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Abstract: Ionizing radiation releases a flood of low-energy electrons that often causes the frag-
mentation of the molecular species it encounters. Special attention has been paid to the electrons’
contribution to DNA damage via the dissociative electron attachment (DEA) process. Although
numerous research groups worldwide have probed these processes in the past, and many significant
achievements have been made, some technical challenges have hindered researchers from obtaining
a complete picture of DEA. Therefore, this research perspective calls urgently for the implementation
of advanced techniques to identify non-charged radicals that form from such a decomposition of
gas-phase molecules. Having well-described DEA products offers a promise to benefit society by
straddling the boundary between physics, chemistry, and biology, and it brings the tools of atomic
and molecular physics to bear on relevant issues of radiation research and medicine.

Keywords: ionizing radiation; electron scattering; dissociative electron attachment; mass spectrome-
try; DNA damage

1. Background and Knowledge Gap

Over the past several decades, significant resources in the atomic and molecular
physics community have been directed towards the understanding of collisional processes
with biomolecular targets. They are of great importance in radiation research and provide
a breadth of potential interests to the life sciences and their applications. However, to trans-
late the outcomes of these molecular processes into a cellular environment, it is necessary
to advance our knowledge of scattering processes. A comprehensive understanding of the
physical and chemical processes involved at the molecular level remains elusive, even in
terms of a single collision between a particle and a target molecule. To achieve a better
picture of such physical events, one of the areas that has shown a significant increase in
interest, particularly in the electron-scattering community, is a fundamental understanding
of electron-biomolecule interactions.

In general, electron-molecule interactions occur in a plethora of physicochemical
processes in all types of matter, including living matter, because electrons, together with
generated ions and excited molecules, are the most abundant products of ionizing radia-
tion [1]. If the electrons are produced in the condensed phase, they are often referred to
as “secondary electrons.” These secondary electrons are created as a result of high-energy
photon absorption or during the passage of impinging particles and are due to further
inelastic collisions with electrons bound in matter [1]. Moreover, it is commonly accepted
that secondary electrons with a lesser amount of energy than the ionization energy of water
(~12.5 eV) are “low-energy electrons (LEEs).” A single LEE that interacts with atoms or
molecules can determine physical and chemical transformations. For example, it can induce
the cleavage of a chemical bond, thus damaging molecules and generating a population of
reactive species such as ions and radicals. Subsequently, these reactive species may interact
within the medium and lead to form new products or induce further damage.

The pioneering work of Sanche and coworkers in 2000 demonstrated that LEEs can
induce severe DNA damage [2]. Since then, a “boom in scientific interest” has emerged
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and has led to the exploration of the effects of electron scattering from molecules of
biological relevance in the gas and condensed phases. During collisions at energies below
the molecular target’s ionization threshold, LEEs can be scattered elastically or can lead
to rotational, vibrational, and electronic excitation or electron attachment to the target.
The excitation can then lead to a neutral dissociation process and the attachment to a
dissociative electron attachment (DEA) process (Figure 1). Both quantum processes occur
at specific energies, which are referred to as resonances; they correspond to the various
energy levels of the transient state and can result in the formation of at least one or more
radicals if molecular bond breakage occurs [3].
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Figure 1. Schematic diagram for the DEA process: e~ + AB — AB™* — A~ + B in which ABis a
molecular target, AB~* is a vibrationally excited transient negative ion (TNI), A~ is a negative ion
product, B is a neutral radical formed, AHj is the reaction enthalpy, EA(A) is the electron affinity
of neutral fragment A, and D(A-B) is the bond (A-B) dissociation energy. First, the TNI is formed
through a vertical transition from the electronic ground state of the neutral molecule to the potential
energy surface of the negative ion within the Franck-Condon region. Then, primarily, the TNI will
decay into the neutral molecule by electron auto-detachment. If the lifetime of TNI is long enough
that the doorway of dissociation becomes accessible, the system stabilizes by breaking down into an
anion fragment (A ™) and a neutral fragment (B) or multiple neutral fragments. Experimentally, the
ion yield of A~ is monitored by scanning the electron energy and is shown as a resonant peak that
reflects the initial Franck—-Condon transition.

In Sanche’s pioneering work, resonant structures were also observed in the quantum
yields measured in the formation of strand breaks in DNA caused by LEEs as a function of
incident electron energy. They were compared to the DEA yields for the two condensed-
phase analogues of the DNA constituents, thymine and tetrahydrofurfuryl alcohol, and for
water [2]. In the experiments with the DNA analogues, the dissociation patterns observed
were the ones in which the molecule lost a hydrogen anion, which is the anion that is then
detected with mass spectrometry. The resemblance of both yields, that is, for electron-
induced single-strand breaks (SSBs) and double-strand breaks (DSBs) in DNA, and the
dissociation of the condensed-phase compounds, prompted the authors to conclude that
DNA damage can be initiated by resonant electron attachment to different locations in
DNA that is followed by bond dissociation. Already at that time, the DEA process had been
intensively studied for a few decades because of ready access to mass-spectrometric tools.
Then, the DEA studies have been even more extensive for molecules with a wide range
of complexity, from simple diatomic molecules to more complex biomolecular systems in
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the gas and condensed phases, as well as in clusters [4]. Furthermore, the current state
of the art in research on LEE collisions with biomolecules, including DEA studies, was
reviewed recently [5]. The authors collected and summarized the main findings in this field,
showing the way they are relevant to fundamental and applied studies, highlighting recent
experimental and theoretical developments, and attempting to indicate further needs to
advance the field. One of the needs in technical development they indicated is the necessity
to detect radicals formed during DEA. In the past, only a handful of studies had been
published that attempted to investigate radicals attributable to LEE impact, particularly in
the condensed phase. Researchers have realized that radical detection would provide a
complete description of the dissociation processes that must be employed to determine the
mechanism of radiation damage in any biological system, including DNA.

2. Radiation Damage to DNA

Generally, radiation damage to DNA in an aqueous solution can be subdivided
into direct damage and indirect damage [6]. The term “direct damage” refers to the
ionization of DNA itself or the electron/hole transfer to DNA from its immediate solvent
shell. The term “indirect damage” refers to DNA'’s attack by the highly reactive species
produced by radiation, including free radicals. Free radicals are atomic or molecular
species that contain at least one unpaired electron in their structure, and they are stable
in vacuo. All reactive species, both radicals and non-radicals (which, contrary to radicals,
are closed-shell species), are products of the dissociative excitation and ionization of water
and other cellular components present in the surrounding medium, and their possible
reaction mechanisms have been studied extensively [6]. However, despite this effort, there
remains controversy over the importance and contribution of both direct and indirect
effects to DNA damage in vivo. In addition to the complexity of the cellular environment
and radiation quality (particle type and energy), there are many factors that contribute
to this challenge, such as the different model systems used or different theoretical and
experimental approaches taken. Typical radiation chemistry experiments have shown
that the doses that are used to damage genetic compounds in the solution are at least one
order or even four orders of magnitude greater in these experiments than those that are
used to kill mammalian cells [7]. This discrepancy in the level of doses raises a major
concern about the precise estimation of radiation effects. Informal estimates of indirect
damage to DNA derive from the fact that water, which constitutes 70% to 80% of the
cellular mass, absorbs most of the energy of the impinging ionization radiation (~99%) and
leads to the production of three types of radicals, the hydroxyl radical (OH), hydrogen
(H), and solvated electrons that can attack DNA within a picosecond of diffusion time [6].
Indeed, the early studies on OH formed because of the radiolysis of water showed that
indirect effects were responsible for killing approximately 70% of cells [7]. For more than
half a century, a vast number of experimental studies had been dedicated to acquiring
an understanding of radiation-induced DNA damage by radiolytic species, both radicals
and non-radicals, including reactive oxygen and nitrogen species, and providing detailed
pathways of their reaction mechanisms [8]. Simultaneously, theoretical attempts were made
to describe the action of radiation on DNA through modeling along with the rapid increase
in the development of programming languages and computer coding in recent decades
attributable to the access to faster and higher-performing technology [1]. Thus, water is
the main source of reactive species in an aqueous solution; however, other compounds
in a cell located in close proximity to DNA can also provide reactive species, which then
induce damage to DNA. For example, proteins wrapped around DNA can play the role of
a double-edged sword. On the one hand, they provide physical shielding from ionizing
radiation, which protects DNA and decreases damage to it [9]. However, on the other
hand, the constituents of a protein can release free radicals upon exposure to ionizing
radiation [10], and some model studies have shown that amino acids can increase DNA
damage [11].
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In addition to studies on radical-induced DNA damage, there have been wide dis-
cussions on the role of secondary electrons that are precursors of solvated electrons [12].
The quanta of radiation can generate up to several thousand secondary electrons per event,
with kinetic energies as high as half of the energy of the primary quanta down to 0 eV,
which includes the formation of LEEs (see Figure 2). LEEs also dominate the secondary
electron emission distribution from biomolecular targets exposed to different energies of
primary radiation [13,14].
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Figure 2. An illustrative representation of LEEs produced from interactions between high-energy

radiation and cellular constituents. The inelastic collisions of these LEEs with surrounding molecules
cause their damage, e.g., DNA damage, and produce distinct energetic species, i.e., excited species,
ions, and radicals that are further driving forces in a wide variety of radiation-induced chemical
reactions.

Another physical process, i.e., intermolecular Coulomb decay (ICD) [15], which is one
of the well-established mechanisms involved in biological systems, can also produce free
electrons [16]. This process can be initiated by photon absorption by a molecule with a
higher ionization potential than that of a neighboring molecule in a weakly coupled system.
The excitation energy of the molecule is released by energy exchange with the neighboring
molecule, which leads to the emission of an electron from the neighboring molecule rather
than from the molecule excited initially. The kinetic energy of the emitted electron is
typically on the order of several electron volts (<15 eV) [17]. For example, a recent study of
the impact of slow, highly-charged ions (Xe*** ion with 0.6 keV) on graphene reported that
up to 80 electrons per ion can be produced in a single event [17]. Moreover, because of the
Coulomb explosion of two cationic radicals that are formed during this process, the system
decomposes. Therefore, ICD has been proposed to be another important factor in base-pair
fragmentation [18] and DNA-strand breaks [19,20]. For example, it has been estimated
that the ICD that produces radicals and LEEs may contribute up to 50% of the SSBs at the
DNA-water interface during low-energy ionization events.

Undoubtedly, the complexity of the radiation-induced processes in the cellular environ-
ment, and the secondary electrons’ contribution to the damage of living matter, including
the process of DEA [21-23], remains the subject of vigorous debate among physicists and
chemists. Beyond the physical and chemical changes induced by ionizing radiation, ioniz-
ing radiation has also two general types of adverse biological effects: deterministic and
stochastic [24,25]. Deterministic effects cause immediate changes in a cell (e.g., cell death),
and their severity occurs only above a certain threshold of radiation dose. Stochastic effects
cause long-term changes, and although their probability of occurrence increases with the
radiation dose, their severity is the same regardless of how low the dose of radiation was
to which the cell was exposed. Hence, any single stochastic event even with a low cross
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section for its appearance but leading to DNA damage attributable to ionizing radiation
can ultimately lead to fatal results in the cell [25]. Thus, all processes that involve LEEs
play essential roles in radiation damage to biomolecules and contribute to the alteration
and/or fragmentation of biomolecules; they therefore need to be understood and clearly
identified [26,27].

3. The State of the Art of Detection Techniques for Neutrals Formed due to LEE
Impacts

Generally, the electron attachment to any molecule triggers several dissociation path-
ways of a transient negative ion (TNI) (see Figure 1). In the DEA process, the resulting
fragments are a negative ion and its counterpart. The counterpart can be a single radical
that has no charge or several radical fragments, which are neutrals. Most DEA experi-
mental studies employ mass spectrometric instrumentation to detect negative fragments
from gas-phase molecules or those desorbed from films [5]. Only a few studies have
reported the detection of non-charged fragments because such detections require certain
techniques to be incorporated into existing DEA experimental setups or the modification
of these setups (which increases the costs of such apparatus significantly). In some cases,
changes to these very sensitive set-ups are impossible to make. Despite these challenging
technical issues, some results have been reported for neutral desorbed from thin films
of nitromethane [28], thymine, bromo-uracil-substituted oligonucleotides [29], modified
forms of 11-mercaptoundecanoic acid [30], and DNA [31]. In these cases, electron or photon
ionization mass spectrometry was used. In addition, to obtain more information about
any species remaining on the irradiated films that could not be desorbed, other in vacuo
or ex vacuo analysis techniques were used [27]. However, there has been only one report
on detecting radicals that were non-charged species formed from the DEA process of
molecules in the gas phase [32]. This study used a double-step ionization technique to
identify the neutrals from the dissociation of carbon tetrachloride (CCly) at close to a 0 eV
electron impact. Previously, a similar approach was taken at much higher electron energies
than those at which DEA occurs for many plasma-related compounds [33—40]. In these
plasma studies, appearance mass spectrometry was used, which is based on the difference
between the appearance potential for the ionization of radicals and that for the dissociative
ionization of precursor molecules [40]. It has been used widely in the diagnostics of neutral
species in plasmas [41]. This technique has been applied successfully in cross-sectional
measurements of electron-impact neutral dissociation of gas-phase methane (CHy) into
CHj3 and CHj radicals [33,34]; carbon tetrafluoride (CF,) into CF3, CF,, and CF [35]; sili-
con tetrafluoride (SiF,) into SiF3, SiF, and Si [36]; trifluoromethane (CHF3) into CF3, CF,,
Cg, CHF,, and CHF [37]; and sulfur hexafluoride (SFg) into SF3, SF;, and SF [38,39]. To
date, no studies of biomolecules in the gas phase have been performed, while the neutral
products have been studied only for halogenated compounds [32—40] or small molecules,
particularly hydrocarbons [41]. However, the neutrals formed from these compounds were
not produced at energies corresponding to DEA, which occurs below 12 eV, but at much
higher energies, above 14 eV and most often at approximately 70 eV, an electron energy
region with the highest cross-section for ionization.

In all of these gas-phase studies, neutrals were detected indirectly by ionizing them,
and charged products were seen with mass spectrometry. To achieve this, either one electron
source or two ionization sources were used. In a study published on DEA to CCly, the
experimental setup was the same as for the conventional gas-phase DEA experiments with
one electron source, which was pulsed [32]. In this study, a target molecule was subjected
to an electron beam of alternating energies to induce different types of interactions at
each step. In each step, the electron beam’s desired combination of energy and pulse
frequency was applied. Moreover, the ionic fragments acquired in each step could also
be specified with respect to their mass and charge (Figure 3). Thus, in the first step, the
electron energy was set at the known resonance peak for the DEA processes and was
kept the same throughout the measurement. In contrast, while the electron energy of the
second step was scanned, the electron energy was changed at a fixed increment in each
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iteration of the two steps to determine the energy at which the signal from the expected
radical fragment occurred. This energy corresponded to the ionization threshold of the
species that was needed to form a cation. The iteration of both steps was repeated until
the cation signal appeared. However, rather than repeating these steps using only one
electron source, another electron source could be used in the second step to ionize radicals.
The choice to use one or two sources would depend on accessible resources, the electron
sources’ electronic properties, such as electron beam frequency and energy range, and the
experimental set-up’s geometry.

a)

electron

beam time (t)

to mass spectrometer to mass spectrometer
yield of CCl3 yield of CCl3
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lon yield
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Figure 3. (a) A time flow of the experiment for the neutral products from DEA to CCl4 using a
stepwise electron spectroscopy technique [32]; (b) the C1~ ion formation by DEA to CCly; (c) the
ionization threshold for the CCI7 ion from the CCl3 radical and the appearance energy of the CCl;
fragment due to the dissociation of CCly upon the electron impact. In the first step of the acquisition
scheme (a), the electron beam energy E; was set at approximately 0 eV, and the electrons interact
with the molecular beam in the collision region during time t;. The C1~ ions (formed by DEA to
CCly (b)) were acquired during the same period t;. Then, the electron energy was increased to Ep,
which was slightly below the ionization energy of CCl3. The energy E; continued to be increased in
each iteration until the ion signal for CCl;‘ was clearly detectable. During the second step (t,), the
electron beam of energy E; interacts with the mix of CCly and the products that resulted from the
interaction in the first step, i.e., CI~ and CCl3. The mass spectrometer was set to detect the ion yield
of CCl3+ during the second step t,. Because there was a mix of CCly, C1~, and CCl3 during the second
step inside the electron-molecule interaction region, the CCI; acquired could be produced by both
the electron impact fragmentation of CCly molecules (from the target beam) and the electron impact
ionization of the CCl3 fragment formed during time t;. However, there was a difference between
the appearance energy of CCI; from CCly and the ionization energy of the CCl3 (c). In other words,
the appearance energy of CCI;” was over 3 eV higher than the ionization energy of CCl3. During the
experiment, the electron energies in the steps, E; and E;, were controllable. The same procedure can
be applied to detect or exclude other possible neutrals, e.g., CCI, CCl,, and so on, produced in the
DEA process by properly adjusting the E; value. In addition, the period of t; and t; is controllable
as well. For example, it was set such that t; and t, were equal to 1 s and 0.1 s, respectively, in the
experiment published for the CCI3 detection from DEA to CCly [32].

Regardless of the experimental arrangements, the general idea is that the neutral
precursor can be identified by comparing the threshold energies necessary to ionize a
given species. Typically, the appearance energy (i.e., the minimum energy required for the
molecule to dissociate and for its ionization to provide a cationic fragment simultaneously)
is much higher than the ionization energy (i.e., the minimum energy required to remove the
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valence electron) (see Figure 3). Another way to detect radicals using mass spectrometry is
by electron attachment that leads to the formation of an anion. In some cases, identifying
neutrals by the electron attachment method is preferable when the electron affinity is high
for a given radical, as will be mentioned below for the nucleobase moieties [42].

Other ionization techniques can be used to detect radicals, as in the case of desorbed
species produced via DEA in the condensed phase, where the photon beam was used
to ionize the products [28,31]. In addition to these two ionization methods, i.e., electron
ionization and photoionization, technical approaches can be adopted by detecting the
emission light from the excited neutral species, such as using Fourier transform infrared
spectroscopy or laser-induced fluorescence. These techniques can be complementary to
those in which mass spectrometry is involved.

4. Molecular Targets of Opportunity

Because no experimental studies have described all of the products formed by DEA,
many possibilities are open for the advancement of our understanding of this process and
are necessary to provide its complete picture. Thus far, in attempts to provide detailed
fragmentation channels, neutral species are deduced based upon anionic species formed
in the experiment and predicted by computational quantum modeling methods, which
calculate the most energetically favorable fragmentation channels. This is determined
by the reaction enthalpies of possible products; however, this approach disregards the
formation of TNI as a precursor species before dissociation.

4.1. Nucleobabses

Beyond the fundamental description of DEA processes, detecting neutral radicals is
essential from the perspective of DNA radiation damage, particularly in the case of DSBs by
LEEs. It has been shown that the formation of a TNI can lead to SSBs in DNA attributable
to the direct interaction of an LEE with the DNA’s sugar-phosphate backbone or due to
electron capture by a nucleobase and charge transfer to the DNA backbone [2]. However,
it is still unclear how a single LEE with an energy of between 5 and 15 eV can cause a
DSB. The molecular description of the mechanism for DSBs can support more complex
decomposition pathways [43] that involve direct and indirect effects of LEEs [44,45], and it
still requires further investigation. One of the possible pathways is radical formation via
DEA in close proximity to the sugar—phosphate backbone. Thus, these neutral radicals can
be produced from the DNA itself or the surrounding molecules. For example, one of the
most abundant anionic species for all nucleobases (NB) is the anion fragment formed via H
loss in the following reaction:

¢ +NB— NB*— H+NB (1)

in which NB~* is the TN, H is the hydrogen radical, and NB_; is a closed-shell anion
of the nucleobase with H loss. Like nucleobases, all studied amino acids also yield H
loss upon electron impact as the most abundant dissociation channel [5]. The resulting
hydrogen radicals can interact with the DNA strand and cause damage [11], because the H
radical is an electrophilic species with a strong preference for attacking electron-rich sites,
although at a lower rate than the OH radical [6].

Interestingly, the detection of neutral products of the channel complementary to
Reaction 1, in which the hydrogen anion is formed (Reaction 2), can be of great significance
in severe damage to DNA.

¢ +NB— NB* 5 NB_y+H" 2)

in which NB~* is the TNI, H™ is the closed-shell hydrogen anion, and NB_y is a neutral
radical of the nucleobase without hydrogen. The resulting radical is an excellent electron ac-
ceptor and can receive electrons from the neighboring constituents to form the closed-shell
species. The values of adiabatic electron affinity of the neutral radicals of the nucleobases
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(U—uracil, T—thymine, A—adenine, C—cytosine, G—guanine) without hydrogen follow
the order (U_y > T_g > A_g > C_y > G_pg), which differs somewhat from the order
of electron affinity for the closed-shell nucleobases [42]. The formation of these radicals
and their further interaction with DNA can potentially lead to a strand break or dimer
formation (e.g., the thymine dimer). Although the formation of H~ from nucleobases is
well established, no measurements have been performed to detect the neutral NB_p ina
DEA process.

Therefore, one of the important groups of molecules that would shed light on LEE
effects on DNA damage are the nucleobases. Radicals created via DEA to nucleobases can
have severe consequences, because the pyrimidine dimer, particularly thymine dimer, is
a common result of ultraviolet radiation damage to DNA [6]. DEA to thymine has been
studied extensively, and their anionic fragments have been identified and characterized
well with respect to their resonant structures [46-53]. Therefore, the initial effort could focus
on detecting radicals of nucleobases without hydrogen (Reaction 2). To identify NB_p
formation, the electron energy should be set at one of the resonant energies, i.e., above
4 eV, where H™ is observed for nucleobases (first-step ionization). A mass spectrum in the
positive mode could be recorded at an electron ionization energy of 70 eV (second-step
ionization), which for most molecular species has the highest cross-section for ionization.
The presence of NB T p indicates solely the formation of NB_p; in Reaction 2, as in earlier
electron ionization studies, no NB*,, was formed from NB. To confirm these assignments,
the complementary negative ion mode can also be performed, in which the electron energy
can be scanned at the fixed mass corresponding to NB_p. This allows observation of the
resonant formation of anions from NB_p (second-step ionization). Because the electron
affinity for NB_p and the probability of the closed-shell anion formation are high [54], the
resonant structure in ion yields is expected. A similar methodology can be used to detect
other neutral fragments from nucleobases.

4.2. Water

As mentioned above, OH radicals from surrounding water molecules can also cause
indirect DNA damage, and it has been suggested that an electron energy above 5 eV causes
DSBs that are correlated with the presence of HyO-DNA complexes [45].

Therefore, it is of great importance to detect neutral radicals from DEA to water, which
is a simple, yet vital, system for understanding the chemical reactivity that leads to DSBs in
DNA. An early attempt to study free radicals from water dissociation was performed at an
electron impact of 100 eV [55]. DEA to gas-phase water has been studied extensively and
remeasured frequently by several groups, and cross sections for DEA have been compiled
recently [56]. Three anionic fragments, i.e., H, OH", and O, produced from intact water
molecules were observed experimentally:

e~ + HyO — HyO™* — H™ + (OH) or (O + H) 3)
e~ + HyO — HO™" - OH™ + (H) (4)
e” +H0 — H,0™* — O™ + (H + H) or (H, ) ®)

To study neutral fragments (stated in parentheses in Reactions 3-5) formed through
DEA to water, the electron energy should be set at the resonance energy where a specific
negative ion was observed (first-step ionization), as shown in Figure 4. Then, the mass
spectrometer should be set at the mass corresponding to the counterpart neutral fragment
of the anion observed while the electron energy is scanned either in the positive or negative
modes of the mass spectrometer (second-step ionization). The positive mode (cation
detection) can determine the threshold energy for the neutral fragments” ionization. One
must keep in mind that the energy scans can include the contribution from water molecules
present in the chamber (hereafter denoted as background H,O) while performing the
second-step ionization. However, the appearance energies and anionic resonances of
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cations and anions produced from background H;O, respectively, have been documented
well [56,57], and they differ from those expected from neutral fragments. Therefore, the
signals obtained from background H»O can be subtracted. The scheme of the experimental
procedure is presented in Figure 4 for Reaction 3. For example, the appearance energy
for OH* from gas-phase water is 18.2 eV, whereas the ionization of the OH fragment is
approximately 5 eV lower [57]. Therefore, by scanning the ion yield for mass 17 as a
function of electron energy, one can deduce whether the cation observed derives from
an intact water molecule or the counter-product of the DEA process. The negative mode
(anion detection) can be used to observe the resonant formation of an anion from neutral
fragments. It is also expected that the anion yield features formed from gas-phase water
differ from those fragments, because the electron affinity for an intact molecule differs
from that of neutral fragments. It is important to note that there are reports of radical
detection from water dissociation attributable to LEE-induced neutral dissociation, but not
via DEA [56].

/ /éelect mas;'\ [ Okt f PM
OH and scan \
H

‘—.
electron ) OH™

NM

\._ energy _“

1 1 )
1 | .
1 1 = =
iy : : " Select mass O
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% " -
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_formation ~ = "~ """~ °"° o % o OH.
It - A O\ [ oM S\
PM - positive mode — cationic threshold Ba. sround H,O
NM - negative mode — anionic resonance e aeba s

Figure 4. Experimental procedure for neutral fragment identification from water using the two-step
ionization method (see the description in the text). The cross mark indicates that the ionization
threshold for a neutral fragment differs from the appearance energy of the same fragment formed
directly from water and that the resonance structure for anion formation will show different spectra.

5. Conclusions

A continuing quest to understand fundamental phenomena induced by ionizing
radiation, particularly LEEs, which are invariable primary products in any irradiated
matter, is still the ongoing focus of the radiation research community. Although these free
or quasi-free electrons do not travel very far because of their many inelastic collisions,
and because they become thermalized within approximately 1 picosecond, they play an
essential role in the dissociation of molecules along their way and in the production of
longer-lived species such as radicals [22,58,59].

Despite the extensive research by atomic and molecular physics groups on LEE inter-
actions with gas-phase and condensed-phased biomolecules, some fundamental aspects
remain unexamined at the molecular level. One of these is detecting radicals from the DEA
process, which is a missing puzzle for obtaining a complete picture of this process. Because
stable radicals formed in this process are non-charged species, it is not possible to detect
them directly by mass spectrometry, which is used commonly to study DEA. Therefore,
modified mass spectrometric techniques or other currently available technical advances
need to be used to reveal detailed fragmentation patterns. Obtaining fully described
patterns can be incorporated into the database of electronic properties of biomolecules,
which are invaluable to build accurate theoretical and computational models of radiation
effects [5,60]. This can reveal new mechanistic information on DNA damage during irradia-
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tion and can be used to plan radiotherapy treatment. The discovery of all products formed
via DEA will transform our fundamental understanding of LEE interactions with biomolec-
ular systems and has the great potential to yield physical information on the chemistry and
biology of radiation-induced damage of living cells. Thus, a thorough understanding of
this basic and significant collisional process may lead more broadly to enhanced medical
applications in the fields of radiotherapy, radiodiagnostics, and radiation protection.
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