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Abstract

Polycyclic aromatic hydrocarbons (PAH) constitute an ubiquitous class of or-
ganic molecules in the interstellar medium. In recent years, they have also been
detected in cold molecular clouds through radio astronomical surveys, while
observations from the James Webb Space Telescope have enabled their spatial
distributions and abundances to be characterized in unprecedented detail. De-
spite this, the stability of PAHs under astrophysical conditions remains poorly
constrained. For instance, astrochemical models that simulate the abundances
of aliphatic hydrocarbons in molecular clouds underestimate PAH abundances
by several orders of magnitude. The main limitation in these models is that
they are built on theoretical assumptions that lack experimental veri�cation.

This licentiate thesis presents laboratory studies of indene, indenyl, and
2-cyanoindene monocations, PAHs whose neutral counterparts have been de-
tected or are suspected to be present in the molecular cloud, TMC-1. The
balance between dissociation and radiative cooling was investigated through
absolute dissociation rate measurements performed using a cryogenic ion beam
storage ring at the DESIREE facility. For cyanoindene, complementary dis-
sociative photoionisation experiments were carried out at the DESIRS beam-
line of the SOLEIL synchrotron. The measured absolute dissociation rates
and breakdown curves were interpreted using a statistical framework based on
microcanonical rate coe�cients for all relevant unimolecular processes. The
results provide quantitative constraints on PAH stability and are discussed
in the context of their implications for astrochemical modelling. In particu-
lar, the results demonstrate that radiative cooling plays a decisive role under
astrophysically relevant excitation conditions, signi�cantly reshaping the bal-
ance between energy loss and fragmentation, challenging the current simpli�ed
treatments of PAH stability.
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Licentiate outline

This licentiate thesis is divided into seven chapters and is structured as follows.

ˆ Chapter 1: Introduction provides a brief literature review of interstel-
lar PAHs, including their astronomical spectral signatures, their role in
the chemistry of the ISM, and the current challenges faced in the �eld. It
formally introduces the thesis and contextualises its contribution within
the broader �eld of PAH astrochemistry.

ˆ Chapter 2: Experimental methods describes the experimental fa-
cilities used in this work. It also reviews the experimental techniques
employed and the primary experimental observables measured.

ˆ Chapter 3: Theoretical methods introduces the theoretical back-
ground of the di�erent processes relevant to the experiments and how
these processes are characterised. It also presents the statistical frame-
work used to model the experimental results.

ˆ Chapter 4: Signal interpretation describes the general character-
istics of the experimental observables and how they are interpreted to
extract physical insights into the underlying processes.

ˆ Chapter 5: Results presents the key results obtained in this licentiate
thesis. It also highlights speci�c aspects of the analysis procedures and
how these are applied to each system.

ˆ Chapter 6: Astrochemical implications discusses the results pre-
sented in Chapter 5 and derives key astrochemical conclusions that can
be used to re�ne existing astrochemical models.

ˆ Chapter 7: Summary and outlook summarises the work carried
out in this licentiate thesis and outlines planned directions for future
research.

Arun Subramani, Licentiate thesis, SU 2026
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Chapter 1

Introduction

Perched high in the San Gabriel Mountains, the Mount Wilson Observatory
is home to two of the most in�uential telescopes of the early twentieth cen-
tury: the 60-inch and the 100-inch Hooker telescopes. From these instruments
emerged observations that reshaped modern astronomy, from Hale's detection
of Zeeman splitting in the solar spectrum - demonstrating for the �rst time that
magnetic �elds exist beyond Earth [5] - to Hubble's study of the Cepheid vari-
able M31-V1, which revealed that the Universe extends far beyond the Milky
Way [6, 7]. Among these landmark discoveries was Dunham's observation of
an interstellar absorption feature at � = 4300:3 Å [8]. Its di�use character
and lack of correspondence with known atomic transitions eventually led to its
identi�cation as an electronic transition of CH, marking the �rst detection of
a molecule in the interstellar medium (ISM) [9�11]. Since then, advances in
observational astronomy-from space-based telescopes operating in the visible
and infrared to the development of radio astronomical techniques-have driven
an explosion in molecular detections, with more than 300 species now identi-
�ed in space [12]. Together, these discoveries have ushered in the modern era
of molecular astrophysics.

Polycyclic aromatic hydrocarbons (PAHs) constitute a large family of aro-
matic organic molecules that have long been proposed to be widespread through-
out the interstellar medium [1,13]. While their presence has traditionally been
inferred from infrared emission features recorded by both land- and space-based
telescopes in regions of the ISM exposed to ultraviolet radiation, their unam-
biguous detection in cold molecular clouds has only been achieved recently [14].
This breakthrough �rmly places PAHs among the growing inventory of inter-
stellar molecules and opens new questions regarding their formation, stability,
and chemical evolution under astrophysical conditions.

Strikingly, the same class of molecules that now appear to be fundamental
to interstellar chemistry are, on Earth, best known as products of incomplete

Arun Subramani, Licentiate thesis, SU 2026
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Chapter 1. Introduction

combustion. PAHs consist of two or more fused benzene rings, forming an
extended conjugated �-electron system whose chemical robustness and rich
electronic structure have made them one of the most extensively studied fami-
lies of aromatic compounds [15,16]. The smallest few representative members
of the PAH family are shown in Fig. 1.1.These same properties are also central
to their energetic behavior in space.

Figure 1.1: Chemical structure of a few PAHs

This thesis presents laboratory investigations of selected interstellar poly-
cyclic aromatic hydrocarbons and examines how experimental studies can be
used to constrain their chemical evolution in space. Speci�cally, it investigates
radiative cooling processes, through which isolated molecules lose internal en-
ergy via electromagnetic radiation, typically in the infrared and optical, using
storage ring measurements and evaluates their implications for the energy bal-
ance, reactivity, and stability of PAHs in astrophysical environments. The
present chapter begins with an observational overview of interstellar PAHs,
followed by a discussion of their signi�cance and their role in astrochemical en-
vironments. It then introduces the central challenges associated with modeling
their behavior and outlines how these challenges arise from poorly constrained
physical processes governing PAH stability. The chapter concludes with an
overview of the structure and scope of the thesis.

1.1 PAH astronomy and spectroscopy

In astrophysical environments, the presence of PAHs is inferred from their spec-
troscopic signatures. The identi�cation of PAHs in space is based on absorption
and emission features arising from their electronic, vibrational, and rotational
transitions. These spectral �ngerprints span a broad range of wavelengths,
most prominently in the infrared, optical, and radio, giving rise to three cen-
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tral observational avenues: the aromatic infrared bands (AIBs), the di�use
interstellar bands (DIBs), and, more recently, direct rotational detections at
radio frequencies. Together, these approaches form the primary observational
evidence for our current understanding of interstellar PAHs. This section pro-
vides a concise overview of all three topics, structured mainly around their
historical development.

1.1.1 Aromatic infrared bands

In the early 1970s, infrared observations from the telescope at Mount Lemmon
led to the detection of several broad emission features at wavelengths of 3:3,
8:6, 11:3, and 12:7 �m in planetary nebulae [17, 18]. Subsequent airborne
and ground-based observations extended this set to include features at 6:2 and
7:7 �m [19], and demonstrated that the 3:3 �m feature was present in a variety
of astrophysical sources [20]. The breadth of these features, their association
with infrared continuum plateaus, and their weak spatial variation relative
to central sources suggested an origin in carbonaceous material and indicated
that their emission mechanism was inconsistent with thermal radiation from
dust grains.

Building on these observational constraints, Leger and Puget [1] proposed
that the emission arises from transient heating of very small carbonaceous
particles following the absorption of single vacuum-ultraviolet (VUV) pho-
tons. Shortly thereafter, Allamandola et al. [13] advanced a molecular in-
terpretation, identifying polycyclic aromatic hydrocarbons as the carriers by
demonstrating close agreement between astronomical spectra and laboratory
measurements of PAH absorption, including modeling of emission spectra of
representative species such as chrysene. This interpretation provided a physi-
cally motivated framework for explaining the previously �unidenti�ed infrared
emission features� and has since become the widely adopted paradigm, with
these bands now commonly referred to as the �aromatic infrared bands� at-
tributed to PAHs [21].

The following decade, the 1990s, saw a surge in laboratory studies aimed at
characterizing the infrared radiative properties of PAHs under astrophysically
relevant conditions. Matrix isolation spectroscopy, pioneered by Whittle and
coworkers [22], emerged as a primary experimental tool, enabling the measure-
ment of infrared absorption spectra that could be used as templates for the
interpretation of the aromatic infrared bands (AIBs) [23�25]. These studies
yielded key experimental insights that shaped subsequent observational e�orts.
In particular, ionization was shown to have a profound impact on PAH infrared
spectra, primarily through changes in the relative band intensities [26]. It was
soon recognized that PAH spectra exhibit substantial variability as a function
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Chapter 1. Introduction

of molecular properties such as charge state, degree of hydrogenation, and the
presence of substituent groups [27, 28]. Toward the end of the 1990s, these
e�orts culminated in the establishment of the NASA Ames infrared spectral
database, with early studies demonstrating that the emission spectra of diverse
astrophysical sources could be successfully reproduced using combinations of
laboratory spectra of neutral and positively charged PAHs contained within
the database [29]. This database now has experimental spectra for more than
80 species and calculated spectra for more than 4000 species [30] and has
become an integral part of AIB studies.

The advent of space-based infrared observatories revealed the full extent of
the ubiquity of the aromatic infrared bands (AIBs) and, by extension, PAHs.
The Short Wavelength Spectrometer (SWS) aboard the Infrared Space Ob-
servatory (ISO) covered a spectral range of 2:4 -45 �m, enabling comprehen-
sive surveys of PAH emission free from atmospheric absorption [31]. The
unprecedented spectral resolution provided by SWS/ISO enabled the �rst sys-
tematic studies of variations in the AIBs across di�erent astrophysical envi-
ronments [32], leading to their classi�cation into distinct spectral classes [33].
These observations revealed that AIB pro�les vary not only from source to
source but also spatially within individual sources as a function of distance
from the central star, in contrast to earlier ground-based studies [34,35]. This
improvement is illustrated in Fig. 1.2, which compares ground-based spectra
of NGC 7027 obtained in the 1980s with the corresponding ISO observations.
A detailed account of the insights gained from ISO observations is provided in
Ref. [32] and references therein.

The subsequent two decades of PAH infrared astronomy were largely shaped
by observations from the Spitzer Space Telescope, operational from 2003 to
2020. With a mission lifetime substantially longer than that of ISO and an
Infrared Spectrograph (IRS) possessing a sensitivity nearly two orders of mag-
nitude greater than SWS/ISO [36], Spitzer enabled the detection of AIBs in
sources that had previously been too faint to observe [37�39]. As a result, PAH
emission was identi�ed in a far wider range of astrophysical environments, in-
cluding extreme conditions such as elliptical galaxies [40] and the nuclear re-
gions of active galactic nuclei [41, 42]. In addition to extending the range of
detectable sources, Spitzer observations revealed new emission features at 15:8
and 17:4 �m [43]. These features were subsequently attributed to fullerenes,
C60 and C70, leading to their unambiguous identi�cation in space [44,45]. This
remains a unique case in which infrared emission features directly enabled the
identi�cation of a speci�c molecular species, highlighting the pivotal role of
Spitzer in shaping modern PAH astrochemistry [46].

The current paradigm in PAH infrared astronomy is now being shaped by
observations from the James Webb Space Telescope (JWST) [47], the successor
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(a) (b)

Figure 1.2: AIBs at NGC 7027 from (a) ground-based observations,
adapted from Leger and Puget [1] and (b) ISO observations, adapted from
Ref. [2]. Figures reused with required permissions from the publishers.

to Spitzer and a complementary observatory to Hubble. Equipped with four
scienti�c instruments and a 6.5 m diameter primary mirror, JWST represents
the most sensitive infrared space observatory to date, enabling routine obser-
vations of sources at signi�cantly higher redshift and lower �ux levels than
previously accessible. Of speci�c relevance to PAH studies is the Mid-Infrared
Instrument (MIRI) [48], which operates over the 5�25 �m range and is ide-
ally suited for investigations of interstellar dust and molecular emission, with
substantially improved spectral and spatial resolution compared to earlier mis-
sions. Since its launch in 2021, JWST observations have been organized into
a number of dedicated surveys and large programs, including PDRs4All [49],
PHANGS [50], and SMILES [51], which are now providing unprecedented in-
sight into the role of PAHs across diverse astrophysical environments.

Although JWST has been operational for only a few years, its observations
have profoundly transformed the �eld: it has revealed PAH emission in galax-
ies at redshifts of z � 4:2 [52], corresponding to less than 1.5 billion years
after the Big Bang, demonstrating that complex carbonaceous molecules were
present early in cosmic history; it has detected PAH emission in extremely
low-metallicity environments [53] previously inaccessible to sensitive infrared
facilities; and it has enabled spatially resolved studies of PAH band variations
across diverse galactic contexts [54], reshaping our understanding of their dis-
tribution and resilience in the interstellar medium.
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Figure 1.3: A compilation of the di�use interstellar bands spectrum taken
from a survey by Jenniskens, P. and Desert, F.X. [3] Figure reproduced
with permissions from publisher.

1.1.2 Di�use Interstellar Bands

At shorter wavelengths than the aromatic infrared bands, in the optical and
near-infrared, lies one of the longest-standing unresolved problems in inter-
stellar spectroscopy: the di�use interstellar bands. First reported in Heger's
doctoral work in 1922 [55], they were subsequently studied systematically by
Merrill in the 1930s [56, 57]. Since then, more than 600 DIBs have been cat-
aloged [58, 59], yet only a single carrier has been unambiguously identi�ed,
C +

60 [60]. The richness and density of these features are illustrated in Fig.,1.3,
which shows a smoothed DIB spectrum from the survey of Jenniskens and
Desert [3]. DIBs are absorption features observed in the spectra of reddened
stars and arise from di�use interstellar clouds along the line of sight [61]. Their
stationarity with respect to stellar radial velocity, most clearly demonstrated in
binary star systems [57], con�rms their interstellar origin. Furthermore, their
di�use nature, characterized by variable bandwidths ranging from approxi-
mately 2 to 100 cm�1 [62], strongly suggests that their carriers are molecular
rather than atomic in nature. The nature of the carriers responsible for the
DIBs has long been debated in the literature [63,64], with proposed candidates
ranging from solid-state dust grains to large molecules in the gas phase [62].

Among the molecular candidates, PAHs have received widespread atten-
tion. Originally proposed by Van der Zwet et. al. [65], Leger et. al. [66], and
Crawford et. al. [67], PAHs possess several key chemical properties that make
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them promising DIB carriers. Chief among these is their high photostability,
which allows them to survive in the vacuum-ultraviolet (VUV) irradiated en-
vironments where DIBs are observed. In addition, their ubiquity-evidenced by
the widespread detection of the AIBs-is consistent with the presence of DIBs
across a broad range of astrophysical environments. Finally, laboratory studies
have shown that PAHs exhibit electronic transitions in the optical and near-
infrared, overlapping closely with the spectral range of the DIBs, with several
near coincidences already reported, for example, for pentacene and pyrene [68].
This has led to the prevailing view that the diversity of DIBs likely re�ects a
family of related molecular carriers, rather than a single species, with PAHs
and their derivatives representing a leading class of candidates [69].

In the search for DIB carriers, a wide range of spectroscopic techniques
have been developed, many of which now form a central component of labora-
tory PAH astrochemistry. Matrix isolation spectroscopy, originally introduced
in the context of the aromatic infrared bands, was among the �rst methods
used to obtain low-temperature electronic spectra of PAHs and their ions;
however, for electronic transitions this approach introduces matrix-induced
perturbations and spectral broadening. Despite these limitations, it remains
widely employed for both neutral and ionic species. The spectroscopy of iso-
lated molecular ions presents particular experimental challenges, as achiev-
ing su�ciently high ion densities for conventional absorption measurements is
hindered by space-charge e�ects. Techniques such as cavity ring-down spec-
troscopy [70] address this by providing extremely long e�ective absorption
path lengths. More commonly, action spectroscopy methods based on mass
spectrometry are employed, including messenger tagging spectroscopy [71,72]
and resonance-enhanced photodissociation spectroscopy [73, 74]. In these ap-
proaches, spectral information is inferred from changes in mass rather than
direct optical attenuation, enabling the study of complex and reactive PAH
species under isolated conditions.

1.1.3 Radio Astronomy

The vast majority of molecules detected in the interstellar medium have been
identi�ed using radio astronomical techniques operating in the centimeter, mil-
limeter, and submillimeter wavelength ranges [75]. These methods probe the
rotational spectra of gas-phase molecules, arising from transitions between
quantized rotational energy levels, which provide highly speci�c �ngerprints
owing to their direct connection to the molecule's moments of inertia. Most
detections have been made in cold molecular clouds, with TMC-1 being the
most proli�c source, accounting for approximately 33% of all interstellar molec-
ular discoveries [76]. In recent years, spectral surveys such as GOTHAM, con-
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ducted with the Green Bank Telescope [77], and QUIJOTE, performed with
the Yebes 40 m telescope [78], have been responsible for a substantial fraction
of these detections, including the �rst unambiguous identi�cation of a PAH
molecule in space [14].

1-cyanonaphthalene and 2-cyanonaphthalene were the �rst polycyclic aro-
matic hydrocarbons detected in TMC-1 [14]. Prior to this milestone, benzoni-
trile,a proposed precursor to PAH formation, had also been identi�ed in the
same source [79]. Since then, an expanding inventory of aromatic species
has been reported in TMC-1, including indene [4, 80], 2-cyanoindene [81],
three isomers of cyanopyrene [82,83], two isomers of cyanoacenaphthylene [84],
cyanocoronene [85], phenalene [86], and cyclopentindene [87]. Similarly, ben-
zonitrile and indene have also been detected in other molecular clouds [88],
enabling comparative studies of aromatic chemistry across environments with
di�erent physical conditions.

Of the twelve PAH-related species detected in TMC-1, only three corre-
spond to pure, unsubstituted PAHs, re�ecting an inherent observational bias
in radio astronomy. Rotational spectroscopy requires the presence of a per-
manent electric dipole moment and is therefore insensitive to highly symmet-
ric molecules, such as most neutral PAHs. This bias also makes the detec-
tion of larger PAHs particularly challenging, both observationally and experi-
mentally. As molecular size increases, rotational spectra become increasingly
dense, distributing spectral intensity over a large number of closely spaced tran-
sitions and thereby reducing line strengths. In addition, commercial samples
of large PAHs are often unavailable, complicating laboratory measurements,
while commonly used cavity Fourier-transform microwave techniques cannot
readily provide reference spectra for ionic species. Nevertheless, despite these
limitations, ongoing advances continue to expand the detectable molecular in-
ventory, with the recent identi�cation of phenalene illustrating that even small
and highly symmetric PAHs with low dipole moments remain within observa-
tional reach [87].

1.2 PAH chemistry in the ISM

From an astrochemical perspective, PAHs constitute more than an abundant
molecular population: they act as dynamic participants in the energy and
charge �ows of the interstellar medium. Their chemistry and photophysics
directly a�ect the physical conditions of the environments they are detected in
through key processes such as the photoelectric heating e�ect, electron recom-
bination, and surface-mediated reactions. In this section, the role of PAHs in
interstellar chemistry is discussed.
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1.2.1 Photoelectric heating

In 1948, Spitzer proposed that, because the interstellar medium is far from
thermal equilibrium, the kinetic temperature of neutral gas is largely regu-
lated by collisions with photoelectrons produced via the photoelectric (PE)
e�ect on dust grains [89]. It was subsequently shown that this process is most
e�cient for small, planar grains, which allow photoelectrons to escape without
signi�cant reabsorption into the bulk material [90, 91]. With the recognition
in the 1980s that the aromatic infrared bands originate from PAHs, these
molecules were identi�ed as particularly e�cient PE emitters and therefore as
major contributors to interstellar gas heating [92, 93]. The �rst experimental
measurements of PAH photoionization cross sections, performed by Verstraete
et al. for coronene and pyrene, provided quantitative support for this hy-
pothesis and demonstrated that PAHs can dominate the photoelectric heating
budget in molecular clouds, establishing a direct laboratory basis for their
astrophysical role [94].

The basic mechanism underlying PE heating is straightforward: upon ab-
sorption of an ionizing VUV photon, a grain or molecule is ionized, resulting
in the ejection of a photoelectron with kinetic energy equal to the di�erence
between the photon energy and the binding energy of the electron (depend-
ing on the form of ionization) . This energetic electron subsequently transfers
its kinetic energy to the surrounding neutral gas through inelastic collisions,
thereby heating the medium. The ionization energies (which is just the lowest
binding energy) of most PAHs lie well below the Lyman limit of 13:6 eV, which
de�nes the upper cuto� of the interstellar radiation �eld [95�97]. In addition,
PAHs exhibit large photoabsorption cross sections throughout the 10�13:6 eV
range [94,98], making them particularly e�cient agents of photoelectric heat-
ing in interstellar environments.

The importance of PAH-driven PE heating is assessed by comparing astro-
chemical models with observational diagnostics. Seminal studies by Bakes &
Tielens [99] and Weingartner & Draine [100] established quantitative models
for PAH-driven PE that have served as the foundation for the next two decades
of theoretical work. Observational constraints are typically derived from diag-
nostics such as the ionization fraction of PAHs and the ratio of major gas cool-
ing lines (notably [C II] and [O I]) to PAH infrared emission [101,102]. These
models have since been continuously re�ned [103] and benchmarked against
laboratory measurements of PAH photoionization properties [104]. Consis-
tent conclusions have emerged from studies combining Spitzer and Herschel
observations across a wide range of astrophysical environments [101,105�107],
demonstrating that PAHs constitute a dominant source of gas heating in the
interstellar medium. Ongoing and forthcoming high-resolution JWST obser-
vations are expected to place unprecedented constraints on these processes,
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enabling a more detailed and quantitative understanding of the role of PAHs
in regulating the thermal balance of interstellar environments [49].

1.2.2 Charge Balance

The high degree of delocalization of the �-electron system in PAHs renders
them highly polarizable, enabling e�cient capture of free electrons and making
them e�ective charge reservoirs in the interstellar medium. The astrochem-
ical implications of this property were �rst explored in the seminal works of
Lepp & Dalgarno and co-workers [93, 108], who concluded that PAHs would
constitute the dominant negative charge carriers in environments where free
electrons are present. They further demonstrated that the inclusion of PAHs,
particularly in their anionic form, can signi�cantly modify the abundances of
other metals and small molecules by altering the overall charge balance of the
gas. Building on this framework, Bakes & Tielens investigated the abundance
of neutral carbon across di�erent photodissociation regions (PDR) and showed
that PAHs strongly in�uence the gas-phase abundances not only of atomic car-
bon, but also of key elements such as sulfur and silicon throughout PDRs [109].
Similar e�ects were later reported by Flower et al. for the abundances of lin-
ear carbon chains, including C6H and C6H � [110], and by Goicoechea et al.
for species such as H13CO+ , DCO+ , and HOC+ [111]. Finally, Wakelam &
Herbst formally incorporated PAHs into the OSU astrochemical network and
found substantially improved agreement with observed gas-phase abundances,
without the need for ad hoc assumptions such as arti�cially imposed metal
depletion [112].

These studies collectively conclude that PAHs exert strong control over
the charge balance of the environments in which they are present, particu-
larly in photodissociation regions and molecular clouds [113, 114]. However,
these conclusions rest on molecular processes that remain poorly character-
ized experimentally. In astrochemical models, including the chemical network
of Wakelam & Herbst, three processes are central to PAH charge chemistry:
radiative electron attachment, mutual neutralisation (MN), and photodetach-
ment1. Among these, photodetachment of PAH anions has been studied exten-
sively in the laboratory [115�117]. Nevertheless, the systematic incorporation
of up-to-date experimental results into astrochemical models remains limited.
Electron attachment, and more generally recombination reactions involving
free electrons, are experimentally more challenging, with cross sections and

1Note that all three processes are anion related. This is because the study �nds that
PAH anions have the most e�ect on the abundances. The current consensus is that PAH
anions have the most impact in molecular cloud chemistry.
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rate coe�cients often inferred from theoretical calculations [118,119]. A small
number of laboratory studies using techniques such as �owing afterglow Lang-
muir probe mass spectrometry [120,121] and �owing afterglow with photoion
spectroscopy [122] have provided data for selected species. In contrast, mutual
neutralisation involving PAH ions remains almost entirely unexplored experi-
mentally. Together, these gaps highlight the need for laboratory benchmarks of
fundamental PAH processes to constrain astrochemical models more reliably.

1.2.3 H2 formation

Molecular hydrogen (H2) is the most abundant molecule in the universe; how-
ever, its formation pathways remain incompletely understood. Motivated by
the widespread detection of the aromatic infrared bands and by the high reac-
tivity of PAH cations toward atomic hydrogen [123], Bauschlicher performed
quantum chemical calculations on the naphthalene cation and �rst proposed
that PAHs could act as catalysts for molecular hydrogen formation [124]. Ob-
servational evidence for this hypothesis was later provided by ISO observations,
which revealed a correlation between H2 and PAH emission in photodissoci-
ation regions [125], strengthening the case for PAHs as potential catalysts of
H2 formation [126]. Another form of observational support comes from the
observations of the aliphatic 3:4 �m CH line alongside the aromatic 3:3 �m
CH line, credited to the hydrogenated PAHs [127, 128]. Since then, numer-
ous theoretical and laboratory studies have been undertaken to investigate the
role PAHs may play in the formation of H2, complemented by observational
and modeling e�orts that place important constraints on their astrophysical
relevance (See Ref. [129] and references within for a detailed review).

1.3 Stability of Interstellar PAHs

Based on the relative strength of the aromatic infrared bands compared to the
total infrared emission, it is estimated that PAHs account for nearly 20 % of
the infrared power radiated by the Milky Way and other star-forming galax-
ies [130]. In addition, astrochemical models indicate that 20 % of all interstellar
carbon must be locked into PAHs in order to reproduce the observed AIB in-
tensities [46]. Recent radio observations place the column densities of detected
PAHs in the range 1011 � 10 12 cm�2 [4, 79�87], comparable to those of small
linear carbon-chain molecules. For the studies presented in Section 1.2, all as-
trochemical models-whether addressing photoelectric heating, charge balance,
or catalytic processes-implicitly assume high PAH abundances in order to rec-
oncile with the available observational constraints. For example, Wakelam
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& Herbst adopt a fractional PAH abundance of 10�7 with respect to hydro-
gen [112], with other studies typically assuming values of the same order of
magnitude.

These inferred abundances, which make PAHs a major molecular compo-
nent of the interstellar medium, imply two fundamental requirements: e�cient
formation mechanisms and e�cient stabilization mechanisms that allow them
to remain resilient in the harsh, radiation-driven environments in which they
are observed. However, current astrochemical models still lack an accurate
and uni�ed description of both PAH formation and stabilization, and there-
fore often rely on simpli�ed assumptions, including the a priori adoption of
high PAH abundances, in order to reproduce observational constraints.

For instance, consider the recent detections of PAHs in TMC-1. Often,
these detections are accompanied by detailed astrochemical modeling studies to
understand the chemical signi�cance of the species in that environment. These
studies make use of gas grain models, such as nautilus [131] built on chemical
networks, such as KIDA [132, 133]. These models, while reasonably accurate
in reproducing the observed abundances of linear and mono-cyclic nitriles [79],
have systematically underpredicted the abundances of PAHs by several orders
of magnitude [4, 14]. Fig. 1.4 depicts this discrepancy in the case of indene
and cyanoindene. The origins of these discrepancies are likely multifaceted;
nevertheless, they are inextricably linked to the formation pathways and long-
term stability of PAHs. For example, the destruction channels included in
these chemical networks are largely unconstrained experimentally and are in-
stead inferred from theoretical quantum chemical studies [134]. These channels
include collisions with atomic cations, which are commonly assumed to lead
to fragmentation. Other processes that could play a major role during these
collisions such as radiative cooling, are neglected.

The formation routes of interstellar PAHs are commonly grouped into two
broad classes depending on their underlying mechanism: the so-called top-
down and bottom-up pathways [135]. Top-down models posit that large PAHs,
analogous to small graphite-like sheets, are initially formed through high-
temperature processes in the out�ows of evolved carbon-rich stars [136, 137].
These large species are subsequently processed and fragmented into smaller
PAHs through photodissociation in the intense vacuum-ultraviolet radiation
�elds of the di�use interstellar medium. In contrast, bottom-up models as-
sume that PAHs are formed in situ from smaller molecular precursors via gas-
phase ion-neutral or neutral-neutral reactions [138,139].

Current gas-grain astrochemical models typically include only bottom-up
reaction schemes and neglect top-down pathways in their treatment of PAH
formation. In this context, the inheritance of PAHs formed via top-down
processes has been suggested as a potential contributor to the systematic un-
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Figure 1.4: Simulated abundance shown alongside the observed abun-
dance of indene and cyanoindene [4]. Note that the y-axis is in log scale.
Figure reproduced by permission of the publisher, AAS.

derprediction of PAH abundances. Additional support for this view comes
from recent radio observations, which indicate that the abundances of di�er-
ent PAHs in sources such as TMC-1 are of comparable order of magnitude
across molecular sizes, implying that pure sequential growth from small PAHs
cannot be the sole formation mechanism and that e�cient recycling or frag-
mentation pathways must also be operating [85].

A major criticism of the inherited-abundance scenario is that small PAHs,
containing fewer than approximately 50 carbon atoms, are widely believed
to be unable to survive the intense vacuum-ultraviolet radiation �elds encoun-
tered during the di�use phase preceding dense molecular cloud formation [140].
This conclusion is primarily based on early photostability studies by Jochims
et al. in the 1990s, in which the authors measured the competition between
dissociation and infrared radiative cooling following photoexcitation and ex-
trapolated the results to astrophysical conditions. From these measurements,
they derived a minimum molecular size threshold required for PAHs to remain
stable against photofragmentation in the interstellar radiation �eld. These
photostability limits, however, rely on simpli�ed assumptions regarding radia-
tive relaxation, motivating direct experimental investigations of PAH cooling
and fragmentation dynamics under isolated conditions. In particular, the early
studies treated infrared emission as the sole radiative cooling channel. Sub-
sequent work has shown that additional mechanisms, such as recurrent �uo-
rescence, can dominate the cooling dynamics of several small PAHs [141�145],
including species originally considered in the Jochims analysis.

Furthermore, recent JWST observations already hint at cracks in this clas-
sically established picture [146�148]. New spatially resolved data have revealed
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enhanced 3:3 �m emission features in the H,ii regions of NGC 628, NGC 1365,
NGC 7496 [147], and NGC 7469 [146]. The 3:3 �m band is commonly in-
terpreted as a tracer of smaller PAH populations in the interstellar medium.
These are precisely the species that were previously thought to be most vul-
nerable to photodestruction under intense VUV irradiation [149,150], yet they
now appear to persist in strongly irradiated environments.

Taken together, these arguments demonstrate that current astrochemical
models rely on poorly constrained assumptions regarding the stability of PAHs,
and that a physically realistic description of their radiative stabilization and
fragmentation dynamics is essential for interpreting their observed ubiquity in
the interstellar medium.

1.4 Licentiate goals

To address the discrepancies discussed in Section 1.3, it is essential to criti-
cally examine the assumptions underlying current astrochemical models and
to test them against dedicated experimental benchmarks. This requires lab-
oratory investigations conducted under conditions that are directly relevant
to the astrophysical environments in which PAHs are detected or expected to
reside. In practice, this entails accessing experimental timescales on which as-
trochemically relevant molecular processes occur, as well as achieving vacuum
conditions that approximate those of interstellar space. In particular, experi-
ments must be performed in regimes where collisional stabilization is negligible,
allowing intrinsic unimolecular processes to be probed without external per-
turbation. The central question underlying these challenges is therefore: under
what conditions does a PAH fragment, and under what conditions does it re-
main stable? In this context, the two most relevant classes of processes are
unimolecular dissociation and radiative cooling.

This Licentiate thesis aims to probe the balance between dissociation and
cooling dynamics of PAHs in astrophysically relevant conditions. To this
end, experiments have been carried out with indene, indenyl, and cyanoin-
dene cations in one of the storage rings at the DESIREE facility, with com-
plementary measurements performed at the French synchrotron SOLEIL in
the case of cyanoindene. By employing the cryogenic storage conditions at
DESIREE, this work measures absolute dissociation rates and kinetic energy
release distributions of the targets under ultra-high vacuum (10�14 mbar) and
low temperatures (13 K), making these measurements relevant to the physical
conditions of molecular clouds, where these PAHs were �rst detected. The syn-
chrotron experiments explore VUV-induced dissociative photoionisation of the
targets, comparable to the conditions in regions where the AIBs are observed.
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The experimental observables are interpreted within a statistical framework
based on microcanonical rate coe�cients that describe the relevant competing
processes, including isomerisation, fragmentation, infrared emission, and re-
current �uorescence; the same fundamental processes that govern the stability
and evolution of PAHs in the interstellar medium. The laboratory insights
obtained from these investigations are used to derive astrochemically relevant
constraints, enabling a more physically realistic treatment of PAH stability in
current astrochemical models.
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Experimental Methods

This chapter describes the di�erent experimental facilities and techniques used
in this thesis. The bulk of the experiments were carried out at DESIREE
(Double ElectroStatic Ion Ring ExpEriment) [151,152], a cryogenic ion-beam
storage ring facility, located at Stockholm University, Sweden. Consequently,
key apparatuses such as the ion sources and detectors and the experimental
procedures used at DESIREE are described in detail in this chapter. In cer-
tain projects, complementary measurements were also carried out at the VUV
undulator-based DESIRS beamline [153] of the French synchrotron radiation
facility SOLEIL, and thus the relevant techniques are also reviewed.

2.1 DESIREE

DESIREE is one of only three electrostatic ion-beam storage rings facili-
ties [154, 155] worldwide that operate under cryogenic conditions - alongside
Cryogenic Storage Ring (CSR) in Germany and RIKEN Cryogenic Electro-
static ring (RICE) in Japan - and the only one among them capable of probing
ion-ion interactions. It consists of two electrostatic storage rings, each with
a circumference of 8.6 m, sharing a common straight section of 1 m inside a
13 K chamber maintained at ultrahigh vacuum. The electrostatic ion optics is
mounted on the base of a single large vacuum chamber, which in itself sits inside
a second chamber, creating a double-walled vacuum system. A thermal copper
screen with additional layers of insulation is placed between the two chambers.
This con�guration is to maintain the cryogenic environment that DESIREE
operates. The vacuum is maintained by turbo molecular pumps backed with
oil-free foreline pumps. In addition to these pumps, the inner chamber walls
themselves act as cryopumps at 13 K, adsorbing nearly all gas species except
molecular hydrogen. Recently, an additional aluminum plate cooled to 2.6 K

Arun Subramani, Licentiate thesis, SU 2026
19
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Figure 2.1: Schematic of the two DESIREE rings showing the two resis-
tive anode encoders (RAEA and RAES), the velocity map imaging (VMI)
detector, the Schottky pickup (PU), the imaging detector (IMD), the frag-
ment detector (FD), and the heavy-ion detector (HD).

was installed inside the inner chamber, enabling even molecular hydrogen to be
adsorbed and thereby further improving the vacuum conditions. As a result,
the residual gas pressure can reach values as low as 10�14 mbar, ensuring min-
imal interference from background gas [156]. These conditions akin to those
in the interstellar medium1, enable the storage of atomic and molecular ions
for extended periods, allowing their properties to be studied in isolation. A
schematic of both the rings is depicted in Fig. 2.1 along with the position of
the di�erent detectors.

Various types of experiments are performed at DESIREE. These include
mutual neutralization studies in atomic and molecular systems, in which re-
actions between positive and negative ions at low collision energies (< 100
meV) are characterized through the detection of neutral products; measure-
ments of electron a�nities of negative ions, for which sub-micro-eV precision
can be achieved; action-spectroscopy experiments, where the intrinsic absorp-
tion pro�les of electronic transitions in ions are probed; and investigations of
the spontaneous dissociation of hot molecular and cluster ions, from which
statistical rate coe�cients can be determined as a function of ion storage time.
Depending on the type of experiment, one (isolated beam experiments) or
both rings (merged beam experiments) are used. The experiments described

1This is the reason why DESIREE is often referred to as a �molecular cloud in a box�.
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Figure 2.2: ECR source used at DESIREE

in this thesis are all isolated beam experiments and only details relevant to
these experiments would be discussed.

2.1.1 Electron cyclotron resonance source

An experiment at DESIREE starts with the choice of an ion source(s), which
should not only be able to produce the target ions of choice in considerable
yields but also remain stable for the entire duration of the measurement.
The electron cyclotron resonance (ECR) source, shown in Fig. 2.2, is one of
the workhorses, capable of producing high-intensity stable ion beams of PAH
cations. As the name suggests, the source works on the principle of electron
cyclotron resonance. Brie�y, a free electron in a constant uniform magnetic
�eld moves in circular trajectories. An electric �eld applied perpendicular to
the magnetic �eld would then cause the electron to move with a helical trajec-
tory with a frequency dependent on the magnetic �eld (the electron cyclotron
frequency). A time-varying electric �eld with a frequency set to this frequency
would result in the electron cyclotron resonance, wherein the electron gains the
energy from the applied AC �elds most e�ectively [157]. The energized elec-
trons subsequently transfer this energy to the surrounding neutral gas through
collisions, leading to ionization and the formation of a plasma. The plasma
conditions can then be controlled by adjusting the frequency and power of the
applied radio �eld.

In an ECR ion source, ionisation is achieved through electron-impact ioni-
sation. The ECR ion source used at DESIREE, manufactured by Pantechnik,
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operates as follows. If the target material is available as a solid, it is crushed
into a powder and placed in a resistive oven for sublimation. Liquid targets
are placed in a test tube, with additional heating supplied by external heating
coils. The resulting vapor is directed into an ionisation chamber located within
a permanent magnet assembly. A time-varying electric �eld is provided by an
external radio-frequency (RF) power supply. To initiate the plasma, relatively
high RF power (typically 11-20 W at 2 -2.45 GHz) is applied. This drives
the few free electrons naturally present to ionise the neutral target molecules,
releasing additional electrons and initiating an avalanche process. Once the
plasma is generated, the RF power is reduced until stable operating conditions
are reached. In some experiments, bu�er gases such as argon, neon, or molecu-
lar hydrogen are introduced to help sustain the plasma. The ions produced in
the plasma are extracted using a cone-shaped electrode and are subsequently
accelerated by a series of post-acceleration stages located immediately down-
stream.

Unlike soft ionisation methods such as electrospray ionisation, the ioni-
sation process in an ECR source is not well-controlled. Fragmentation often
occurs directly inside the source, so along with the parent ion, various daughter
ions are produced. Multiply-charged products can also be formed depending
on the plasma conditions2 This necessitates mass selection further along the
beamline, which at DESIREE is achieved using the bending magnets. The
amount of energy deposited into each cation depends on the speci�c inter-
actions between the vapor and the electrons, which depend on the plasma
conditions. As a result, ions generated in an ECR source are typically �hot�,
exhibiting a broad vibrational energy distribution. The implications of this
are discussed later in this chapter.

2.1.2 Detectors

There are di�erent kinds of detectors commissioned at DESIREE, used to
detect both charged particles and neutrals. The experiments described in this
thesis utilize the resistive anode encoder (RAE) detectors and the imaging
detector (ID), both of which detect neutrals.

The RAE detectors are located at the ends of the two outer straight sections
of both rings, shown as RAEA and RAES in Fig. 2.1. Each detector consists
of a graphene-coated glass plate which emits secondary electrons when struck
by a neutral particle [158]. These electrons are accelerated by an applied
bias voltage toward a triple Z-stack microchannel plate (MCP) assembly po-
sitioned at an angle relative to the glass plate. The MCPs initiate an electron

2In fact this was the original purpose of the ECR ion source.
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cascade that is subsequently collected by a resistive anode positioned behind
the stack. The anode produces four corner signals, and the relative arrival
times and amplitudes of these signals are used to reconstruct the impact po-
sition of the electron cloud on the anode. This position is then calibrated to
determine where the neutral particle struck the target. The graphene-coated
glass plate followed by an angled MCP assembly-allows laser beams to pass
through the straight section for experiments, without interfering with neu-
tral-particle detection. Furthermore, the MCPs are specially conditioned to
work under cryogenic conditions, and the whole assembly is optimized for the
experimental conditions of DESIREE [156].

The imaging detector consists of a similar triple Z-stack MCP assembly,
but followed by a phosphor screen in this case [159]. A neutral particle hitting
the MCP stack would trigger an electron cascade, which, upon hitting the
phosphor screen, would produce a �uorescent spot, whose position is dependent
on where the neutral struck the MCP. The light pulse is then imaged onto an
optical camera sitting outside the vacuum system using a combination of lenses.
The camera (TPX3CAM, Amsterdam Scienti�c Instruments) [160] consists of a
hybrid pixel detector chip (Timepix3, Amsterdam Scienti�c Instruments) [161]
and is capable of reading out events with a nanosecond resolution. A neutral
detection on the MCP would trigger several pixels on the camera. The time of
arrival and the time over threshold of the individual pixels are used to cluster
these pixels into a single spot, corresponding to where the neutral would have
struck the detector [162].

2.2 Spontaneous dissociation

A central component of isolated-beam studies at DESIREE is the investiga-
tion of �spontaneous dissociation�, dissociation events that occur without any
external excitation and only through the internal energy gained by the ions
in the source. Fig. 2.3 shows one of the DESIREE rings, beginning at the ion
source. As described in Section 2.1.1, ions extracted from the ECR source are
produced �hot�, i.e., with a broad internal energy distribution. Consequently,
a fraction of the stored ions will possess su�cient internal energy to dissociate,
depending on their dissociation thresholds. During storage, a time-dependent
fraction of the parent ions is therefore expected to undergo spontaneous dis-
sociation. For monocations, this process typically yields one daughter ion and
one neutral fragment. The daughter ions, having di�erent translational ener-
gies from the parent, are no longer stored and are quickly de�ected out of the
ring. The neutrals, lacking charge, are una�ected by the ion-optical elements
and continue along the parent's trajectory at the moment of dissociation. If
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Figure 2.3: One of the rings at DESIREE depicted along with the injec-
tion line

fragmentation occurs in either of the straight sections, these neutrals can be
detected by the imaging detector (merging section) or the RAE (outer section).
In the RAE, the time resolution is governed by electronic delays in converting
the anode signal to a digital pulse, whereas for the imaging detector, it is de-
termined by the camera electronics. The number of neutrals detected, binned
over the revolution period of the ions, constitutes the �spontaneous yield� sig-
nal. This signal is modeled using statistical theories to obtain an estimate of
the rate coe�cients involved in the process.

A typical DESIREE experiment proceeds as follows: Ions are produced by
sources mounted on either the �high-energy� (10-100 keV) or �low-energy� (2-
30 keV) platforms at the start of the injection lines. After production and
acceleration, the ions are mass-selected using bending magnets. Once mass
selected, electrostatic elements called �beam choppers� are used to �chop� the
continuous ion beam into bunch lengths decided according to experimental
needs. The bunched ions then pass through 90� de�ectors and are injected
into the ring using a sequence of 160� and 10� de�ectors. The ions are then
dumped onto a Faraday cup at the end of a storage cycle, by rapidly switching
the voltages on these 10� de�ectors. The overall measurement cycle is made
slightly longer than the storage cycle so that background can be recorded after
the ions have been dumped. All timing for the measurement-beam chopping,
de�ector switching, and total cycle time-is triggered by pulses from a BNC
Model 575 delay generator. Quadrupole doublet units are placed at various
positions along the injection lines and within the rings to keep the ion beam
properly focused. Schottky pickup plates are also installed on both rings to
monitor the ion trajectories and, ultimately, the quality of the stored beam.
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The time required for the ions to travel from the source to the ring depends
on the beam energy and is typically on the order of one to two revolution peri-
ods, corresponding to a few tens of microseconds. The revolution period itself
is also on the order of tens of microseconds. The timescale of the sponta-
neous yield signal is governed by two main factors: the background rate and
radiative cooling. Under the ultra-high-vacuum conditions at DESIREE, the
background rate - arising primarily from residual-gas collisions â is minimal.
The signal timescale is therefore determined by the competition between ra-
diative cooling and dissociation (refer to Chapter 4). For PAHs produced by
the ECR source, this timescale is typically on the order of tens to hundreds of
milliseconds.

2.3 Laser induced dissociation

Beyond monitoring their spontaneous decay, the stored ions can also be probed
through laser-induced excitation, providing a complementary route to studying
their photophysics. DESIREE has a wide range of tabletop laser systems,
both continuous and pulsed, used for di�erent applications. The Nd:YAG
laser system, NT242-1k-SH/SF-FC-SCU (NT242) from EKSPLA is primarily
used in the experiments described in this thesis. This system is integrated
with an optical parametric oscillator, allowing it to provide a tuning range of
210�2600 nm with a repetition rate of 1 kHz. The usage of frequency dividers
can further reduce the repetition rate required for the experiment. The light
used is produced in nanosecond pulses with a maximum pulse energy of 450 �J
at 450 nm. A series of mirrors and lenses transports the laser light, which can
be aligned to interact with the stored ion beam in collinear, counter-collinear,
or right-angle geometries, depending on the choice of access window. The
reader is referred to [163] for a detailed description of the other laser systems
and optical elements used at DESIREE.

Once the spontaneous signal reaches the background noise level after a few
tens - hundreds of milliseconds, the laser pulses are allowed to interact with
the stored ion beams. These pulses e�ectively heat up the ions again above
their dissociation thresholds, which causes them to dissociate again. This is
the laser-induced dissociation (LID) signal and is acquired in the same way as
the spontaneous signal, with the detection of the neutral. This signal depends
on both experimental factors, such as the overlap between the light and the
ion beam, and intrinsic properties of the ions, such as the absorbance at the
wavelength of irradiation. In general, in the kind of experiments described
in this thesis, the fraction of ions interacting with the laser beam is small
compared to the total number of ions stored. The wavelength of the incident
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light is �xed in one storage cycle, thus the amount of reheating is constant.
However, the internal energy distribution of the ions is constantly changing as
they cool down, thus by modelling the laser-induced signal obtained from laser
interactions at di�erent times, an estimate of the cooling rate could be made.

2.4 DESIRS

As introduced in Chapter 1, PAH emissions are widespread in photodisso-
ciation regions, where their chemistry is driven by VUV radiation from the
central star. However, tabletop VUV light sources generally o�er only a lim-
ited dynamic range, making them unsuitable for replicating the full range of
astrophysical conditions. This limitation motivates the use of synchrotron fa-
cilities. Synchrotron radiation is produced when relativistic electrons-traveling
at speeds close to that of light-are de�ected by bending magnets or undula-
tors. Using appropriate beamline optics, this radiation can be tuned across
a broad energy range, from the infrared to the X-ray region. Synchrotron
light also provides signi�cantly higher brilliance than conventional tabletop
lasers, making it particularly well suited for studies of dissociation dynamics.
The French synchrotron SOLEIL, located near Paris, operates 29 beamlines.
Among them, DESIRS is an undulator-based beamline that delivers radiation
in the astrophysically relevant VUV range (5-40 eV). Its di�erent endstations
are equipped to support a wide range of experiments, including spectroscopy,
molecular dynamics and reactivity studies, and photoionization dynamics.

The dissociative photoionization experiments in the current thesis were
performed at the SAPHIRS molecular beam chamber [164] equipped with the
DELICOUS3 spectrometer [165]. Powdered targets were loaded into an in-
vacuum stainless-steel oven and heated to sublimate them into the gaseous
state. The vapor was then seeded with a noble gas jet (argon typically), which
was expanded supersonically through a 100 �m diameter nozzle inside the ex-
pansion chamber. The resultant free molecular jet was doubly skimmed and
intersected the synchrotron radiation perpendicularly in the center of the jet.
Upon interaction with the photon beam, the neutral molecules undergo disso-
ciative photoionisation, resulting in photoelectrons and photoions, which may
further fragment depending on their internal energy. The DELICOUS3 spec-
trometer is a double imaging electron/ion spectrometer, with the photoelec-
tron arm utilizing Velocity Map Imaging (VMI) and the photoion arm being
a modi�ed Wiley-McLaren time of �ight spectrometer, capable of measuring
the full three-dimensional velocity distribution of the detected ions. The spec-
trometer also employs a coincidence detection scheme, allowing it to perform
photoelectron-photoion coincidence (PEPICO) measurements. A schematic of
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Figure 2.4: Schematic of DELICOUS 3 double imaging spectrometer.
Figure taken from Paper III.

the DELICOUS 3 spectrometer is depicted in Fig. 2.4
Data collection involved performing photon-energy scans, in which the syn-

chrotron beam was tuned in small increments across the target energy window.
At each photon energy, the photoelectrons and photoions are detected in coin-
cidence, which results in a mass spectrum as a function of the photon energy.
Furthermore, each mass would also have a coincident photoelectron spectrum,
i.e. a kinetic energy spectrum of the electrons detected in coincidence with
that mass. This results in a 2 dimensional matrix, i.e the number of photo-
electrons that are detected in coincidence for a given mass as a function of
both photoelectron kinetic energy and photon energy. This is the fundamental
quantity of interest from the DESIRS experiments. Fig. 2.5 shows one such
sample matrix for 2-cyanoindene taken from a photon energy scan spanning
h� = 8:5 � 15:5 eV. Various kinds of spectroscopic properties can be derived
from this matrix. For instance, by only selecting those photoelectrons with zero
kinetic energy, the threshold photoelectron spectrum (TPES) can be obtained.
Fig. 2.6 depicts the TPES of 2-cyanoindene. By integrating over the photoelec-
tron kinetic energies, the photoion yield can be obtained. By integrating over
the constant ionic state up to a range of photoelectron kinetic energies, the
slow photoelectron spectrum (SPES) can be obtained [166]. Fig. 2.7 depicts
the SPES obtained from the 2D matrix shown in Fig. 2.5. A �nal normal-
ization to photon �ux, measured through a silicon photodiode is required to
account for �ux variations in the beamline (See Fig. 2.6).

2.4.1 Breakdown Curves

Of special interest to the rest of the work in this thesis are the breakdown
curves. Beyond a threshold photon energy, the excess energy left in the cation
after ionization would cause dissociation. In that case, in addition to the target
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Figure 2.5: Sample 2D Photon-energy-photoelectron-kinetic-energy ma-
trix of 2-cyanoindene measured from a photon energy scan spanning
h� = 8:5 � 15:5 eV.

Figure 2.6: Threshold photoelectron spectrum of 2-cyanoindene obtained
after normalising to the photon �ux shown in red, along with the raw
unnormalised spectrum shown in blue.

ion, several daughter ions also appear in the mass spectrum. By taking into
account the SPES of the parent and the daughter ions, the breakdown curves
are constructed. The breakdown curves are the relative product branching
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Figure 2.7: Sample SPES spectrum of 2-cyanoindene obtained from the
matrix shown in Fig. 2.5. Consult text for more details.

ratios as a function of the parent's internal energy and are often used as an
experimental standard to test statistical theories [167]. The internal energy of
the parent ion can be determined as,

h� = eKE + IE + E; (2.1)

where h� is the energy of the incoming photon, eKE the energy of the outgoing
electron, IE is the ionization energy and E, the internal energy of the parent
ion. In a typical experiment, the photon energy is �xed, and the ionization
energy-obtained from the TPES-is a known constant. The electron kinetic
energy is measured from the coincident velocity-map imaging (VMI) data.
Using these quantities, the internal energy of the parent ion is inferred from
Eq.,2.1 for a given photon energy. Simultaneously, the di�erent fragmentation
channels and their relative intensities are extracted from the mass spectrum
recorded at that photon energy. Combining these two experimentally accessible
quantities yields the breakdown curve.
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Theoretical Methods

This chapter presents the statistical theories that describe the rate coe�cients
used to model the experimental results. Details about the quantum chemical
calculations that go as inputs to these models are also presented. The simu-
lation models, along with their analysis procedures, that are used to reconcile
experimental data with theoretical predictions are also discussed.

3.1 Dissociation

The dissociation processes most relevant to the current experiments are sta-
tistical in nature. Theoretically, this means that an energized molecule redis-
tributes its energy freely among its di�erent internal degrees of freedom (In-
tramolecular Vibrational energy Redistribution, IVR), thus losing any memory
of how it was excited. After a certain amount of energy is accumulated in a
critical degree of freedom (typically the reaction coordinate, as discussed in
the chapter on theoretical methods), the molecule dissociates. The extent of
dissociation is governed by dissociative rate coe�cients, which are functions
of the internal energy of the ion. Multiple theoretical formalisms have been
developed to describe the dissociation rate coe�cient [167]. This thesis concen-
trates on two approaches that are most commonly employed in the treatment
of DESIREE results.

3.1.1 Detailed balance theory

The principle of detailed balance, grounded on microscopic reversibility, states
that the rate of moving from a region in phase space is equal to the rate of going
back to that region, i.e., the forward and reverse rates are equal. Applying

Arun Subramani, Licentiate thesis, SU 2026
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this to dissociation leads to,

� P (E)
� P (E) + � r (E)

kform =
� r (E)

� P (E) + � r (E)
kdiss (3.1)

where � is the density of states with the subscripts, P and r denote the prod-
uct and the reactant states, and kform and kdiss are the rate coe�cients for the
formation and the dissociation process. We start with the case where disso-
ciation is just of a loss of a single atom (such as H loss from PAHs). In this
case, the rate coe�cient of the formation process is given by the capture rate,
that is

kform =
1
V

�(�)�; (3.2)

where � is the relative speed and � is the cross section for fusion of the atom
with the product, and 1=V is the concentration of the particle [168]. The
crossection here would depend on the process at hand and need not be geo-
metric crossection (as in the case of hard sphere collisions). With this, the
rate of dissociation becomes,

kdiss (E) =
1
V

�(�)
� P (E)
� r (E)

(3.3)

Note that the density of states at the product P is the density of states of the
combination of the product ion and a free atom. The density of states of a
free atom of mass m, with a kinetic energy � is [169]

� f ree (�)d� = m

p
2m�

� 2h3
d� (3.4)

Thus, the density of states at an energy E for the system of the product ion
and the free atom released with a kinetic energy � is,

� P (E; �)d� = m

p
2m�

� 2h3
� p(E � E a � �)d� (3.5)

where Ea is the activation energy (de�ned as the minimum energy required for
the reaction to occur) and �p is the density of states of the product ion alone.
After substituting � =

q
2m�=m, we obtain the expression for the dissociation

rate as,

k(E; ")d" = 2
m

� 2~3
�(")"

� p (E � E a � ")
� r (E)

d": (3.6)

Now this expression has to be integrated over the translational kinetic energy
of the released atom. In this context, the concept of micro canonical temper-
ature is useful to obtain a simple analytical expression. The microcanonical
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temperature, T is de�ned as [170],

T � (
d(ln�(E))

dE
)�1 (3.7)

Note that with this assumption kb = 1 and thus energy and temperature would
have the same unit. Carrying out the expansion of the density of states around
� results in

�(E � ") = �(E) exp

 

�"
1
T

�
"2

2!
1

C0T2
� � � �

!

(3.8)

where C0 is the micro canonical heat capacity. We use this de�nition to rewrite
� p as,

� p(E � E a � �) = e ��=T d � p(E � E a) (3.9)

where Td is the microcanonical temperature de�ned using the density of states
of the product ion and is sometimes referred to as the temperature of the
daughter ion. Likewise a temperature of the parent can also be de�ned using
the density of states of the reactant. These temperatures are also commonly
used in the context of kinetic energy release distributions [171, 172] and are
discussed further in Section 4.4. Now if we de�ne the canonical average of the
crossection as,

h�i �
RE

0 �(")" exp (�"=T d) d"
RE

0 " exp (�"=T d) d"
; (3.10)

then the integral over � would result in,

kdiss (E) = 2
m

� 2~3
h�iT 2

d
� p (E � E a)

� r (E)
(3.11)

In case the fragment emitted is bigger than a single atom, the expression in
Eq. 3.11 has to be modi�ed. This is mainly because the emitted fragment will
have more internal degrees of freedom than just the translation degrees of free-
dom in the atoms, such as vibrational, electronic, rotational, etc. In this case,
energy would also �ow into them, causing them to be activated. The deriva-
tion in that case again starts from the density of states of the product system,
which is now a convolution of the densities of all degrees of freedom. This
derivation is explained in [168] and the �nal expression for the rate constant
becomes,

kdiss (E) =
m

� 2~3
h�iT 2

d Zv;r;el
� p (E � E a)

� r (E)
= A

� p (E � E a)
� r (E)

(3.12)

where Zv;r;el is the combined canonical partition function for all degrees of
freedom (vibrational, rotational and electronic). Typical cross sections do not
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vary too strongly with energy, thus the quantities before the ratio of the densi-
ties can be collectively treated as a constant prefactor, A (or at the very least
a slowly varying prefactor with energy). In literature, this prefactor is usually
assigned a universal value of 1:6 � 1015 s�1 calculated based on the Langevin
crossection for the case of monomer loss from clusters, however, deviations
from this value have also been reported [173], especially in the context of C2

evaporation from C+
60 [174]. In the experiments of this thesis, wherever de-

tailed balance theory is used, the prefactor is taken as a free parameter, which
is varied until a �t to the experimental data is obtained. In cases where the
kinetic energy release distributions are also recorded, this factor can also be
arrived at experimentally [175]. The density of states is computed by treating
the molecule as a collection of uncoupled simple harmonic oscillators whose
frequencies are obtained from quantum chemical calculations. Direct count
algorithms such as the Bayer-Swinehart (BS) algorithm [176] is then used to
�nd the density of states.

3.1.2 RRKM theory

The Rice-Ramsperger-Kessel-Marcus (RRKM) theory of unimolecular disso-
ciation [177�179] employs transition state theory to formulate an expression
for the rate coe�cient [167]. It assumes the same energy redistribution, com-
mon across all statistical theories, but formally de�nes the critical degree of
freedom as the reaction coordinate. The molecular con�guration (the phase
space coordinates) at the saddle point along this reaction coordinate is termed
as the transition state with the corresponding energy being the activation
energy. This is illustrated using the simple case of a diatomic molecule disso-
ciating into two atoms in Fig. 3.1. The probability of trajectories originating
at the phase space coordinates corresponding to the reactant, passing to this
transition state is the rate coe�cient.

Mathematically, the energy distribution occurs on a 2m-dimensional poten-
tial energy surface (PES) for a molecule with m degrees of freedom. Reactions
in which the energy is conserved occur on a 2m � 1 hypersurface on this PES.
De�ning the reaction coordinate as qy and its corresponding momenta as py,
we consider a 2m � 2 dimensional surface that is orthogonal to the reaction
coordinate such as trajectories that cross this surface lead to the products.
Then the ratio of molecules whose reaction coordinate lies between qy(and py)
and qy + dqy(and py + dpy) to the total number of reactant molecules is [167]

dN
N

=
dqydpy R

� � �
R

� � �
R

dqy
1 � � � dqy

n�1 dpy
1 � � � dpy

n�1 � (H � (E � E o � E t ))
R

� � �
R

� � �
R

dq1 � � � dqndp1 � � � dpn � (H � E)
;

(3.13)
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Figure 3.1: Potential energy surface of a diatomic molecule dissociating
into two atoms.

where Et is the kinetic (translation) energy that does not get redistributed.
The �ux of the trajectories crossing the dividing surface is

dN
dt

=
N dqy

dt dpy R
� � �

R
� � �

R
dqy

1 � � � dqy
n�1 dpy

1 � � � dpy
n�1 � (H � (E � E o � E t ))

R
� � �

R
� � �

R
dq1 � � � dqndp1 � � � dpn � (H � E)

(3.14)
Now the time derivative in the numerator can be rewritten as

dqy

dt
dpy =

py

� y
dpy = dE t ; (3.15)

where �y is the reduced mass of the separating fragment. Using Eq. (3.15), the
�ux integral can now be expressed as

1
N

dN(E; E t )
dt

=
dEt

R
� � �

R
� � �

R
dqy

1 � � � dqy
n�1 dpy

1 � � � dpy
n�1 � (H � (E � E o � E t ))

R
� � �

R
� � �

R
dq1 � � � dqndp1 � � � dpn � (H � E)

:

(3.16)
Note that the LHS of Eq. (3.16) is just the de�nition of the rate constant
k(E; E t ) over a small interval, dEt . Observe that both the numerator and the
denominator are just the density of states (DOS) with the numerator being
the DOS at the energy E � E o � E t and the denominator, the DOS at the
energy E. Thus,

k(E; E t )dE t =
dEt �(E � E o � E t )

h�(E)
: (3.17)

Moreover, the crossing of the dividing surface is not unique: E can be dis-
tributed among the translational degree of freedom and the remaining internal
degrees of freedom in many distinct ways. Hence, integrating over all such
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partitions and taking into account the reaction degeneracy, �r (the number of
equivalent ways this reaction could occur, not to be confused with the cross
section from Detailed balance) results in

kdiss (E) =
� r

RE�E o
0 �(E � E o � E t )dE t

h�(E)
=

�W y(E � E o)
h�(E)

; (3.18)

where Wy(E � E o) is the sum of states (excluding the reaction coordinate),
calculated at the transition state con�guration. Eq. 3.18 is the �nal expression
that is used to compute the microcanonical rate coe�cient for dissociation
according to RRKM theory. The density of states and the sum of states are
calculated using the BS algorithm [176] with frequencies from quantum chem-
ical calculations as inputs, just like is done in the case of the rate coe�cient
from detailed balance theory. However, in this case, explicit computations of
the reaction pathways need to be carried out as the RRKM rate requires the
frequencies of the transition state as part of its calculation.

3.1.3 Complex dissociation pathways

Figure 3.2: Potential energy surface of HCN loss from cyanoindene, along
with the energies and structures of the intermediates and transition states.

Often, the energized molecule undergoes extensive structural deformation
before dissociation. This is often seen in the case of heavier neutral loss (such
as C2H2 or HCN). Even in the case of �simple� bond cleavage reactions such
as hydrogen loss, processes such as hydrogen migration, where the hydrogen
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atom could �hop� around the di�erent carbon sites in the PAH skeleton before
dissociation [180]. Naphthalene isomerises to azulene before losing C2H2 [143,
181]. Quinoline and isoquinoline also isomerise to a common structure similar
to azulene, before losing HCN [182, 183]. These isomerisations might involve
several elementary steps and are usually characterized through static quantum
chemical Density Functional Theory (DFT) calculations [184] or Molecular
Dynamics (MD) simulations [185]. Fig. 3.2 depicts the PES of HCN loss from
cyanoindene, involving three intermediates and their corresponding transition
states. These intermediate isomerisation steps have to be taken into account
during the calculation of the dissociation rate constant. This is accounted
for in detailed balance theory by considering the probability of �nding the
molecule in di�erent intermediates [168]. RRKM theory treats isomerisation
the same way as it does the dissociation, with the caveat that the transition
state now corresponds to that of isomerisation and not dissociation.

3.2 Radiative cooling

In addition to isomerisation and dissociation, internally excited ions may also
relax through photon-emission processes, ie radiative cooling. Under the ul-
trahigh vacuum conditions of DESIREE (and in general ion beam storage
rings), where collisions with the residual background gas are negligible, ra-
diative cooling processes start competing with dissociation and even become
dominant at longer storage times (typically after tens of ms). Thus, a quan-
titative description of radiative cooling is necessary for accurately modeling
the experimental decay curves and for disentangling competing unimolecular
processes. The two radiative cooling processes relevant to PAH ions are vibra-
tional cascade relaxation and recurrent �uorescence, which are discussed in the
upcoming subsections. PAHs also cool via rotational emission; however, this
process occurs on much longer timescales than can be experimentally probed,
at least at DESIREE. Fig. 3.3 shows a Jablonski-type diagram of a molecule
with its ground state and its lowest excited state, showing the di�erent statis-
tical processes, including the two radiative cooling processes. These processes
are explained in the following sections.

3.2.1 Vibrational cascade relaxation

A molecule with N atoms has 3N - 6 vibrational degrees of freedom (3N-5
if the molecule is linear). Some of these modes cause a change in the net
dipole moment of the molecule. These �active� modes can then radiate via
dipole emission, with the ensuing radiation having a frequency corresponding
to the di�erence in the energy levels of that mode. This frequency is usually
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Figure 3.3: Jablonski-type diagram illustrating intramolecular energy
redistribution processes - intramolecular vibrational energy redistribution
(IVR), internal conversion (IC), and inverse internal conversion (IIC) -
together with energy loss mechanisms, both radiative (infrared emission,
IR, and recurrent �uorescence, RF) and non-radiative (dissociation), for a
model system comprising two electronic states and their associated vibra-
tional manifolds.
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in the infrared regime; thus, this process is also called infrared cooling or
emission. The theoretical foundation to quantify this process is similar to that
of statistical dissociation, with the starting point being IVR. If energy �ows
into these active modes, the molecule radiates a portion of this energy by
infrared emission. In this context, the term �vibrational cascade relaxation�
is also used to describe this sequential redistribution of internal vibrational
energy among molecular modes, followed by photon emission from IR-active
modes. Note that this is the process behind the aromatic infrared bands
described in Chapter 1.

Because of the statistical nature of this process, the framework of detailed
balance can be applied to obtain an expression for the rate coe�cient for
infrared cooling as well [168]. The process of interest here is spontaneous
emission, with the inverse processes being absorption and stimulated emission.
Furthermore, the particle being emitted is a photon. The DOS of a photon of
frequency � enclosed in a cube of side L, is given by,

� h� (h�)d(h�) =
8�� 2L3

c3
d�: (3.19)

Thus the photon emission equivalent rate of Eq. 3.6 is,

k(E; hv) IR dv =
8�v 2

c2
�(E � hv; v)

�(E � hv)
�(E)

dv (3.20)

where � now is the cross-section of the inverse processes. For infrared cooling,
this cross-section is proportional to the square of the matrix element of the
dipole operator connecting the initial and the �nal absorber state. A common
approximation invoked here to �nd an expression for this dipole operator is by
treating the di�erent vibrational modes as simple harmonic oscillators. Under
this Simple Harmonic Cascade (SHC) model, only transitions where the vibra-
tional quantum number changes by one are allowed, with the cross-section for
a n ! n + 1 in a mode s characterized by frequency � s being,

� n = � sks(n + 1) (3.21)

where ks is the prefactor containing constants like the dipole derivative etc.
The probability of that mode s having n quanta is

Pn (E) =
� � s (E � nhv s)

�(E)
(3.22)

where �� s is the density of states calculated without including the �o mode.
Thus the averaged crossection over all possible transitions up to an energy, E
is

�(E) =
E=h� sX

n=1

� nPn (E) = � sks

E=h� sX

n=1

� � s (E � nhv s)
�(E)

(3.23)
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Eq. 3.23 is substituted in Eq. 3.20 and after a few algebraic manipulations leads
to,

k� s
IR (E) =

8�v 3
s

c2
ks

[E=h� s ]X

n=1

n
� � s (E � nhv s)

�(E)
= A (0)

� s

[E=h� s ]X

n=1

n
� � s (E � nhv s)

�(E)
(3.24)

where the de�nition of the Einstein A coe�cient, A (0)
� s

for the mode s was
used. Eq. 3.24 is the infrared cooling rate for the mode s. To simplify its
computation, we make use of the combinatorial identity [186,187],

[E=h� s ]X

n=1

n� � s (E � nhv s) =
[E=h� s ]X

n=1

�(E � nhv o) (3.25)

The total infrared rate requires another summation over all the infrared active
modes with the �nal expression being,

kIR =
X

s
A (0)

� s

[E=h� s ]X

n=1

�(E � nhv s)
�(E)

(3.26)

Eq. 3.26 is the equation used in practice to model the experimental results.
ks and the frequencies are obtained from frequency analysis calculations in
standard quantum chemistry packages. When an experimental infrared ab-
sorption spectrum is available, it is used to benchmark and, if necessary, scale
the computed frequencies. In most cases, however, accurate infrared intensi-
ties are challenging to measure experimentally; therefore, computed intensities
generally serve as the primary source of information.

It is nevertheless important to remain aware of the underlying simpli�ca-
tions in this model and their implications for interpreting the results. The
most evident omission is the anharmonicity of the vibrational energy-level
spacing, which introduces errors in two distinct ways. The �rst concerns the
calculation of the density of states themselves. This e�ect can be mitigated
to some extent when the functional form of the anharmonicity is known. In
practice, this is commonly addressed by treating the vibrations as separable
Morse oscillators [188], where the energy-level structure follows from the Morse
potential [189]. Under this assumption, the density of states can be evaluated
using the Stein-Rabinovitch extension of the BS algorithm [190].

The second consequence of neglecting anharmonicity is the omission of over-
tone and combination bands. Analytical expressions for the corresponding in-
frared cooling-rate coe�cients exist [191], and in some cases these higher-order
bands have been shown to contribute as much as 25% of the total IR emission
rate [188]. However, the computational cost associated with their evaluation
is substantially higher. While codes that compute only the fundamental-band
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cooling rates typically scale as O(n2), the inclusion of combination bands in-
creases the complexity to O(n3), making such calculations signi�cantly more
demanding. These calculations also scale with the number of active modes,
which increases linearly with the size of PAH. In the absence of a full an-
harmonic treatment, using anharmonic frequencies and intensities while still
computing the rates within the SHC framework provides a practical compro-
mise, yielding signi�cantly improved agreement with experimental observa-
tions [192]. These anharmonic frequencies and intensities are obtained from
second order vibrational perturbation theory calculations (VPT2), which are
also included in standard quantum chemistry packages. The choice of a more
accurate treatment is made on a case-by-case basis, typically guided by the
experimental absorption spectrum, which reveals the extent to which the ne-
glected e�ects are signi�cant.

3.2.2 Recurrent Fluorescence

Up to this point, the processes discussed have involved IVR occurring on the
electronic ground state. This is justi�ed by the ultrafast timescales associated
with internal conversion (IC) [193]; the mechanism by which electronic exci-
tation energy is rapidly transformed into vibrational energy through nonadia-
batic coupling between the excited electronic state and the vibrational manifold
built on the ground electronic state. The inverse process, i.e., inverse internal
conversion (IIC), where the molecule returns to an excited state and subse-
quently emits a photon (with an energy corresponding to the di�erence between
the two states), typically in the optical regime, is called recurrent �uores-
cence1 [194]. Recurrent �uorescence becomes relevant only on long timescales
and in collision-free environments, such as those encountered in ion-storage
devices and in the interstellar medium.

The �rst experimental evidence of RF in a PAH comes from a photofrag-
mentation study of anthracene ions trapped in an ion cyclotron resonance
trap [195]. This was later con�rmed in another photofragmentation study, but
this time in an electrostatic storage ring, with access to longer timescales [196].
Since then, multiple studies have established the importance of RF in the cool-
ing dynamics of PAHS [141�145, 197, 198]. These experimental observations
typically involve measurements of the overall cooling rate, which is found to
be orders of magnitude higher than what infrared emission alone can account
for. The resulting rapid radiative cooling is therefore attributed to RF, as the
emission of only a few recurrent-�uorescence photons can e�ciently quench

1Also called Poincare �uorescence after Henri Poincare who worked on the dynamics of
systems in their phase spaces
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dissociative pathways that would otherwise require the sequential emission of
many infrared photons.

The �rst direct observation of RF photons was from a study with naph-
thalene ions trapped in an electrostatic ion beam trap [199]. The photons
were collected into a photomultiplier tube coupled with band pass �lters to
probe their wavelengths. The measured spectrum was found to be broad
and structureless in nature, peaking around red wavelengths, consistent with
RF emissions. More recently, similar measurements were also carried for an-
thracene ions [200]. These experiments are challenging primarily because of
the inherently low photon-collection e�ciency when detecting emission from
an extended source such as an ion beam.

The RF rate coe�cient, �rst introduced in [195] is once again derived from
detailed balance. The rate coe�cient of RF emission from the ith excited state
at an energy Ei (the transition energy) above the ground electronic state and
characterised by an Einstein coe�cient, Ai

RF is expressed as,

ki
RF (E) = A i

RF
� (E � E i )

�(E)
: (3.27)

The Einstein coe�cient is a function of the oscillator strength, fi and the
transition energy and is given by

A i
RF =

2�� 2
i e2

� 0mec3
f i (3.28)

where �i = E i =h is the frequency of the transition. Together with the vibra-
tional frequencies required to compute the density of states, these constitute
the three key inputs needed to evaluate the RF rate. Ei is typically measured in
electronic absorption spectroscopy experiments. fi , just like the infrared inten-
sities, are harder to measure experimentally, mainly because precise knowledge
of the absolute cross section is needed. Excited state quantum chemistry cal-
culations, like time dependent density functional theory could give estimates
of f i , however the rates computed using these values are severely underesti-
mated for PAH cations [142]. This discrepancy arises primarily because the
calculations are performed at the ground state equilibrium geometry, where
the lowest electronic transitions are often symmetry forbidden to �rst order.
In contrast, the systems probed experimentally are �hot�, carrying substan-
tial internal energy and undergoing continuous vibrational motion. Many of
these vibrations break the symmetry of the equilibrium structure, enabling
otherwise forbidden transitions through vibronic (Herzberg-Teller) coupling.
In this context, Herzberg-Teller (HT) simulations have been shown to yield
more realistic oscillator strengths and to produce markedly better agreement
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with experimental observations [143, 144].However, HT simulations are con-
siderably more di�cult to carry out for open shell systems, such as the PAH
cations studied in this thesis, making their systematic application far more
challenging.

The AIMD-based methodology described in this section was developed by
our close collaborator Dr. James Bull, who also performs the simulations used
throughout this work. Recently, Temperature dependent ab-initio molecu-
lar dynamics (AIMD) simulations using canonical sampling through velocity
rescaling [201], have proven to be a reliable way to obtain estimates for fi

and Ei . In these AIMD simulations, the molecule evolves according to the
temperature-dependent nuclear forces, and at each time step the instantaneous
geometry is used to compute the electronic transition energy and oscillator
strength. These quantities are then averaged at each temperature and subse-
quently mapped onto an internal energy using the caloric curve (see Chapter
4). The resulting temperature-averaged parameters are used to compute the
RF rate at that internal energy. Repeating this procedure over the full tem-
perature range yields RF rates as a function of internal energy, which are then
�tted to Eq. 3.27 to obtain a continuous functional form suitable for further
modeling. This methodology is used for all the experiments described in this
thesis.

3.3 Master equation simulations

Having established the theoretical expressions for the rate constants govern-
ing dissociation, infrared cooling, and recurrent �uorescence, the time evo-
lution of the system can now be described within a master equation frame-
work. Two distinct implementations of this framework are employed for the
DESIREE and DESIRS experiments, re�ecting the di�erences in their charac-
teristic timescales. The simulations used to model the DESIREE experiments
are described �rst.

The system considered in the DESIREE experiments is an ensemble of ions
undergoing continuous decay, where the neutral decay rate (measured decay
products as a function of storage time) constitutes the experimental observ-
ables to be modeled. Put another way, the ions are initially produced with
a broad distribution of internal energies. The subsequent unimolecular pro-
cesses-such as dissociation and radiative cooling, continuously redistribute this
population in energy space. The evolution of the internal-energy distribution,
g(E; t) is described by a set of coupled, �rst-order linear di�erential equa-
tions, with each term characterized by the corresponding process-speci�c rate
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constant. The set of equations that propagate the distribution is,

d
dt

g(E; t) = � k tot
diss(E)g(E; t)

+
X

� o

[k� o
IR (E + h� o) g (E + h� o; t) � k � o

IR (E)g(E; t)]

+
X

i

h
ki

RF (E + E i ) g (E + hv i ; t) � k i
RF (E)g(E; t)

i
:

(3.29)

The �rst term describes the depletion of the ensemble through dissociation,
characterized by the total dissociation rate coe�cient ktot

diss . The second sum-
mation accounts for infrared cooling, where the �rst term within the sum
represents population gain due to transitions N +1 �! N, and the second term
represents population loss due to transitions N �! N � 1. The third term is
the analogous contribution from RF, with electronic rather than vibrational
transitions governing the emission process.

Numerically, this procedure is implemented using matrix propagation. The
internal-energy distribution is initialized as a one-dimensional column vector,
typically with an energy-bin spacing of 10 cm�1 . The propagator is the radia-
tive transfer matrix, whose elements are de�ned according to Eq.,3.29. This
matrix is upper triangular, with o�-diagonal elements representing population
transfer due to emissions from higher vibrational or electronic levels, while
the diagonal elements contain the rate constants associated with transitions to
lower vibrational or electronic levels.Time evolution is then performed by �rst
multiplying the energy-distribution vector by the radiative transfer matrix, fol-
lowed by multiplication with a vector e�k tot

diss (E)t , which accounts for population
loss due to dissociation. As mentioned in Section. 3.1.3, dissociative processes
might involve several isomerisation steps. Here the total dissociation rate co-
e�cient is calculated using a series of steady-state approximations to reduce
computational complexity. This has been successfully employed in the past to
model kinetics of multi-step reactions [143, 181, 182]. At every time step, the
neutral rate is evaluated as

R
g(E; t)k det

diss (E)dE, where only those dissociation
channels that can be detected with appreciable e�ciency are included. This
quantity constitutes the primary point of comparison with the experimental
measurements.

The distinction between ktot
diss and kdet

diss warrants additional clari�cation.
Experimentally, the measured decay rate corresponds to the number of neutral
fragments detected by the detection system, which consists of a microchannel-
plate (MCP) assembly followed by either a resistive anode or a camera-based
readout (see Section. 2.1.2). The overall detection e�ciency depends on sev-
eral factors, most notably the performance of the MCPs, which is strongly
in�uenced by the kinetic energy of the impinging neutrals. In a typical experi-
ment, a neutral fragment carries a mass-dependent fraction of the parent ion's
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total kinetic energy, which itself is set by the acceleration voltages. Common
neutral fragments produced in the decay of PAHs include atomic hydrogen,
molecular hydrogen, acetylene, and hydrogen cyanide (in the case of nitro-
genated PAHs). Heavier fragments are generally detected e�ciently across the
full range of ion-beam energies, whereas detection of lighter fragments requires
higher beam energies to ensure su�cient kinetic energy for MCP triggering.
An additional consideration is the spread in fragment kinetic energies arising
from the intrinsic kinetic energy release during dissociation, which leads to
a geometric collection e�ciency that depends on the beam energy. At lower
beam energies, this spread can cause a signi�cant fraction of neutral frag-
ments to miss the detector entirely, even though improved energy resolution
may be achieved. Consequently, depending on the experimental conditions,
only a subset of all dissociation channels contributes to the detected signal,
and the e�ective rate coe�cient, k det

diss , can di�er substantially from the total
dissociation rate ktot

diss .

3.4 Kinetic simulations

The system in the DESIRS experiments is an ensemble of neutral molecules
that undergo dissociative photoionisation, where the experimental observable
is the breakdown curve. To model the breakdown curve, we treat every data
point as a system of ions with a �xed internal energy corresponding to that
data point. Having �xed the internal energy, the evolution of this system is
only governed by isomerisation and dissociation, as radiative cooling does not
play a role in this short time scale (� O(1 �s)).

To begin, a system of coupled di�erential equations representing the disso-
ciation potential-energy surface (PES) is constructed. Each intermediate along
the PES is assigned a state population, whose time evolution is governed by
the isomerization rate coe�cients leading to its formation and depletion. The
product channels are likewise assigned state populations, with their evolution
governed by the corresponding dissociation rate coe�cients. At a �xed internal
energy, all rate coe�cients are constants, and the resulting system constitutes
a set of coupled ordinary di�erential equations that can be solved numerically.
The simulation is propagated over the relevant experimental timescale, and the
relative populations of the various states at the end of the simulation provide
the quantities directly compared with the experimental observables. This pro-
cedure is repeated for all relevant internal energies. See Appendix C. in Paper
III for an example of a system of coupled di�erential equations to represent
HCN loss from cyano-indene.
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Signal interpretation

As discussed in Chapter 2, the primary experimental observables in DESIREE
are the neutral rate and the neutral image as functions of storage time. Phys-
ically, the former is proportional to the absolute decay rate, while the latter
is directly linked to the kinetic energy release distributions (KERD). Both ob-
servables re�ect the statistical cooling of the internal energy distribution of the
stored ion ensemble. Interpreting these signals, requires a set of conceptual
tools that connect the measured observables to the underlying physical pro-
cesses. In this chapter, the general characteristics of the experimental signals
are discussed, including the power-law behavior associated with spontaneous
dissociation, the back-shifted time formalism used to analyze laser-induced
dissociation, and the use of kinetic energy release distributions to infer the
temperature of the decaying ions.

4.1 Power law decay

The ion ensemble produced by the ECR ion source and consequently stored is
that of a hot, evaporative ensemble, i.e a system of particles that is constantly
losing energy (by radiative cooling) and mass (by dissociation) without equi-
librating with its surrounding conditions [168]. In such a case, the absolute
decay rate is given by,

�(t) =
Z

g(E)k(E)e �k(E)t dE (4.1)

where g(E) is the energy distribution, k(E) is the dissociative rate coe�cient
as a function of the internal energy, E and t, the time at which the decay is
measured. The quantity measured in the experiment is the number of neutrals
striking the detectors as a function of time, i.e., the neutral rate R(t). The

Arun Subramani, Licentiate thesis, SU 2026
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absolute decay rate is proportional to the measured cycle averaged neutral rate
by an overall factor dependent on instrumental parameters as,

�(t) =
f revqe

� detGI avg
R(t) (4.2)

where frev is the revolution frequency of ions circulating in the ring, qe is the
elementary charge, G is the fraction of the circumference of the storage ring
visible to the detector, �det is the detector e�ciency, I avg is the average ion
beam current measured at the end of each storage cycle.

For an ion ensemble with a narrow, sharply peaked internal energy distri-
bution (g(E) = �(E � E o)) at energy Eo, the time dependence of its decay
is that of an exponential characterized by the rate coe�cient at that energy.
A sharply peaked internal energy distribution translates to preparing the ion
ensembles in a single state. Ions produced with a �nite internal energy distri-
bution would have their decay resembling a weighted sum of exponentials.

This treatment becomes simple in the limit of a broad, slowly varying
energy distribution [168]. In that case g(E) � g can be approximated as a
constant and pulled out of the integral in the decay rate equation. We then
multiply and divide by t and change the integrating variable from E to k, and
carry out some simple mathematical manipulations,

�(t) = gt �1
Z

kte�kt dE

= gt �1
Z

kte�kt (
dk
dE

)�1 dk

= gt �1
Z

e�kt (
d(lnk)

dE
)�1 d(kt)

= gt �1 d(lnk)
dE

�1

k=1=t

Z
e�kt d(kt)

� gt �1 d(lnk)
dE

�1

k=1=t

/ t �1 :

(4.3)

The rearrangement of the terms above requires a few clari�cations. When
we change the integrating variable to k, the integrand becomes e�kt ( d(lnk)

dE )�1 .
The derivative of the logarithm is a slowly varying function as compared to
the exponential, which is sharply peaked at kt = 1. Thus, the maximum
weight is going to come from the value of the derivative at k = 1=t, and thus
approximation involves pulling the logarithm out of the integrand by using
its value at that rate coe�cient. The �nal expression then boils down to
constants with the only time dependence coming from the power law of the
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form t �p with p = 1. This is the inverse time decay commonly seen in storage
ring experiments (See Ref. [202] and the references within).

A modi�cation to the inverse power law occurs when radiative cooling be-
comes competitive with dissociation. In that case, the rate coe�cient krad (E)
for radiative cooling processes needs to be included in the exponent of Eq. 4.1,

�(t) =
Z

g(E)k(E)e �(k(E)+k rad (E))t dE (4.4)

Unlike the dissociation rate coe�cients, the rate coe�cients for radiative cool-
ing does not vary signi�cantly with energy over the energy window to which
our experiments are sensitive and thus can be pulled out of the integral. Thus,
following the same procedure as before, we end up with

�(t) / e �k c t=t (4.5)

kc is the value at which both the radiative cooling rate coe�cient and the
dissociation rate coe�cient are equal (or at least comparable). kc also sets the
timescale beyond which dissociation is �quenched�, i.e. beyond which radiative
cooling overtakes dissociation and minimal dissociation occurs. The value of
kc is also indicative of the relative importance of the ensuing radiative cooling
processes in comparison to dissociation, with a higher value of kc indicating
very e�cient radiative cooling. For instance, in the case of acenaphthylene, kc

was found to be 1250 s�1 [198]. Simulations then reveal that recurrent �uores-
cence is very e�cient in this system and that it rapidly stabilizes the cation.
On the other end, indene has a kc of 78 s�1 . This is due to a combination
of the low dissociation threshold and the minimal in�uence of recurrent �u-
orescence on its cooling dynamics, with infrared cooling being the dominant
cooling mechanism, which is relatively slower than RF.

Deviations from the inverse power law re�ect cases where the approxima-
tions used break down. In practice, the neutral rate is �tted with,

�(t) / R(t) = r oe�k c t t �p (4.6)

where deviations of p from 1 correspond to di�erent physical conditions, such
as when the shape of the internal energy distribution becomes critical [203] or
if there are multiple competing dissociation channels [204].

4.2 Back-shifted time

As explained in Section 2.3, laser-induced experiments are performed only
after the ion beam has been quenched. In the context of Section 4.1, this
occurs on a timescale set by kc, when radiative cooling becomes comparable to
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Figure 4.1: Laser induced dissociation signal interpreted using back-
shifted time formalism. The pink line is the spontaneous dissociation (SD)
signal which ends by 1 sec. The purple lines denote laser �ring times,
t l , the times when the laser is �red. The blue and the red traces are
examples of Laser-induced dissociation (LID) signal at two representative
photon energies (the blue photon has higher energy than the red photon)
at di�erent t l . The green trace highlights the LID signal obtained at two
di�erent t l for the two photon energies whose decay pro�le is near identical.
The dashed line is the common back-shifted time, the ion ensembles at
these tl are reheated to.

dissociation. At this threshold energy regime, the dissociation rate is no longer
distinguishable from the background. A laser pulse applied at this stage reheats
a fraction of the stored ions above this threshold, producing dissociation that
persists for a few turns, depending on the photon energy. This shift in internal
energy can be mapped onto a shift in storage time; that is, the reheated ions
decay in a manner resembling the ensemble at an earlier storage time [205].
This earlier storage time is the back-shifted time, to with the shift in time
referred to as �t.

This mapping enables the determination of the cooling rate without re-
quiring explicit knowledge of the absolute internal energies of the stored ions.
Consider an experiment in which laser irradiation at two di�erent wavelengths
is employed. For generality, these wavelengths are referred to as red and blue,
with the blue wavelength being shorter than the red. For a �xed laser �ring
time, t l , absorption of a blue photon reheats the ions to an earlier e�ective
time than absorption of a red photon, such that �t blue > �t red . Conversely,
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laser pulses applied at two di�erent �ring times can reheat the ion ensemble to
the same back-shifted time. In this case, the internal energy distributions at
the two �ring times di�er such that, upon absorption of photons with di�erent
energies, they are brought to an identical internal energy distribution. This
situation is illustrated in Fig. 4.1. This implies that the di�erence between the
internal energy distributions at the two laser �ring times is equal to the di�er-
ence in the photon energies required to reheat them to the same back-shifted
time. Equivalently, the ion ensemble loses an amount of internal energy equal
to the di�erence in photon energies over a time interval given by the di�erence
between the two laser �ring times. The cooling rate can therefore be extracted
from this energy loss over the corresponding time interval.

In this thesis, a model-free implementation of this matching procedure is
introduced, developed speci�cally for the present experiments. In practice,
this procedure is implemented by evaluating the �2 test statistic between LID
signals recorded at di�erent laser �ring times tl . Two LID traces exhibiting
identical decay pro�les indicate that they are governed by the same underlying
set of rate coe�cients. Consequently, for a given �ring time tl of the red
photon, there exists a corresponding �ring time of the blue photon for which
the � 2 value is minimized. These two �ring times, therefore, correspond to
reheating the ion ensemble to the same back-shifted time. This matching can
be performed for nearly every tl of the blue photon. The quali�er �nearly�
re�ects the �nite duration of the storage cycle: beyond a certain �ring time
for the red photon, the corresponding �ring time for the blue photon would
exceed the available storage time. The underlying physics of the procedure is
the same as in [205] and [206]. In those works, the LID signals are �tted using
Eq. 4.6, with the time variable replaced by t � �t, allowing �t to be extracted
from the �t. In the present approach, no explicit functional form is assumed
for the laser-induced signal, providing a model-free treatment.

4.3 Kinetic energy release distributions

The formalisms discussed thus far have focused exclusively on the analysis
of neutral decay rate measurements. An additional dimension of data ob-
tained from the DESIREE experiments is provided by the neutral images.
Unimolecular dissociation does not result in a purely static breakup; if it did,
the fragments would remain bound. Instead, a �nite amount of kinetic en-
ergy is released upon dissociation, imparting relative motion to the fragments.
The magnitude and distribution of this kinetic energy depend on the region of
the potential energy surface sampled by the parent molecule prior to dissocia-
tion [207]. This kinetic energy release governs the spatial spread of the neutral
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fragments observed in the images.
The neutral images recorded in the experiment represent two-dimensional

projections of the three-dimensional fragment velocity distribution. To extract
the corresponding kinetic energy release distribution from these images, an in-
version procedure must be applied. Here, this inversion is performed using
the Abel transformation [208], a mathematical transformation connecting az-
imuthally symmetric shapes to their projections. In practice, this procedure is
implemented using the experimentally recorded hit positions on the detector.

(a) (b)

Figure 4.2: (a) Detector image and (b) a slice of its corresponding abel
inversion for the case of H loss from stored benzene cations.

The experimental data consist of the detected positions of individual neu-
tral hits, recorded as the Cartesian coordinates (X; Y ) of the triggered pixels
(See Section. 2.1.2). These events are �rst sorted into time bins corresponding
to the revolution period of the ions. For each turn, the accumulated (X; Y )
coordinates are then assembled into a two-dimensional images representing the
spatial distribution of neutral fragments at that time. These turn-resolved im-
ages usually require centering as the ion beam oscillates, with these oscillations
dampening over time. The centered images are subsequently inverted using
a custom-written Python analysis code that employs inversion routines from
the pyabel package. Several inversion algorithms available within pyabel [209]
were tested, and the Hansen-Law method [210] was found to provide the most
reliable results for the data presented in this work. Fig. 4.2a depicts a detector
image of neutral hydrogens fragmenting from stored benzene monocations and
Fig. 4.2b is a slice of its abel transform. The inverted image is then projected
onto the radial axis by performing a full three-dimensional angular integra-
tion. The resulting intensity distribution, expressed as a function of radius
in detector pixel units, is subsequently calibrated to kinetic energy. For this
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calibration, a simplifying assumption is made that dissociation occurs at the
midpoint of the straight section. Under this assumption, the kinetic energy
calibration is given by

"(�) =
mneut

mcat
Eacc

� �
Lmid

� 2

(4.7)

where "(�) is the KER associated with the radius � of the inverted image, mneut

and mcat are the masses of the neutral and cationic reaction products, Eacc is
the beam energy, and Lmid = 1.68 m is the distance from the detector to the
mid-point of the straight section. This approximation leads to a broadening of
the extracted kinetic energy release distributions; a more rigorous treatment
is therefore applied only in cases where higher precision is required.

4.3.1 Statistical models

The pro�le of the measured kinetic energy release distribution (KERD) con-
tains information about the internal energy distribution of the parent ion, in
particular, the excess energy above the reaction barrier. Upon dissociation,
this excess energy is partitioned between internal excitation of the daughter
fragments and translational motion. The translational component manifests
as the kinetic energy release, of which the neutral fragment is detected in DE-
SIREE, while the charged fragment is detected in DESIRS. Numerous statis-
tical models exist to interpret the KERD and extract quantitative information
from it. Two models commonly used in DESIREE experiments are reviewed
in this thesis. For a general overview of other statistical models, the reader is
referred to [207].

A simple �model-free� approach to model KERD was derived by Klotts
[211] and �rst used to obtain binding energies of C2 evaporations C60

+ [212].
In this approach, the KERD, P(�) is �t to,

P (�) / � le� �
k bTp (4.8)

where � is the KER, Tp is the product temperature characterizing the distribu-
tion and l is a �t parameter, varying between zero and unity. The expression
is also derived from the principle of detailed balance, with the exponent, l,
being related to the cross section of the inverse attachment process. The limit
l = 1 corresponds to a hard-sphere interaction, representing a scenario where
collisions are dominated by geometric contact, while l = 0:5 corresponds to
a Langevin-type ion/induced-dipole interaction, where long-range polarization
forces govern the collision dynamics [168].

In reactions with a reverse barrier-that is, reactions where the product
energies lie below the transition state-the mean kinetic energy release (KER)
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is shifted away from zero by an amount proportional to the barrier height
[207]. Classical approaches often fail to reproduce this shift accurately because
they do not fully account for quantum tunneling through the barrier. To
address this, Hansen [213] developed an approach that explicitly incorporates
tunneling and the curvature of the potential near the transition state. In this
framework,the KERD, P(�) is �t to,

P (") =
e� 0

e� 0 + 1
e�("��E)=k B Tp ; (4.9)

where

� 0 = 4�
�E
~!

� r
"

�E
� 1

�

: (4.10)

Here, the �t parameters are �E, the reverse barrier, Tp, the product tempera-
ture characterizing the distribution, ~! is linked to the curvature at the barrier.
The transmission coe�cient, which enters through �0 is calculated assuming
the potential near the barrier can be approximated as an inverted parabola.
This treatment captures both classical over-the-barrier dynamics and quan-
tum tunneling, providing a KERD that agrees more closely with experimental
observations.

4.4 Temperature

Temperature is a commonly used parameter for interpreting storage ring ex-
periments [170,214], as it provides a compact way to characterize the internal
energy distribution of an ion ensemble. Although the stored ions are not in
thermal equilibrium with an external heat bath, the high density of internal
states and the rapid redistribution of energy among internal degrees of free-
dom often justify a statistical description in terms of an e�ective temperature.
This approach allows concepts and tools from thermodynamics and statistical
mechanics to be employed in the analysis of experimental observables. In fact,
temperature has been invoked at several points throughout this thesis. It was
introduced in Section. 3.1.1 through the de�nition of the microcanonical tem-
perature in the derivation of the dissociation rate coe�cient, and it appears
explicitly in the statistical models discussed in Section. 4.3.1 as a parameter
that characterizes the width of the kinetic energy release distributions. In this
section, the role of temperature in the interpretation of the experimental re-
sults is discussed in more detail. Furthermore, for the relations discussed in
the remainder of this section, we adopt kb = 1 for mathematical simplicity.In
this system of units, energy and temperature have the same units, and the
heat capacity is dimensionless. This choice is made purely for convenience; in
practice, care must be taken to ensure that units are handled correctly.
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In the context of dissociation, three temperatures are commonly discussed
[168]. The �rst two are the microcanonical temperatures of the parent, Tr and
the product, Tp. These two are related as,

Tr = T p + E o (4.11)

where Eo is the activation energy de�ned in Chapter. 3. The third temperature,
called the emission temperature or the temperature of the transition state, is
de�ned by equating the dissociation rate coe�cient in Eq. 3.12 to an Arrhenius-
type temperature-dependent rate coe�cient [170]. This emission temperature,
Te is related to the parent temperature as [214]

Te ' T r �
Eo

2Cr
�

E 2
o

12C2
r Tr

+ ::::: (4.12)

where Cr is the microcanonical heat capacity de�ned as the inverse of the
derivative of the microcanonical temperature with the internal energy. In this
context, it is also worth noting the �nite bath theory formalism developed by
Klots [215, 216], within which expressions closely analogous to Eq. 4.12 were
derived. The temperature that is inferred from experiments is usually Tp ob-
tained from �ts to the kinetic energy release distribution. These micro-canon-
ical temperatures and the internal energy of the system,E, which is usually
the quantity of interest is related as [168,170],

E = E c(T ) � T (4.13)

where Ec is the average internal energy of a �ctitious canonical system whose
energy distribution follows a Boltzmann distribution characterized by the tem-
perature T . This relation between the temperature and the internal energy is

Figure 4.3: Caloric curve of a �ctitious molecule with an E o = 3:5 eV.
Marked on the graph are Tr and Te for a Tp = 1000 K, along with their
internal energies. Consult Section. 4.4 for more details.
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also called the caloric curve (a term borrowed from statistical physics). Fig. 4.3
is an example of a caloric curve of a �ctitious molecule with an Eo = 3:5 eV. It
also shows how the three temperatures (and their internal energies) are related
with an example of a Tp = 1000 K.
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Results

Having established the experimental framework, theoretical models, and signal
interpretation techniques in the preceding chapters, this chapter presents the
results obtained from experimental investigations into di�erent PAH mono-
cations. The discussion is structured around speci�c aspects of the analysis,
with each system used to illustrate the application of particular methodologies-
such as kinetic energy release distributions, molecular dynamics simulations,
or complementary experimental techniques-and how these approaches inform
the interpretation of the observed signals. Together, these results establish
how dissociation and radiative cooling compete in PAH cations under con-
trolled laboratory conditions, providing a basis for their interpretation in an
astrochemical context. For a detailed description of the results, the reader is
referred to the original articles.

5.1 Indene

Figure 5.1: Indene (C 9H8)

Paper I reports on experiments with indene (shown in Fig. 5.1), the �rst
�pure� (non-functionalised) PAH discovered in TMC-1 [4]. In this case, the
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dissociation rate coe�cient was experimentally constrained using the measured
KERD. Fig. 5.2 presents the kinetic energy release distribution for H loss from
indene, obtained using the procedure outlined in Section 4.3 and recorded
during the initial 25-50 ms storage time window, corresponding to the �rst
revolution of the ion bunch around the ring. Hydrogen loss reactions in PAHs
are generally barrierless, as evidenced by the absence of any signi�cant shift
in the KERD. Nevertheless, the electronic state con�gurations of the reactant
and product di�er, rendering these reactions intrinsically non-adiabatic [217].
As a consequence, the dissociation pathway requires the presence of a conical
intersection between the ground electronic state of the parent ion and a dis-
sociative state that correlates with the ground state of the product ion. In
the case of hydrogen loss from benzene, such a conical intersection was suc-
cessfully modeled in a qualitative manner by invoking tunneling through a
modi�ed centrifugal barrier [217].

Figure 5.2: KERD of H loss from indene, recorded over the �rst 25-50
ms time window of storage. Overlaid on top are �ts to Klott's model
with two l values and Hansen's model, referred to as "Barrier" (see Sec-
tion. 4.3.1). Hansen's model best reproduces the experimental observation.
Figure taken from Paper I.

Following Ref. [217], we employ Hansen's statistical model, described in
Section. 4.3.1, which explicitly incorporates tunneling through an e�ective po-
tential barrier, to �t the experimental KERD. For comparison, �ts obtained
using the barrier-free Klots model are also included. As shown in Fig. 5.2,
Hansen's model provides the best agreement with the experimental distribu-
tion. The KERD recorded at each revolution was therefore �tted using Eq. 4.9,
yielding a product temperature as a function of storage time. This tempera-
ture can be directly related to the internal energy of the system, as described in
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Section 4.4. This procedure establishes a direct connection between the mea-
sured KERD, the evolving internal energy of the ensemble, and the underlying
dissociation dynamics.

Figure 5.3: Rate coe�cients used in the master equation simulations
for indene. Overlaid on top are the experimentally measured dissociation
rate coe�cients obtained using the neutral rate and KERD measurements.
Figure taken from Paper I.

Having found the internal energy of the decaying ensemble as a function
of the storage time, its time derivative would result in the cooling rate as was
done in Ref. [206]. In the present work, however, this information is instead
employed to establish the internal-energy dependence of the dissociation rate
coe�cient. As recalled in Section 4.1, the stationary phase approximation used
to derive the power-law behavior assumes that the dominant contribution to
the absolute dissociation rate arises from decay events satisfying the condition
kt = 1. Accordingly, at any time t, the most probable dissociation rate coe�-
cient contributing to the neutral rate is given by kmp = 1=t. Combining this
relation with Eq. 4.6 shows that the neutral rate is directly proportional to
the most probable dissociation rate coe�cient, with the constant of propor-
tionality determined by the instrumental factor, ro. This procedure yields a
measurement of kmp(t), while the KERD analysis provides the corresponding
internal energy E(t). Combining these relations allows the construction of
kmp(E), yielding a physically grounded dissociation rate coe�cient as a func-
tion of internal energy for use in the master equation simulations shown in
Fig. 5.3.

These rate coe�cients were used in the master equation simulations, the
results of which are shown in Fig. 5.4. As can be seen from Fig. 5.4, the sim-
ulation without including RF is only slightly di�erent, demonstrating that IR
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Figure 5.4: Master equation simulations to model the absolute dissocia-
tion rate of indene. Figure taken from Paper I.

emission alone accounts for most of the stabilisation with RF only playing
a minor role. Nevertheless, both cooling mechanisms help stabilize indene
against dissociation up to a critical internal energy of 3.6 eV.

5.2 Indenyl

Figure 5.5: Indenyl (C 9H7)

Paper II describes experiments with indenyl (shown in Fig. 5.5), the system
produced once indene loses one of its sp3 hydrogens, which proved to have very
di�erent cooling dynamics compared to its parent. The �rst indications of an
e�cient radiative cooling mechanism in indenyl arise from the neutral decay
rate, which was �t to Eq. 4.6 with a high value of kc � 500 s �1 . In comparison,
indene had a kc � 80 s �1 . This observation motivated a closer examination of
the manner in which the RF rate is quanti�ed. Previous studies have explored
various approaches to estimate recurrent �uorescence rates in PAH cations.
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However, these methods are often system-speci�c or rely on assumptions that
limit their general applicability. Consequently, a more robust and transferable
approach was required. To this end, the AIMD-/based methodology described
in Section. 3.2.2 was developed, enabling RF rates to be derived directly from
�rst-principles simulations and incorporated consistently into kinetic models.
This methodology was �rst validated using indenyl and subsequently applied
to all PAH cations studied in this thesis.

Figure 5.6: Energies of the S0 �! S 1 calculated at every time step of a
MD trajectory assuming an initial vibrational temperature of (a) 100 K
(b) 300 K (c) 1000 K (d) 1500 K (e) 2000 K and (f) 4000 K. Figure taken
from supplemental material of Paper II.

Simulations were carried out at the !B97X-/D/cc-pVTZ level of theory.
Multiple trajectories were run for 1 ps with 0.5 fs timesteps at di�erent ini-
tial vibrational temperatures. At each time step, the energies and oscillator
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Figure 5.7: Oscillator strengths of the S0 �! S 1 calculated at every time
step of a MD trajectory assuming an initial vibrational temperature of (a)
100 K (b) 300 K (c) 1000 K (d) 1500 K (e) 2000 K and (f) 4000 K. Figure
taken from supplemental material of Paper II.

strengths of the three lowest electronic transitions were computed, as shown in
Fig. 5.6 and Fig. 5.7. To maintain a reasonable computational cost, a relatively
low level of theory was employed, which necessitates calibration either against
experimental measurements or higher-level calculations. In this case, matrix
isolation absorption spectroscopy experiments characterize the S2 state at 2.71
eV [218]. A higher-level EOM-CC3/cc-pVTZ calculation at the optimized ge-
ometry of the cation reproduces this value well, yielding 2.61 eV. The same
calculation performed at the !B97X-/D/cc-pVTZ level gives a higher value of
3.19 eV, requiring a scaling factor of 0.864. This scaling was applied to all en-
ergies obtained from the MD simulations. The oscillator strengths between the
two levels of theory are in good agreement, and therefore no additional scaling
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was applied. Time-averaged values of these quantities were used to calculate
the RF rate (see Eq. 3.27) at each vibrational temperature, which were then
converted to internal energies using the caloric curve (see Eq. 4.13). These
RF rates were subsequently �t to Eq. 3.27 to obtain a functional form for use
in the master equation simulations, allowing reproduction of the neutral rate.
The RF rates for the S1; S2; S3 �! S 0 transitions are shown in Fig. 5.8.

Figure 5.8: Rate coe�cients used in the master equation simulations for
indenyl, including the RF rates computed using the AIMD methodology.
Figure taken from Paper II.

In many PAHs, the lowest-energy electronic transition is electric-dipole for-
bidden or weak due to symmetry constraints. In cyano napthalene [144], the
inclusion of HT vibronic couplings leads to an enhancement of the oscillator
strength at �nite vibrational temperatures. A similar but more general trend
is seen here from Fig. 5.7, where the oscillator strength of the lowest electronic
transition is enhanced at higher temperatures. This is due to the increase in
the symmetry-breaking out-of-plane vibrations that cause the otherwise for-
bidden transition to gain intensity. The enhancement in the oscillator strength
translates to an enhancement of the RF rate, consistent with the experimental
observation of fast radiative cooling.

Fig. 5.9 shows the results of the master equation simulations performed
using the rate coe�cients shown in Fig. 5.8, with very good agreement ob-
tained between simulation and experiment. In contrast to indene, indenyl
monocations primarily relax via recurrent �uorescence, which constitutes the
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Figure 5.9: Master equation simulations to model the absolute dissocia-
tion rate of indenyl. Figure taken from Paper II.

dominant radiative pathway for internal energy dissipation. Consequently, in-
denyl cations formed with vibrational energies up to 5.85 eV, approximately 2
eV above the dissociation threshold, relax radiatively rather than undergoing
dissociation.

5.3 Cyano-indene

Figure 5.10: 2-cyanoindene (C10H7N)

Building on the indene and indenyl studies, Paper III examines 2-cyano-
indene (2CNI, shown in Fig. 5.10), a nitrile-functionalized derivative of indene,
which was also detected in TMC-1 [81]. In addition to the time-resolved dis-
sociation rate measurements carried out at DESIREE, complementary VUV-
induced dissociative photoionization experiments were carried out at DESIRS.
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Figure 5.11: Rate coe�cients used in the statistical model to describe
both the DESIREE and the DESIRS experiments. Overlaid on top are
the time (with the help of blue and red shaded rectangles) and energy
windows (with the help of the initial energy distribution of the ions g(t1)
in DESIREE and the breakdown curves (BD) of the fragments in DESIRS)
accessed in both experiments, demonstrating the complementary nature of
the two experiments. Figure taken from Paper III.

The ion beam storage ring experiments quantify the balance between frag-
mentation and radiative cooling, while the synchrotron experiments charac-
terize dissociation channels by studying its vacuum ultraviolet-induced photo-
dissociation. The statistical nature of the dissociation channels allows for the
same set of rate coe�cients to govern the dynamics in both experiments. This
was veri�ed by comparing the kinetic energy release distributions measured in
both facilities. The 2CNI experiments leverage every accessible experimental
observable described in this thesis, integrating spontaneous and laser-induced
signals from DESIREE with breakdown curves measured at DESIRS to provide
a fully constrained interpretation of the data.

Fig. 5.11 shows the dissociation, IR, and RF rate coe�cients obtained for
2CNI. The RF rate coe�cient was obtained using the AIMD methodology
described earlier. The IR rate coe�cient was obtained using the SHC model
described in Section. 3.2.1. The dissociation channels of interest are H loss and
HCN loss, with both rate coe�cients calculated using a variational form [219]
of the RRKM theory described in Section. 3.1.2. Also shown in Fig. 5.11 are
the timescales and energy windows accessed in both experiments. The upper
time limit in DESIREE is set by the point at which the ions �rst enter the
storage ring, while the lower limit is determined by the background rate due to
residual gas collisions. In DESIRS, the maximum time of �ight of the parent
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Figure 5.12: Master equation simulations to model the absolute dissoci-
ation rate of cyanoindene.

ion sets the lower time limit. The energy window in DESIREE is illustrated
by the internal energy distributions of the stored ions, whereas that in DE-
SIRS is portrayed using the breakdown curve of the daughter ions. As can be
seen, the two experiments are highly complementary, jointly constraining the
rate coe�cients across the �s-s time range and over a broad range of internal
energies, making them directly suitable for incorporation into astrochemical
models.

The key experimental results are the absolute dissociation rate measured
in DESIREE, shown in Fig. 5.12, and the breakdown curve shown in Fig. 5.13.
The agreement between the corresponding simulations and experimental ob-
servables is very good, particularly given that the two experiments constrain
the rate coe�cients in fundamentally di�erent ways. Furthermore, the DE-
SIREE simulations demonstrate that recurrent �uorescence constitutes a key
radiative relaxation pathway, stabilizing the cation against dissociation up
to an internal energy of 4.05 eV. In addition, the cooling rate was obtained
from the laser experiments using the procedure outlined in Section 4.2 and is
shown in Fig. 5.14. In addition to being a quantity of astrochemical interest,
the cooling rate also provides for another test between the simulation and the
experiment.
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Figure 5.13: Breakdown curve of VUV-induced photodissociation of
cyanoindene along with the kinetic simulation. Open and closed sym-
bols represent the two photon scans used in the experiment.

Figure 5.14: Cooling rate of 2CNI + derived from the laser-induced dis-
sociation signal measured in DESIREE, with the simulation cooling rate.
Figure taken from Paper III.
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Astrochemical implications

Having discussed the results for each molecular system individually, this chap-
ter synthesizes the �ndings from indene, indenyl, and cyano-indene to assess
their broader astrochemical implications. In particular, this chapter addresses
potential re�nements of PAH destruction channels in gas-grain models, the
role of recurrent �uorescence in the survivability of neutral PAHs, the impor-
tance of including radiative cooling processes in photostability models, and the
identi�cation of astronomically relevant vibrational modes.

6.1 PAH stability in Molecular Clouds

As discussed in Chapter 1, a key challenge posed by the recent detections of
PAHs in TMC-1 is that their observed abundances are orders of magnitude
higher than those predicted by astrochemical models. In cold dark clouds,
which are well shielded from VUV radiation, collisions with atomic and molec-
ular cations are typically assumed to constitute the dominant destruction path-
way in these models. In this context, collisions of PAHs with H+ , He+ , C+ ,
H+

3 , and HCO+ are generally assumed to result in complete fragmentation
into linear species [14]. The results obtained for indene and indenyl allow this
assumption to be critically examined.

Dissociation of PAHs has been extensively studied experimentally, with
numerous investigations characterizing the fragmentation channels that occur
as a function of excitation mechanism and internal energy [220]. Complete
degradation into linear fragments is only observed at extremely high excita-
tion energies, such as those accessed in X-ray photodissociation [221], a process
that is unlikely to be relevant in cold molecular clouds. At the excitation ener-
gies typical of such environments, dissociation instead proceeds via the loss of
small neutral fragments, including acetylene, hydrogen cyanide, or hydrogen,
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Figure 6.1: Breakdown curve of indene. Figure taken from Paper I.

as investigated in this thesis. At a minimum, these results indicate that astro-
chemical models would bene�t from the inclusion of more realistic breakdown
curves that accurately describe the threshold dissociation channels of PAHs.
An example breakdown curve for indene, derived from the present work, is
shown in Fig. 6.1. To assess how PAHs are expected to fragment under in-
terstellar conditions, it is necessary to consider the nature of the collisional
excitation process. Collisions between neutral PAHs and cations predomi-
nantly proceed via charge transfer [222], producing an internally excited PAH
cation and the corresponding neutral collision partner. At the low tempera-
tures characteristic of molecular clouds, the internal energy deposited into the
PAH arises primarily from the exothermicity of the electron transfer reaction,
with the maximum available energy determined by the di�erence in ionisation
potentials between the PAH and its collision partner. The maximum energies
transferred in collisions of indene with H+ , He+ , and C+ are indicated by ver-
tical dashes in Fig. 6.1. As can be seen, collisions with C+ are insu�cient to
induce fragmentation and would instead lead to the formation of a radiatively
stabilized indene cation. Proton collisions, even at the maximum available
energy, would at most result in H loss to form indenyl+ , which is itself e�-
ciently stabilized by radiative cooling prior to further dissociation. Collisions
with He+ may access higher internal energies where additional fragmentation
channels become available; however note that this is assuming all the energy
is transferred into the PAH and that no energy is partitioned into the KER or
into excitations in the neutralized cation, which is unlike.y

Taken together, these results indicate that the primary destruction path-
ways typically assumed in astrochemical models are unlikely to result in com-
plete molecular breakup. Instead, such collisions predominantly produce ra-
diatively stabilized PAH cations rather than destroy the carbon skeleton. Once
formed, these cations may subsequently undergo recombination with free elec-
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trons [112] or PAH anions [223], leading back to neutral PAHs. Neutral PAHs
themselves may also undergo radiative stabilization, as discussed further be-
low. Collectively, these e�ects provide a physically plausible explanation for
the discrepancy between the observed PAH abundances in TMC-1 and those
predicted by current astrochemical models.

6.2 Closed shell proxies

Laboratory astrochemistry studies of PAHs typically focus on charged species,
as ions can be readily generated, manipulated, and detected under controlled
experimental conditions. However, PAHs detected in molecular clouds are
predominantly neutral. While this may partly re�ect the current limitations
in measuring the rotational spectra of charged PAHs, it remains important
to investigate the radiative stabilisation of neutral species. In this context,
closed-shell PAH cations, such as indenyl, provide a particularly relevant point
of comparison, as their electronic structure closely resembles that of neutral
PAHs. Of the two radiative cooling mechanisms, infrared emission rates de-
pend only weakly on molecular size [224,225]. Recurrent �uorescence, on the
other hand, warrants closer examination. While electronic transition ener-
gies exhibit some dependence on chemical structure, they generally decrease
with increasing molecular size [226]. For example, in linear acenes contain-
ing between 10 and 20 carbon atoms, the lowest electronic transition energies
decrease systematically from approximately 3 eV to 1.5 eV [227,228], approach-
ing the 1.2 eV transition energy observed for indenyl. Moreover, the oscillator
strengths of these transitions are signi�cantly larger than those obtained for
indenyl in the present study. Taken together, these trends point toward an
increasingly important role for recurrent �uorescence in larger neutral PAHs,
which may therefore be e�ciently stabilized in molecular cloud environments.

Furthermore, the prominence of recurrent �uorescence in a closed-shell
species such as indenyl is itself nontrivial. Previous storage-ring experiments
on carbon cluster anions have shown that even-numbered clusters exhibit fast
radiative cooling via recurrent �uorescence [229, 230], whereas odd-numbered
clusters cool more slowly through vibrational infrared emission [231, 232]. In
those systems, the even-numbered carbon cluster anions possess open-shell
electronic structures, while the odd-numbered clusters are closed-shell species
[233]. This behavior contrasts with the present observations for indene and
indenyl cations, where recurrent �uorescence is observed for the closed-shell
species but not for the open-shell one. This inversion of the expected electronic-
structure dependence highlights that the conditions governing recurrent �uo-
rescence are not yet fully understood, underscoring the need for further exper-
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imental and theoretical studies in this direction.

6.3 PAH survival in H-II regions

Beyond molecular clouds, PAHs are also suspected to be widespread in VUV-
irradiated regions of space, as evidenced by the ubiquitous detection of the
AIBs (see Chapter 1). However, their ability to survive prolonged exposure to
intense VUV radiation has been debated ever since PAHs were �rst proposed
as the AIB carriers. For instance, it has long been assumed that PAHs must
contain at least �30 carbon atoms in order to remain photostable under inter-
stellar radiation �elds, an idea that originates from one of the earliest experi-
mental studies of PAH photostability [140]. In that work, the authors compare
the threshold energies at which PAHs of di�erent sizes begin to fragment. To
extract these thresholds, however, a constant infrared cooling rate is assumed
for all molecules. While pioneering at the time, this assumption neglects key
physical e�ects that can strongly in�uence the balance between dissociation
and radiative relaxation. In particular, the study includes systems such as
naphthalene [143], anthracene [196], and tetracene [145], for which recurrent
�uorescence is now known to be a dominant cooling pathway, yet is entirely
neglected in the analysis. As already noted in Chapter 1, recent JWST obser-
vations further challenge this classical size threshold, indicating that smaller
PAHs may indeed survive in H II regions and other strongly irradiated en-
vironments [146�148]. The cyanoindene results are used here to demonstrate
how a realistic treatment of radiative cooling can substantially alter estimates
of PAH stability in irradiated astrophysical environments.

The extent of fragmentation of cyanoindene under di�erent interstellar ra-
diation �elds is simulated using a simpli�ed kinetic model. To this end, the
kinetic simulation used to reproduce the breakdown curve in Fig. 5.13 is prop-
agated over extended times, with the duration set by the value of kc, which
de�nes the timescale on which radiative cooling stabilizes the system against
further fragmentation. The resulting breakdown curves are then weighted by
an estimate of the internal energy distribution of the molecule in di�erent as-
trophysical environments. The internal energy distribution is approximated as
the product of the interstellar radiation �eld (ISRF) and the total ion yield
as a function of photon energy, which serves as a proxy for the photoioniza-
tion cross section [234]. The radiation �elds employed here are taken from
Refs. [234,235], where they were used to calculate photodissociation and pho-
toionization rates for molecules of astronomical interest. The ISRFs consid-
ered span blackbody �elds at di�erent temperatures as well as radiation �elds
characteristic of H-II regions around di�erent stellar types, thereby covering
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Molecule 20000 K Habing Mathis
RC No RC RC No RC RC No RC

2CNI+ 71.88 49.12 61.9 38.9 72.31 49.84
2CNI+ - H 22.76 49.06 30.25 58.33 22.14 48.2
2CNI+ - HCN 5.37 1.82 7.84 2.77 5.56 1.95

Table 6.1: Branching fractions of intact 2CNI + ions, ions having lost a
hydrogen and ions having lost HCN, starting from an ion ensemble irradi-
ated by di�erent interstellar radiation �elds, taking into account radiative
cooling (RC) and without (No RC). Table adapted from Paper III.

Molecule 10000 K 4000 K Ly �

RC No RC RC No RC RC No RC
2CNI+ 91.62 80.25 99.97 99.76 100 100
2CNI+ - H 6.86 19.23 0.026 0.24 0 0
2CNI+ - HCN 1.51 0.5 0.004 0.001 0 0

Table 6.2: Continuation of Table 6.1.

a broad range of astrophysical environments. All ISRFs have intentional sup-
pression of �ux at energies greater than 13.6 eV, to account for absorption of
neutral hydrogen. The results are tabulated in Tables 6.1 and 6.2.

The importance of including radiative cooling when assessing the surviv-
ability of PAHs is evident from the comparison between the �RC� and �no RC�
columns in Tables 6.1 and,6.2, particularly in the harsher radiation environ-
ments. The e�ect of radiative cooling is most pronounced near the dissociation
threshold, which is also the most relevant energy regime in astrophysical VUV
�elds, where higher-energy excitations are uncommon. In some cases, the in-
clusion of radiative cooling nearly doubles the survival probability of the parent
molecule. The present simulations consider the outcome following a single pho-
toexcitation event. A more complete description would require accounting for
the cumulative e�ect of repeated photon absorption over time. Nevertheless,
the qualitative conclusion is robust: incorporating radiative cooling system-
atically increases the predicted stability and lifetime of PAHs in irradiated
environments.

6.4 Infrared emission signatures

A further challenge in PAH astrochemistry lies in the interpretation of the
AIBs themselves. Since the original proposal that PAHs are their carriers
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Figure 6.2: Emission spectra of molecules irradiated by a blackbody at
20,000 K and 4,000 K. Figure taken from Paper III.

[1, 13] (see Chapter 1), no individual PAH molecule has been unambiguously
assigned to any observed AIB. This is largely because infrared spectra re�ect
collective vibrational motifs rather than molecule-speci�c structures: many
PAHs with similar frameworks produce nearly indistinguishable band patterns.
In contrast, rotational spectra depend on a molecule's moment of inertia and
are therefore unique, enabling the identi�cation of individual species. This
limitation is expected to be alleviated with the advent of JWST, whose high
spectral resolution o�ers the possibility of isolating more speci�c molecular
signatures. In this context, laboratory studies play a critical role in guiding
observational searches by identifying which species and spectral features are
most likely to be detectable.

The DESIREE master equation simulations provide a direct bridge be-
tween laboratory measurements and astronomical observables. To reproduce
the absolute dissociation rate, the simulations track the time evolution of the
molecule's internal energy distribution. By averaging the IR cooling rates of
the individual vibrational modes over this evolving distribution, the contribu-
tion of each mode to the net radiative cooling is obtained. A time-averaged
representation of these contributions yields a stick spectrum that is propor-
tional to the molecule's infrared emission spectrum during cooling. Fig. 6.2
shows two such emission spectra in the case of cyanoindene for ensembles ini-
tially excited by blackbody radiation �elds at two di�erent temperatures. As
seen, the dominant contributors to the cooling are the cyano stretch, ring
stretching and breathing modes, and bending modes. While this model is nec-
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essarily simpli�ed, it provides a �rst indication of which vibrational modes are
most likely to shape the infrared emission of cyano-PAHs under astrophysical
conditions.
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Chapter 7

Summary and outlook

This thesis presented studies characterizing the balance between dissociation
and radiative cooling in three interstellar PAH systems, namely indene, in-
denyl, and cyanoindene monocations. These studies were carried out through
absolute dissociation rate measurements using one of the ion beam storage
rings at the DESIREE facility. In the case of cyanoindene, the ion beam
storage-ring measurements were complemented by dissociative photoionisation
experiments performed at the DESIRS beamline of the SOLEIL synchrotron.
The experimental results were interpreted within a statistical framework em-
ploying microcanonical rate coe�cients for the relevant unimolecular processes,
including infrared emission, recurrent �uorescence, and dissociation. The rate
coe�cients were benchmarked against experimental results using master equa-
tion simulations and subsequently used to derive astrochemical insights into
their stability across di�erent astrophysical environments.

The central takeaway emerging from all systems studies is that radiative
cooling is an important factor in deciding the stability of PAHs and thus
must be treated explicitly in astrochemical models. In particular, destruction
channels that are commonly assumed to lead directly to fragmentation, such as
collisions with atomic cations, were shown instead to predominantly produce
radiatively stabilised ions. Recurrent �uorescence was identi�ed as a dominant
cooling pathway in indenyl and as a major contributor to the stabilisation
of cyanoindene, demonstrating that fast electronic cooling can fundamentally
alter expected dissociation outcomes. With cyanoindene as a test case, it was
shown that the inclusion of radiative cooling increases the lifetime of PAHs
signi�cantly when exposed to interstellar radiation �elds, challenging classical
assumptions about PAH fragility and highlighting radiative stabilisation as
a key ingredient in any physically consistent description of interstellar PAH
survival.

Arun Subramani, Licentiate thesis, SU 2026
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The systems studied so far are all similar in size. Future experiments on
both smaller systems, such as benzene and phenyl, and larger systems, such
as pyrene and its substituted counterparts, are planned to test the general
applicability of the conclusions drawn here. Furthermore, a detailed descrip-
tion of radiative cooling mechanisms would signi�cantly bene�t AIB studies,
as already demonstrated in Section. 6.4. To that end, storage-time-dependent
action spectroscopy experiments are being planned, which will enable a more
detailed characterization of infrared emission by isolating the contributions of
speci�c vibrational modes. In parallel, e�orts are underway to directly detect
recurrent �uorescence photons from extended ion beams and to potentially
obtain dispersed recurrent �uorescence spectra. Together, these developments
aim to establish a comprehensive and experimentally grounded framework for
understanding PAH stability and evolution across diverse interstellar environ-
ments.
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Svensk sammanfattning

Polycykliska aromatiska kolväten (PAH-molekyler) utgör en vanligt förekom-
mande klass av organiska molekyler i det interstellära mediet. Under de senaste
åren har de även detekterats i kalla molekylmoln genom radioastronomiska ob-
servationer, medan observationer från James Webb Space Telescope gjort det
möjligt att kartlägga deras förekomsten i olika miljöer med en oöverträ�ad de-
taljnivå. Trots detta är stabiliteten hos PAH-molekyler under astrofysikaliska
förhållanden något som det fortfarande råder stor osäkerhet kring. Exempelvis
underskattar astrokemiska modeller som simulerar förekomsten av alifatiska
kolväten i molekylmoln mängden PAH-molekyler med �era storleksordningar.
Den huvudsakliga begränsningen i dessa modeller är att de bygger på teoretiska
antaganden som saknar experimentell veri�ering.

Denna licentiatuppsats presenterar laboratoriestudier av inden, indenyl och
cyanoinden monokatjoner, PAH-molekyler vars neutrala motsvarigheter har
detekterats eller antas förekomma i molekylmolnet TMC-1. Balansen mel-
lan dissociation och strålningskylning undersöktes genom mätningar av abso-
luta sönderfallshastigheter utförda med hjälp av en kryogen lagringsring för
jonstrålar vid DESIREE-anläggningen. För cyanoinden genomfördes kom-
pletterande dissociativa fotojonisationsexperiment vid DESIRS-strållinjen vid
synkrotronanläggningen SOLEIL. De uppmätta absoluta sönderfallshastighete-
rna och sönderfallskurvorna tolkades med hjälp av ett statistiskt ramverk
baserat på mikrokanoniska hastighetskoe�cienter för alla relevanta unimolekyl-
ära processer. Resultaten ger kvantitativa gränser för PAH-molekylers sta-
bilitet och diskuteras i ljuset av deras betydelser för astrokemisk modellering.

Arun Subramani, Licentiate thesis, SU 2026
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