). Deeper into the infrared, the broad H2O lattice mode overtone

(2250 cm−1), bending mode (∼ 1654 cm−1), and lattice mode (835 cm−1) are accompanied by several

more narrow NH3 features (1629 cm−1, 1112 cm−1) and O3 features (2108 cm−1, 1034 cm−1). In the

near-infrared, we find two additional NH3 combination features at 5014 cm−1 and 4526 cm−1. The broad

baseline structure underlying these combination features is consistent with NH3 well mixed in H2O-dominated

mixtures (Moore et al., 2007a). The spectral assignments and references for each reactant are shown in Table

8.1. We note that CO2 contamination is evident from the absorption feature (C=O stretch) between 2400

and 2300 cm−1. Although we cannot easily determine the column number density of CO2 based on the band

strength of CO2 (Gerakines et al., 1995; Gerakines & Hudson, 2015) due to the interference effects typical

of thin film reflectance spectroscopy (Teolis et al., 2007b), we can approximate the CO2 concentration from

previous calibration experiments described in Tribbett & Loeffler (2022). We determine a CO2 contamination

upper limit of ∼ 1.10 × 1016 molecules cm−2 or ∼ 0.04% of our sample by number. Regardless, literature

demonstrates that CO2 is not oxidized by O3 (Loeffler & Hudson, 2016; Tribbett & Loeffler, 2022) and is

unlikely to react with H2O or NH3 without the presence of ionizing radiation (Zheng & Kaiser, 2007; Chen

et al., 2011). At 123 K, our sample looks qualitatively similar to our freshly deposited sample, showing no

obvious product features. However, we note a decrease in intensity of each NH3 and O3 feature and a slight

broadening of the H2O bending feature centered at 1654 cm−1. Upon further warming, the 207 K spectrum

shows the sublimation of a majority of the sample material; however, several unresolved features appear in

both the 3600 - 2600 cm−1 (Figure 8.1 inset) and 1600 - 1300 cm−1 regions. QCM data (data not shown

here) confirm the presence of 0.5 µg cm−2 of material present on the substrate. While the products remain

unidentifiable, the spectral changes prior to sample desorption and the presence of spectral features at 207

K suggests that a reaction occurs within this ice mixture.

While H2O and O3 are expected to interact when exposed to ionizing radiation (Sauder et al., 1992),

the stable high temperature product shown in the Figure 8.1 inset is likely due to a reaction between NH3

and O3. Gas phase literature (Olszyna & Heicklen, 1971; De Pena et al., 1973), aqueous literature (Singer

& Zilli, 1975; Khuntia et al., 2013), and a single low temperature, condensed study (Huston et al., 1983a)

suggests that NH3 can be oxidized to the NO−
3 ion. Thus, we transitioned to a NH3-dominated ice mixture

to highlight this potential reaction, and enable the identification of the reaction products. For the remainder

of this study, we used H2O + NH3 + O3 (22:72:6) ice samples. Figure 8.2 shows the infrared spectra of

a H2O + NH3 + O3 (22:72:6) ice mixture deposited at 50 K and incrementally warmed to 120 K at 0.1

K min−1. Generally, the initial ice spectrum at 50 K is similar to the H2O-dominated ice mixture with

the exception of sharper peaks attributed to NH3, as well as the shifting of several H2O and NH3 peaks.
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Figure 8.2: IR spectra of a H2O + NH3 + O3 sample (22:72:6) during warming at a rate of 0.1 K min−1.
Spectra correspond from bottom to top: 50, 70, 90, 100, 110, and 120 K. Spectra are vertically offset for
clarity.
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Figure 8.3: IR spectrum of a H2O + NH3 + O3 sample (22:72:6) warmed at a rate of 0.1 K min−1 to 120 K
(bottom, black) and of partially crystalline ammonia hemihydrate or 2NH3:H2O at 123 K (top, red). Spectra
are vertically offset for clarity.

These shifts are consistent with the spectral assignments of features within H2O and NH3 ice mixtures of

varying relative concentrations (Moore et al., 2007a). At temperatures between 70 and 90 K, we see the

formation of two distinguishable, sharp peaks at 1364 and 1348 cm−1, in addition to a shoulder at 1506 cm−1

and a broader feature centered around 2058 cm−1. The sharp doublet feature is consistent with absorption

features produced by the NO−
3 ion in studies examining the IR spectrum of both NO−

3 -bearing salts (Keller

& Halford, 1949; Theoret & Sandorfy, 1964; Huston et al., 1983a) and solid-phase mixtures containing nitric

acid (HNO3) (McGraw et al., 1965; Ritzhaupt & Devlin, 1991; Smith et al., 1991). We attribute the 1506

cm−1 shoulder feature to the NH+
4 ion (Loeffler & Hudson, 2015), and the broad 2058 cm−1 is consistent

with a feature produced by the NH+
4 ion in the presence of excess NH3 (Lundeen & Tobias, 1975; Huston

et al., 1983a).

Above 110 K, three new absorption features at 1549, 800, and 753 cm−1 appear, which are consistent with
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the formation of hydrated ammonia compounds at higher temperature (Moore et al., 2007a). Specifically,

ammonia hemihydrate (2NH3:H2O) readily forms within H2O and NH3 ice mixtures (1:2) deposited at 50 K

and warmed to temperatures between 120 - 140 K (Moore et al., 2007a). Figure 8.3 shows the IR spectrum

of a H2O + NH3 + O3 (22:72:6) warmed to 120 K (black) and the IR spectrum of a H2O + NH3 (1:2)

ice mixture warmed to 123 K (red). The ice mixture without O3 shows a spectrum of partially crystalline

2NH3:H2O, and is consistent with the 2NH3:H2O spectra published by Moore et al. (2007a). We note that

the three absorption bands located at 1549 cm−1, 800 cm−1, and 753 cm−1 within the ice containing O3

agree with those in the 2NH3:H2O spectrum. This comparison suggests that at higher temperatures (110 -

140 K), the hemihydrate is contributing to spectra containing O3. However, importantly, these hemihydrate

features are visually distinguishable from the features that we have attributed to the NO−
3 and NH+

4 ions

indicating that, while these two processes are likely occurring simultaneously, the formation of hydrates is

not responsible for the perceived reaction products. We note that as NH3 and H2O begin to sublimate above

130 K, our IR spectra do not show evidence for ammonia monohydrate (NH3:H2O) or ammonia dihydrate

(NH3:2H2O).

In addition to the emergence of several new absorption features, Figure 8.4 shows the fundamental O3

absorption band during warming. Previous studies have demonstrated that both the O3 fundamental band

and the combination band at 2108 cm−1 decrease linearly with temperature (Loeffler & Hudson, 2016;

Tribbett & Loeffler, 2022). However, over this temperature range (50 - 120 K), the O3 band is expected to

only decrease by ∼ 10%. Additionally, O3 does not sublimate from the ice (Figure 8.5) which is consistent

with our previous work with H2O + H2S + O3 mixtures (Tribbett & Loeffler, 2022). Thus, these changes

in band area suggest that NH3 is being oxidized by O3 to produce NO−
3 .

Figure 8.5 shows the QCM-derived rate of mass loss while warming a H2O + NH3 + O3 ice mixture

between 50 and 290 K at a rate of 0.1 K min−1. As previously mentioned, there is negligible mass loss prior

to 115 K suggesting minimal O3 loss due to sublimation from the sample during the temperature range of

interest for this reaction (70 - 120 K). At 120 K, we observe our first broad mass loss peak likely due to the

release of O2 as the residual NH3 becomes increasingly mobile and crystallizes. This desorption temperature

is consistent with previous studies that demonstrate the release of O2 from proton-irradiated H2O-ices (Bahr

et al., 2001). The following desorption peak occurs at 130 K and is largely due the desorption of residual

excess NH3. We observe four additional peak between 135 and 165 K. We note that these desorption

peaks and the underlying structure within the peaks is likely due to the presence of ammonia hydrates,

each with slightly different binding energy to H2O. However, due to the relatively thin samples, we cannot

confirm the identity of these hydrates the corresponding IR spectra. We find two desorption peaks at higher

temperatures. The first peak occurs near 190 K, and we attribute this peak to H2O within hydrated nitric
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Figure 8.4: IR spectrum of a H2O + NH3 + O3 sample (22:72:6) warmed at a rate of 0.1 K min−1. Spectra
highlight the O3 fundamental absorption feature as the sample is warmed between 50 K and 120 K. Black
arrow indicates the direction of increasing temperature.
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Figure 8.5: QCM-derived rate of mass loss during warming of a H2O + NH3 + O3 sample (22:72:6) (solid
line) and of a H2O:HNO3 sample (dotted line).
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Figure 8.6: IR spectrum of a H2O + NH3 + O3 sample (22:72:6) warmed at 0.1 K min−1 to 200 K. Inset:
Highlighting the near-infrared region of the absorption spectrum.

acid (see Discussion). Finally, we observe a desorption peak near 275 K, indicating the presence of a high

temperature product, consistent with what we found in the H2O-dominated ice mixtures. Interestingly, this

desorption peak corresponds to an areal mass of ∼ 5.1µg cm−2, which is approximately 10× more material

than the H2O-dominated ice produced. Figure 8.6 shows an IR spectrum of the thermally-stable product at

250 K, which is characteristic of a semi-volatile NO−
3 compound (1500 - 1300 cm−1).

8.5 Discussion

8.5.1 Reaction Chemistry and Spectral Assignments

Due to the importance of NH3-bearing atmospheric particulates and the presence of NH3 in wastewater, the

oxidation of NH3 with O3 has been previously demonstrated in both the gas-phase (Olszyna & Heicklen,

1971; De Pena et al., 1973; Olszyna et al., 1974) and the aqueous literature (Singer & Zilli, 1975; Kuo et al.,
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1997; Khuntia et al., 2013). Olszyna & Heicklen (1971) demonstrated the production of O2, H2O, N2O, N2,

and solid NH4NO3 within gaseous mixtures of O3 and excess NH3. The mechanism described required a free

radical chain reaction mechanism, assuming an OH radical chain carrier (Equations 8.1 - 8.6):

O3 +NH3 −→ O2 +OH+NH2 (8.1)

O3 +NH2 −→ O2 +NH2O (8.2)

O3 +NH2O −→ O2 +OH+HNO (8.3)

O3 +HNO −→ O2 +HNO2 (8.4)

O3 +HNO2 −→ O2 +HNO3 (8.5)

NH3 +HNO3 −→ NH4NO3 (8.6)

While the authors provide constraints on the reaction mechanism, the radical chain initiation step remains

unclear, and the majority of these intermediate N-bearing species were not detected (Olszyna & Heicklen,

1971). Subsequent studies have largely focused on the product, NH4NO3, and kinetics of particulate growth

(De Pena et al., 1973; Olszyna et al., 1974) assuming an overall reaction of:

2NH3 + 4O3 −→ 4O2 +NH4NO3 +H2O (8.7)

More recent efforts have coupled this overall reaction to photochemical models to produce steady state

distributions of NH3 and NO−
3 aerosols globally and in regions of high localized pollution (Feng & Penner,

2007; Wen et al., 2015). Aqueous literature, with an emphasis on wastewater treatment, demonstrates

a similar overall oxidation mechanism between O3 and the free NH3 within NH+
4 -salt solutions, typically

NH4Cl (Singer & Zilli, 1975) or (NH4)2SO4 (Khuntia et al., 2013). In each case, the NH3 reacts readily with

O3 forming NO−
3 following:

NH3 + 4O3 −→ H3O
+ +NO−

3 + 4O2 (8.8)
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Unlike the studies mentioned above, which monitored this reaction at or near room temperature, Huston

et al. (1983a) found that this reaction occurs readily at cryogenic temperatures. NH3 and O3 gases were

introduced into a cryogenic cell cooled with liquid nitrogen, where the gases condensed and formed the salt

NH4NO3 in the presence of excess NH3 through an ozonide (NH+
3 O

−
3 ) intermediate, which was identified

based on an infrared absorption band at 800 cm− and a yellow color change:

NH+
3 O

−
3 +O3 +NH3 −→ NH4NO3 +H2O+O2 (8.9)

While it is clear that each of these studies agree that NH3 and O3 react to produce NO−
3 , the intermediate

N-bearing species and the state of the NO−
3 ion remain unclear. The aqueous reaction suggests that the

presence of an H2O solution results in the formation of nitric acid in solution, while the gas and condensed

phase studies form the solid salt NH4NO3 in the absence of H2O. Both the aqueous and gas phase studies

indicate that the reaction occurs through single O-atom transfers, however, the condensed phase study

suggests a significantly different stoichiometry. This discrepancy is similar to what has been observed for

another chemical system, namely H2S and O3 (Glavas & Toby, 1975; Mark et al., 2011). In fact, the low

temperature solid-phase reaction between H2S and O3 shows competition between the O-atom transfer and

complex O3 intermediate mechanism (Tribbett & Loeffler, 2022).

To elucidate the reaction mechanism, we used our IR spectra and QCM data. Above 70 K, we see the

immediate conversion of NH3 to the NO−
3 ion. Two distinct NO−

3 features emerge at 1364 cm−1 and 1348

cm−1 (McGraw et al., 1965), and the fundamental O3 is attenuated, despite negligible sublimation from the

sample. Additional N-bearing intermediates, like the NO−
2 ion, nitrite, are IR active, and have absorption

features shifted from the NO−
3 features (Weston Jr & Brodasky, 1957). However, we see no underlying

structure in the ∼ 1350 cm−1 region that would indicate the presence of NO−
2 . This absence may suggest

that either the single O-atom transfer reaction occurs quickly, or that the ozonide intermediate is preferred

in a solid mixture. While we do see a new feature around 800 cm−1 consistent with the presence of an

ozonide (Huston et al., 1983a), this feature appears at temperatures above 110 K well after the appearance

of NO−
3 , within a temperature range typically associated with the formation of ammonia hemihydrate, which

also has a spectral feature near 800 cm−1 (Moore et al., 2007a). Moreover, the initial O3 is entirely depleted

above 120 K (Figure 8.4), which further suggests that the 800 cm−1 feature is a consequence of ammonia

hydrate formation. We can estimate the stoichiometry of this reaction using our QCM data (5.1 µg cm−2 of

NO−
3 -bearing product) and the known concentration of O3 in our ice sample, since a the gas phase reaction

mechanism would require a molar ratio of 5 O3/NO3. We calculate a molar ratio of 3.4 ± 0.4 O3/NO3

indicating that the reaction may involve the ozonide intermediate.
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In addition to NO−
3 , we also find the NH+

4 ion in our thermally-altered samples above 70 K, indicated

by an absorption feature at 1506 cm−1. Loeffler & Hudson (2015) found NH+
4 within warmed ice mixtures

of H2O + NH3 + H2O2 do to the relative acidity of H2O2 compared to H2O, and Moore et al. (2007a) only

found NH+
4 present in irradiated H2O and NH3 mixtures. In the absence of radiation, it seems likely that

our NH+
4 is the counter ion for the NO−

3 .

From the previously mentioned reaction mechanisms, we expect that the NO−
3 ion is in the form of either

the salt NH+
4 , or hydrated HNO3. To identify the high temperature product, we grew ice mixtures from

15 M HNO3 solutions. Due to the vapor pressures of both HNO3 and H2O, we expect that our resultant

ices had a HNO3/H2O ratio of 1 (Hanson & Mauersberger, 1988; Ritzhaupt & Devlin, 1991). We warmed

these HNO3 + H2O mixtures at 1.0 K min−1 and monitored the QCM for sublimation (Figure 8.5). We find

that all of the sample has sublimated prior to 200 K, which is reasonably consistent with previous studies

examining the infrared spectra of nitric acid and water clusters (Ritzhaupt & Devlin, 1991; Smith et al.,

1991). While there may be a small amount of HNO3 produced during the reaction as indicated by the H2O

+ NH3 + O3 desorption curve structure from 180 - 200 K, after the H2O has desorbed from the sample, the

product that remains is the salt, NH4NO3. Moreover, the NH4NO3 spectrum (Figure 8.6) is consistent with

the infrared spectrum of low temperature phase NH4NO3 crystals produced by Theoret & Sandorfy (1964).

8.5.2 Reaction Kinetics

In addition to determining the mechanism and products of this reaction, we are interested in determining

the kinetic parameters, which provide constraints on the reaction time at lower, astronomical temperatures

outside of the range of temperatures studied here. We follow the isothermal annealing technique, which is

been successfully used previously to determine the overall activation energy of a chemical system (Bossa

et al., 2008; Loeffler & Hudson, 2013; Tribbett & Loeffler, 2022). Figure 8.7 shows the O3 fundamental

absorption band at 1033 cm−1 while warming to an isothermal annealing temperature of 90 K (t = 0 at 50

K), which we integrate after subtracting a linear baseline as a proxy for the extent of the reaction. We choose

the O3 fundamental band as a proxy because it is well-separated from any product bands that could distort

the band or substantially change the continuum background. Figure 8.8 shows the normalized integrated O3

band area as a function of time (t = 0 at 50 K) for three of our isothermal annealing temperatures (75.6 K,

80.6 K, and 90.6 K). We assume first-order kinetics for this reaction, and we write the rate of reaction (k)

as a function of O3 column number density:

N(t) = N0e
−kt (8.10)
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Figure 8.7: The IR spectral region containing the fundamental O3 absorption feature of a H2O + NH3 +
O3 sample (25:70:5) warmed at 5.0 K min−1 to 90 K, where it was annealed. Spectra are vertically offset
for clarity, and correspond to the time elapsed since beginning warming: 0 min, 5 min, 10 min, 15 min, 26
min, 84 min, and 24 hr.
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where N0 is the initial ozone column number density, and t is the time elapsed. We calculate the rate of

reaction (k) at the time at which half of the ozone is consumed:

k =
ln2

t1/2
(8.11)

Note that we cannot use this calculation for temperatures at which half of the O3 is consumed prior to

reaching the annealing temperature, and thus we opted to calculate k for annealing temperatures between

75 and 90 K. Figure 8.8 inset shows the Arrhenius plot (i.e. rate of reaction for various temperatures)

for several different isothermal annealing temperatures between 75 and 90 K. The linear fit of this data

is proportional to the overall reaction activation energy, which we determine to be 17 ± 2 kJ mol−1. The

activation energy is consistent with values determined for other chemical systems using this experimental

technique (Bossa et al., 2008; Loeffler & Hudson, 2013; Tribbett & Loeffler, 2022). We note that this reaction

occurs at lower temperatures than the analogous sulfur oxidation reactions and requires a small activation

energy (Loeffler & Hudson, 2013; Tribbett & Loeffler, 2022). This oxidation reaction does require more

overall energy that many single-step acid base reactions involving NH3. For example, the reaction between

HCN and NH3 forming the salt NH4CN requires an activation energy of ∼ 2.7 kJ mol−1 (Noble et al., 2013).

However, oxidation with O3 requires significantly less energy than the nucleophilic addition reaction between

NH3 and CH3CHO (acetaldehyde), which requires ∼ 33 kJ mol−1 (Duvernay et al., 2010).

8.5.3 Astrophysical Implications

Here we demonstrate that NH3 ice is readily oxidized by the radiolytically-produced oxidant O3 to the N-

bearing anion NO−
3 , which upon warming forms a NH+

4 -bearing salt (NH4NO3). Moreover, this reaction

occurs in the absence of radiation, at temperatures as low as 70 K on a laboratory timescale. For example,

at 75 K half of the O3 column number density is consumed within 24 hours, and within 30 minutes at 85

K. Critically, several Uranian satellites contain observable near-infrared bands that have been attributed to

ammonia hydrates and ammonium-bearing salts (Cartwright et al., 2020), which have been correlated to

geologically-active terrain, and these satellites have average surface temperatures between 70 - 85 (Hanel

et al., 1986; Grundy et al., 2006), although the range has been suggested to extended above (90 K) and

well below (20 - 40 K) the average surface temperatures (Sori et al., 2017; DeColibus et al., 2022). Our

results indicate that this thermally-driven reaction can quickly produce the NH4NO3 salt at these average

temperatures, and likely at low temperatures given a geologic timescale. This reaction provides an additional

candidate for the NH+
4 -bearing salts responsible for the NIR spectral features in the 2.0 - 2.2 µm region.

NH4NO3 may provide a considerably more refractory nitrogen-atom sink compared to ammonia or hydrated
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Figure 8.8: Normalized integrated O3 fundamental band area for H2O + NH3 + O3 (25:70:5) samples
deposited at 50 K and warmed at a rate of 5 K min−1 to an isothermal annealing temperature (75 K, circles;
80 K, triangles; open circles, 90 K) and held for 24 hours. Inset: Arrhenius plot for the H2O + NH3 + O3

reaction. The temperatures used correspond to: 75.6, 77.2, 78.5, 80.6, 82.6, 84.1, 85.6, 87.5, and 90.6 K
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ammonia, similar to other NH4-bearing salts which have been postulated to contain a reservoir of nitrogen-

atoms on comet nuclei (Filacchione et al., 2019; Poch et al., 2020; Kruczkiewicz et al., 2021). Additionally,

NH3, NH3 hydrates, and NH+
4 -bearing salts have been postulated to be on the surface of Pluto’s satellite

Charon (Cook et al., 2023). While Charon is expected to be significantly colder than the Uranian satellites (35

- 40 K), this reaction could proceed over a geologic time frame or during a heating or resurfacing event (Stern

et al., 1993; Grundy et al., 2016). Given that this reaction occurs readily at astrochemical temperatures

and the resultant salt contains spectral features consistent with features detect on several outer solar system

objects, we intend to derive optical constants for this salt in the near- and mid-IR spectral regions in the

near future.

8.6 Conclusion

We provide evidence for an efficient thermally-driven oxidation reaction between NH3 and O3 at temperatures

as low as 70 K. This reaction produces the NO−
3 anion at low temperatures, which interacts with excess NH3

to produce the cation NH+
4 . These species are thermally stable in the form of the salt NH4NO3, which does

not begin to sublimate under vacuum until above 250 K. We determined the overall activation energy of

this reaction to be 17 ± 2 kJ mol−1, which is consistent with other chemical systems that react at cryogenic

temperatures. The salt product within this sample contains near-infrared spectral features near ones that

have been previously attributed to NH3 hydrates and NH+
4 -bearing material on several outer Solar System

objects, including Miranda and Ariel.
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Chapter 9

Discussion and Conclusions

My co-authors and I demonstrate that thermal and radiolytic processing significantly alters the physical

structure and composition of laboratory astrophysical ice analogs. Understanding these alterations is critical

to enable the interpretation of astronomical observations and to describe the inventory and distribution of

ices in the solar system and in the interstellar medium (ISM). Here I discuss the key implications for each

of the previous chapters and briefly discuss potential avenues for future work.

Chapter 2 describes the newly constructed ultra high vacuum (UHV) chamber in the Processes Envi-

ronments and Astrochemistry on Extraterrestrial Surfaces (PEAXS) laboratory at Northern Arizona Uni-

versity (NAU). This chamber boasts a suite of analytical tools, including Ultraviolet-Visible (UV-Vis) and

infrared (IR) spectroscopy, Mass Spectrometry (MS), and quartz crystal microbalance (QCM) gravimetry.

These techniques enable detailed characterization of astrophysical ice analog thin film samples at multiple

wavelengths, probing both the physical and chemical properties of the ice mixtures. This chamber is versa-

tile, and I effectively operated it to address the astrochemical questions discussed in each individual chapter.

This chamber is easily adaptable to new research questions, and importantly, will provide opportunities for

future graduate students.

Chapter 3 provides the QCM-derived sputtering yields of H2O and the radiolytic decomposition product

O2 for low energy (0.5 - 5 keV) heavy (Ar+) ion-irradiated H2O ice samples at temperatures relevant to

Jupiter and Saturn’s icy satellites. These derived sputtering yields agree nicely with the single laboratory

study performed under similar conditions; however, these yields are inconsistent with the current sputtering

yield models, which overestimate our yields by nearly an order of magnitude. This discrepancy may indi-

cate that the low energy ion sputtering contribution of O2 into the tenuous atmosphere of icy satellites is

overestimated. Given that the difference between the two experimental studies is the irradiation angle of in-

cidence (0◦, Chapter 3; 60◦, Teolis et al. (2010)), a study addressing angular dependence of O2 is warranted.

O2 sputtering is likely more dependent on the irradiation angle of incidence than H2O sputtering since O2

production preferences the near-surface layer of the ice and the angle of incidence significantly affects the
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energy deposition profile of low energy, heavy ions.

In Chapter 4, we demonstrate the efficacy of molecular species detection within an ultraviolet (UV)

occultation-derived transit spectrum of Titan acquired by the National Aeronautics and Space Agency

(NASA) Cassini UVIS instrument. However, using simplified haze parameterizations typical of exoplanet

characterization within our atmospheric retrieval model, we failed to constrain the well-documented haze

structure within Titan’s atmosphere. This non-detection suggests that simplified haze models may be biased

toward false-negative detections of exoplanetary atmospheric hazes, which can affect our understanding of

the temperature, and structure of those atmospheres. We anticipate using this Titan data set to refine

and expand the simplified haze parameterizations by including wavelength dependent haze attenuation and

increasingly complex haze distributions to detect Titan’s haze structure. Importantly, this chapter provides

an example of the spectral analysis tool that I applied to laboratory astrophysics. From this project, I

learned how to use a MCMC-implementation of the Bayesian Inference tool (emcee) to fit a model to data to

derive probability distributions for model parameters. In Chapter 5, I use this tool to fit a Fresnel reflectance

model to laboratory UV-Vis spectra of irradiated microporous H2O ice samples, which allowed me to derive a

thickness or density as a function of fluence. We demonstrated that energetic electrons compact microporous

H2O ice and improve estimates for the radiation-induced compaction timescales of H2O ice in the ISM. These

estimates suggest that compaction happens quickly on an astronomical timescale, and thus may explain why

microporous H2O has not been observed in the ISM.

In Chapter 6, we identify three new near-infrared absorption features within microporous ASW ice

samples. We attribute these absorption bands to the dangling bonds within microporous ASW based on

their thermal stability, and band shifts due to the adsorption of CH4. These bands provide additional

spectral features that NASA’s JWST can target with the NIRSpec instrument to identify microporous ASW

within the youngest molecular clouds in the ISM. We estimate that the integration time required to detect

one of these features with an SNR of 3 is on the order of 4 - 5 hours of telescope time. Logical next steps

for this project include a detailed laboratory characterization of the spectral shifts due to different adsorbed

species, specifically O2, N2, and H2, as a method for probing ISM column densities of condensed IR-inactive

molecules.

Finally, we demonstrate that thermally-driven reactions occur readily at astrophysical temperatures with

two different chemical systems. In Chapter 7, we demonstrate an oxidation reaction within H2O + H2S

+ O3 ice mixtures at temperatures as low as 90 K. O3 readily oxidizes H2S to form SO2 and increasingly

complex sulfur anions (HSO−
3 , HSO−

4 , and SO2−
4 ) at low temperatures and hydrated sulfuric acid at higher

temperatures. The overall activation energy for this reaction is ∼ 20 kJ mol−1, which is consistent with

previous studies that have used the isothermal annealing technique. We find that this reaction is consistent
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with the geographical distribution of oxidant and sulfur populations on the surface of Europa, and that

this reaction may occur on a shorter timescale than competing radiation-driven reactions. In Chapter 8, we

demonstrate an analogous oxidation reaction within H2O + NH3 + O3 ice mixtures at temperatures as low as

70 K. O3 reacts with NH3 to produce NO−
3 , which is thermally stable until 260 K as the salt NH4NO3. The

overall activation energy for this reaction is ∼ 17 kJ mol−1, which is consistent with other thermally-driven

acid/base reactions and nucleophilic addition reactions with NH3 (Theulé et al., 2013). We also show that

NH4NO3 possesses near-infrared absorption features that are consistent with previous detections of NH+
4 -

bearing salts on several outer solar system objects. Thus, NH4NO3, due to its low temperature thermal

reactivity, is a candidate for salts on these surfaces. These studies highlight the potential significance of

thermally-driven reactions in astrophysical systems. We identify OCS and CH3OH as potential candidates

for oxidation reactions with O3, and will focus on these in the near future. Moreover, observational and

modeling studies would greatly benefit from the inclusion of these reactions in their discussions of icy outer

solar system chemistry.
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Acronyms

amu atomic mass units

APRA Astrophysics Research and Analysis

Ar argon

ASW amorphous solid water

BIC Bayesian Information Criterion

CH4 methane

(CH3)2CO acetone

CO carbon monoxide

CO2 carbon dioxide

DB dangling bond

FTIR Fourier Transform Infrared Spectrometer

FWHM full width half maximum

H2 molecular hydrogen

H2O water

H2S hydrogen sulfide

HNO3 nitric acid

HPLC high performance liquid chromatography
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HST Hubble Space Telescope

IR infrared

ISM interstellar medium

JWST James Webb Space Telescope

MCMC Markov chain Monte Carlo

MCT/A Mercury Cadmium Telluride

MS Mass Spectrometry

NAU Northern Arizona University

NASA National Aeronautics and Space Agency

NH3 ammonia

NH+
4 ammonium

NIR near-infrared

N2 molecular nitrogen

NO−
3 nitrate

NSF National Science Foundation

O2 molecular oxygen

O3 ozone

OAP off-axis parabolic

PEAXS Processes Environments and Astrochemistry on Extraterrestrial Surfaces

ppm parts per million

PVC polyvinyl chloride

153



QCM quartz crystal microbalance

REU research experience for undergraduates

SNR signal-to-noise

SO2 sulfur dioxide

SOP standard operating procedures

SRIM Stopping and Range of Ions in Matter

STIS Space Telescope Imaging Spectrometer

UHV ultra high vacuum

UV ultraviolet

UVIS Ultraviolet Imaging Spectrometer

UV-Vis Ultraviolet-Visible

WFC3 Wide Field Camera 3

Y sputtering yield
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Teolis, B. D., Famá, M., & Baragiola, R. A. 2007a, Low density solid ozone, The Journal of chemical physics,
127, 074507

Teolis, B. D., Loeffler, M. J., Raut, U., Fama, M., & Baragiola, R. A. 2006, Ozone synthesis on the icy
satellites, The Astrophysical Journal Letters, 644, L141
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