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Abstract

:

Technological advancement has produced a variety of instruments and methods to generate electron beams that have greatly assisted in the extensive theoretical and experimental efforts devoted to investigating the effect of secondary electrons with energies approximately less than 100 eV, which are referred as low-energy electrons (LEEs). In the past two decades, LEE studies have focused on biomolecular systems, which mainly consist of DNA and proteins and their constituents as primary cellular targets of ionizing radiation. These studies have revealed that compared to other reactive species produced by high-energy radiation, LEEs have distinctive pathways and considerable efficiency in inducing lethal DNA lesions. The present work aims to briefly discuss the current state of LEE production technology and to motivate further studies and improvements of LEE generation techniques in relation to biological electron-driven processes associated with such medical applications as radiation therapy and cancer treatment.
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1. Introduction—Importance of Electron Interactions with Biological Systems


The detection of the “cathode ray”, composed of negatively charged elementary particles so-called electrons, by J.J. Thomson in 1897 [1] was a pivotal discovery that shaped our fundamental knowledge of the atomic structure of matter, and then revolutionized technological developments, including those in such therapeutic areas as medical device sterilization, radiation therapy (RT) and imaging techniques [2]. In particular, high-energy electron (HEE) beam radiation is highly effective in such applications, and is frequently superior to conventional methods. For example, autoclaving or sterilizing gases, which are standard methods, often cannot be used for the sterilization of complex and highly functionalized medical devices and implants, as they are usually temperature sensitive, consist of polymers, or contain electronic components such as microchips and semiconductors [3]. Consequently, medical production facilities have adopted on-site irradiation sterilization setups using accelerated electron beams with energies between 150 and 300 keV for the rapid decontamination of surfaces and layers (within seconds) or to inactivate bacteria and pathogens in liquid solutions with limited penetration depth (less than 150 μm). Importantly, the electron penetration depth can be precisely controlled so as to prevent damage to electronic components and crystalline materials, which are extremely sensitive to HEE beam irradiation [4,5].



In RT, the external beam radiation most often takes the form of an electron beam or other particulate beams (e.g., proton, neutron or alpha particles) or as photons (X-rays). When treating tumors in a particular part of a patient’s body, HEEs and X-rays beams are most commonly supplied by a medical linear accelerator (LINAC). Most LINACs can produce both electrons and X-rays, as electron beams can be converted into X-ray photons after bombarding a high-density target and generating bremsstrahlung. Thus, with a LINAC in X-ray mode, if the target is withdrawn from the beam path (and the beam current decreases), a HEE beam is obtained. HEE beams notably produce a maximum dose deposition near the surface of the target without appreciable effect on deeper structures. This is because electrons are rapidly attenuated by soft tissues, causing the dose to decrease quickly with depth after only a few centimeters (typically <3 cm). Accordingly, while X-rays beams (~500–1000 keV) with a greater penetration depth, are typically used to treat deep-seated tumors (to a depth of approximately 5 cm), the shallow penetration depth of HEE beams limits their use to superficial tumors on the skin or near the surface. For instance, tumors of the eyelid, nose, and ear can be treated successfully with an electron beam of 4 MeV while preserving nearby normal tissues. HEE beams are also used immediately after surgical excision in the treatment of difficult keloids [6].



LINACs in both X-ray and electron modes with an energy greater than 10 MeV produce secondary particle contamination, particularly an undesirable dose of neutrons [7]. These high penetration thermal and fast neutrons may be generated via photo-nuclear and electro-nuclear reactions of incident photons and electrons, respectively, with the nuclei of any high-Z materials used in LINACs head, primarily in collimators and flattening filters. Consequently, neutron-absorbing materials such as concrete and borated polyethylene products are commonly employed as shields in maze and RT rooms to protect radiation workers [8].



With the more than five decades that have passed since their introduction, there are currently over 10,000 electron LINACs in use worldwide for RT applications, most with nominal energies in the high-energy range of 5–15 MeV [9]. These instruments are applied in diverse therapeutic modalities such as volumetric modulated arc therapy (VMAT) [10] and intra-operative radiotherapy (IORT) [11,12] to achieve the main objective of RT, i.e., killing cancer cells while protecting normal tissues and minimizing risk of secondary cancers. They are equipped with electron applicators, specially designed diaphragms that collimate the electron beam at the skin surface in order to prevent electron scattering by the air before reaching the patient and to achieve a flat and symmetric dose profile in the targeted tissue. Over the last 20 years, the idea of also using very high-energy electrons (VHEEs) in the range of 60–250 MeV for RT [13] has gained interest as a promising alternative to photons for the treatment of deep-seated tumors [14,15]. Due to their high relativistic inertia, VHEE beams penetrate in inhomogeneous tissue deeply and without significant scattering. Compared with the 5–15 MeV clinical LINACs, VHEE accelerators are relatively large and expensive; however, after the past three decades of research into linear colliders, the development of new technologies such as X-band radio-frequency accelerators [16] and laser-plasma wakefield accelerators [17,18] should enable compact and cost-effective VHEE sources to be available.



Two of the above-mentioned applications, sterilization and RT, benefit from the damaging impact of the HEE beam in living tissues or biological specimens; however, that same effect is undesirable for electron microscopy imaging [19], particularly when sensors and materials highly sensitive to electron beams are imaged at atomic resolutions. Notably, the effects of the HEE beam are attributable to both direct ionization by the primary electron beam and secondary electrons (SEs) produced in the irradiated specimens. Although production of SEs is inevitable, the yields of various physical processes involved in the action of both primary and secondary electrons vary, especially at energies above and below the ionization threshold. It is commonly accepted in many studies that SEs with less energy than the ionization energy of water (~12.5 eV) are low-energy electrons (LEEs) [20]. In this work, we refer to nonthermal SEs with initial kinetic energies below approximately a few tens to 100 eV as LEEs; these are an abundant transient species created in irradiated cells that thermalize through successive multiple energy loss events. The role of these SEs has newly become of interest, together with their great ability to induce chemical reactions and biological damage. Since 2000 in particular, when the ground-breaking study on the DNA damage induced by LEEs was reported, exploration of the role of electrons by the physics community has rapidly expanded [21]. Our understanding of fundamental processes driven by LEEs in biological systems has thus advanced immensely in the last two decades [22]. In particular, studies have been conducted to provide molecular understanding and elucidate the mechanisms involved in high-energy radiation-induced lethal lesions, including those at the cellular level that perturb or stop cellular function and those that affect the human genome. In the cellular environment, the damage is usually attributed to the sum of two indiscriminately destructive processes, the direct interaction between radiation and individual DNA moieties [23,24] and the indirect interaction with the reactive species produced from molecules that surround DNA such as proteins, oxygen, and especially water [25,26]. Thus, numerous intermediate species may be produced, including secondary LEEs, ions, organic radicals, and reactive oxygen species (ROS), which can themselves be involved in a wide variety of radiation-induced chemical reactions within the cell [27]; as such, the specific mechanisms by which damage is induced in the genomic DNA under cellular conditions are difficult to explicate.



Moreover, because living cells contain 70–80% water, cellular DNA lies in an essentially aqueous medium [28], and most of the inelastic scattering processes between the incoming high-energy radiation and biological tissues occur within water. Earlier experiments by Hearst et al. [29] and then Saenger et al. [30] revealed that cellular DNA binds water molecules at a ratio of approximately 20 molecules per nucleotide, which causes some contiguous surface water molecules to be bounded more tightly to the DNA, in addition to the more loosely bound bulk water nearby [31]. Accordingly, experimental results on the fundamental interactions between LEEs and isolated DNA under ultra-high vacuum (UHV) do not necessarily correspond to what would be observed in the cellular aqueous environment. Development of instrumentation to probe electron reactivity and chemical specificity is ongoing [32], particularly for the biological and medical applications mentioned above. This technological development is intended primarily to characterize the energetics and dynamics of electron processes, as well as the final molecular products formed, which occur when LEEs access the dissociative electronic excited state of the target. Therefore, these technologies have been altered in the direction of understanding how these fundamental mechanisms are adapted in living cells [33]. However, in the present work, we focus instead on another technological aspect, which are sources of LEEs that can be utilized to produce LEE beams for experiments closely related to the cellular conditions.



To date, the majority of LEE studies that involve biomolecules have been carried out using a so-called hot cathode, which is an electrode electrically heated by passing a current through it that causes electron emission. The energy, intensity, and resolution of the emitted electron beam can be tuned depending on the design that is summarized in Section 2.1. While numerous significant research findings have been obtained using sources operated based on thermionic cathodes, there is still an ongoing search for alternative sources that can produce electron beams with improved features or that possess specific characteristics. Section 2.2 gives a brief overview of these sources and techniques. It is worth noting that the LEE sources described in Section 2 are used in studies that involve biomolecules under vacuum conditions. Such studies have revealed the fundamental information that is an essential first step in efforts to understand LEE roles in medical applications. Extending beyond vacuum studies, several experimental attempts have been made to assess the contribution of LEEs to biomolecular damage in controlled environments. Two approaches that serve as a bridge between vacuum and cellular conditions will be described in Section 3. Then, Section 4 details several selected case studies that have employed innovative routes to generate LEEs in cellular systems.




2. Sources of Low Energy Electrons (LEEs) in Vacuum


2.1. Common Sources of LEEs


The classic technique used to study the way LEEs interact with molecules, including biomolecules, is by analyzing electron scattering by molecules either isolated in the gas phase or within the thin films in the condensed phase. In such studies, a beam of LEEs generated by an electron source is delivered to the target and then the tracks of scattered electrons and any possible fragments formed are analyzed by several methods. The fragments produced include direct products, as well as those generated from subsequent molecular processes such as electron excitation, attachment, ionization, and consequent dissociation. Depending on the required energy resolution and the electron beam intensity, two different types of sources are used for such collisional studies; these are broadly summarized in Figure 1. The first category is a hot cathode, i.e., an electrically heated filament, wherein free electrons are produced through the thermionic emission process. Due to the high temperature and the electric potential drop across the filament, such electrons possess a broad energy distribution, usually between 0.5 and 1 eV. From this distribution, the monochromator cuts out a small width and produces a beam with a typical resolution of 20–150 meV. Depending upon the operational need, electric and magnetic fields are used to control the energy resolution and the beam intensity. In the second type, high-resolution (<1 meV) electron beams are produced by photoionization. Although this is a standard method of electron production, this type of source has not been utilized widely for biomolecules and will be presented in Section 2.2. More details on the different types of electron guns are briefly discussed in the following subsections.



Standard electron guns—Several electron-collision setups are currently in use that adopt a heated filament as the electron source incorporated into a system of a small number of electrodes and an external magnetic field to collimate the electron beam. The electron beam parameters vary with the type of filament, but the typical resolution is about 0.5 to 1 eV and the current intensity can be within the µA range, making this source appropriate for studies in which high beam intensity is required. High-intensity electron sources are able to produce a sufficient number of secondary ions, which can be further investigated for their metastable decay pathways and kinetic energy release in sector-field analyzers [34]. However, the most effective use of this type of source is in the cross-beam time of flight (TOF) mass spectroscopy that measures the mass-to-charge ratio of fragment ions.



To illustrate the operating principle briefly, a schematic of a pulsed electron gun is provided in Figure 2a. A constant current source for the thermionic emission of the electrons from a heated filament is connected to an external power supply, which applies a constant negative voltage and controls the kinetic energy of the emitted electrons. An electrode, referred to as the “Pierce element”, is used to focus the electron beam after the cathode. A grid electrode, which is connected to the same external power supply through a high resistance circuit (typically in MΩ order), is used for the capacitive pulsing mechanism. A pulse generator is also connected to the grid electrode, which delivers a positive output pulse with an amplitude greater than the applied negative grid voltage. To define the energy of the emitted electrons, a ground aperture is used after the grid electrode. Changing the pulse width and the voltage of the power supply allows precise control of the electron beam width and the energy of the emitted electrons, respectively, within the above-mentioned energy resolution [35]. This type of electron gun has been widely used for LEE impact studies with biomolecules both in the gas phase and the solid phase, particularly as thin films of DNA [36,37]. In a recent study, Panelli and co-workers [38] reported experimental results from three-dimensional momentum-imaging measurements of anion fragments (i.e., H, O and NH2) formed via dissociative electron attachment (DEA) to gas-phase formamide. As formamide is composed of many precursors of complex biomolecules, including an amide bond, it is an archetypal model molecule used to investigate the interaction of LEEs with proteins and nucleic acids [39].



Hemispherical electron monochromator (HEM)—A hemispherical electron monochromator (HEM) is a type of electron source that is generally exploited for high-energy resolution applications. Again, an electron beam is generated through the thermionic emissions of an electrically heated filament, but in HEM, a series of electrostatic lenses select and direct only a minor section of the emitted electron beam with a narrow energy resolution [40] typically less than 20 meV and with an intensity up to nA range. As shown in the schematic in Figure 2b, a HEM consists of two concentric hemispheres in which the outer radius of the inner hemisphere is R1, and the inner radius of the outer hemisphere is R2, and along with the lens assemblies that focus the diverging electron beam. During operation, the applied electric field between the two hemispheres can be expressed as   E  R  =   Δ V    R 1     R 2       R 2  −  R 1      .  1   R 2     ; where ΔV denotes the potential difference between the hemispheres. If an electron with initial energy eV0 moves within the hemispheres along a constant potential, then R = R0 leads to    V 0  =   Δ V        R 2     R 1    −    R 1       R  2             where R0 is the median ray and is defined as    R 0  =      R 1  +  R 2   2     . Thus, V0 depends on the potential difference between the two hemispheres (ΔV) and R1 and R2 are physical constants. It has been shown [41] that for two hemispheres, the configuration has first-order double focusing properties, i.e., conical diverging electrons that enter the entrance aperture are focused onto the exit aperture. The best-reported energy resolution of HEM was approximately 14 meV at the full width at half maximum (FWHM) [42], while the maximum achievable intensity was ~1 nA.



HEMs have been widely used in studies of the electron-biomolecules interaction through various techniques, such as electron loss spectroscopy (ELS), electron ionization measurements, and probing DEA to gas-phase and condensed-phase biomolecules [43,44]. For example, a custom-built HEM that operates at an energy resolution of 70 to 100 meV and an electron current of ~10 nA, was combined with a quadrupole mass spectrometer to investigate DEA to gas-phase amino acids such as proline [45] and radiosensitizers such as 5-nitrouracil [46]. With respect to condensed-phase studies, Panajotović and Sanche [47] employed a high-resolution electron energy loss (HREEL) spectrometer that contains hemispherical sectors placed in a cryogenically pumped UHV chamber to measure the dependence of energy loss in incident electron energy for backscattered electrons from thin films of adenine [47] and thymidine [48]. Adenine (a purine base) and thymidine (a nucleoside) are both fundamental parts of cellular DNA. The apparatus recorded and analyzed the vibrational and electronic excitation from energy loss spectra at incident energy values ranging from 1.5 to 12 eV. These studies revealed that LEEs with energy less than 5 eV have considerable potential to cause complex deformations of the entire thymidine molecule via H and OH release from the sugar moiety, which results in bond cleavage in DNA.



Trochoidal electron monochromator (TEM)—The theory of the crossed-field (trochoidal) electron monochromator (TEM) and its principal parameters were first introduced in detail by Stamatovic and Schulz in 1968 [49,50]. A TEM system employs crossed homogeneous electric and magnetic fields, and electrons emitted from an electrically heated filament are injected parallel to an axial magnetic field,   B →  . A schematic of a TEM system is given in Figure 2c [49]. After initial acceleration and passage through the entrance electrodes, the electrons are directed through an electric field,   E →  , that is generated by applying a potential difference between two parallel electrodes and applied perpendicularly to their path. The electrons thus exhibit a cycloidal motion as they pass through the crossed electric and magnetic field. They drift in a direction perpendicular to both fields (the z-direction) and experience differential dispersion according to their initial velocities. The velocity component is expressed as    V z  =      E →  ×  B →      B →    .



As electrons are formed through the thermionic emission process, the beam has of a broad energy distribution (approximately 0.5 eV to 0.8 eV). Accordingly, as shown in Figure 2c, the orifice in the exit electrode is displaced from that in the entrance electrode, and thereby selects a small portion of the electron beam that can successfully pass through the region, with a slight energy uncertainty. To maintain a compromise between the energy resolution and intensity of the beam (in several nA), the monochromator also cuts out a small width (typically 50 meV) from the large initial energy distribution of the electrons. After the exit electrode, the resulting mono-energetic electron beam is accelerated to the required energy level by applying a suitable potential difference. Since the concept of TEM was developed, it has been used in a number of LEE impact experiments with biologically important molecules both in the gas phase and within condensed thin films [52,53]. Sanche and co-workers recently applied TEM in an apparatus to measure the absolute cross-sections of LEE damage to condensed macromolecules, such as plasmid DNA using LEE transmission, and ELS techniques under UHV [54].




2.2. Alternative and Unconventional Sources


Despite decades of intense successful studies of low-energy interactions with biomolecules using the conventional electron sources described in previous sections, researchers remain actively engaged in the pursuit of innovative technologies that offer alternative ways to generate LEEs in electron beams with even higher energy resolution (~1 meV [55]) and current. Moreover, instruments that support a wide range of beam durations have been developed from a continuous beam all the way to ultrashort (femtosecond [56]) electron pulses.



Magnetically guided trap-based electron beams—One of the most recently developed techniques reported this year is a novel approach using a Penning–Malmberg buffer-gas trap, also known as a Surko trap [57]. This type of source is able to achieve a high-flux electron beam with an energy resolution of approximately 30 meV. The basic principle and design are similar to a system utilized extensively for positron collision measurements. It consists of a multi-stage (typically three), differentially pumped beamline with an externally provided magnetic field, a tungsten hairpin filament electron source, and a Penning–Malmberg trap. The trap consists of several electrodes with potentials that are individually controlled. Two buffer gases, N2 and CF4, are admitted to different sections of the trap. These gases provide collisional energy loss mechanisms, i.e., the electrons are trapped by N2 and ultimately cooled to room temperature by CF4. This type of system was tested in electron studies investigating the absolute elastic total cross section of helium [57] and electron-impact excitation of the vibrational mode of CF4 [58]. Although the Surko trap has not previously been utilized for LEE studies with biomolecules, it has been suggested that the technique can be applied to those cases in which there are discrepancies between the available experimental data or between observations and theoretical descriptions of vibrational and electronic excitation [57].



Secondary electron emission from metals/insulators—LEEs can be produced during surface bombardment with energetic particles, ions, electrons, and neutrals. The yield of emitted SEs depends on the material properties and topography of the bombarded surface as well as the energy of the primary beam, the angle of incidence, and the film/foil thickness [59]. However, the energy distribution of SEs is independent of the primary beam energy. The typical energy distribution of SEs produced from metals and insulators by the primary beam of electrons is shown in Figure 3; this distribution is characterized in terms of the most probable energy (ESE) and FWHM. Despite the possibility of having electrons emitted with different ESE depending on the type of target bombarded, it would be impractical in biomolecule studies to accelerate the SEs with a weak electric field without affecting the primary beam, as utilized in electron scanning microscopy [59].



In addition, SEs can be produced when a high-energy beam penetrates thin foils; this has been measured and simulated for aluminum foils through which keV electrons were transmitted [60]. Less than 10% of the primary beam was converted to LEEs, and authors suggested that higher efficiency can be achieved for different materials and thicknesses and for lower primary energies [60]. Electron sources from which SEs are emitted due to surface bombardment or passing electrons through the material are more disadvantageous than the conventional sources (see Section 2.1), particularly as their energy can scarcely be tuned. However, they can be beneficial for experiments performed under ambient conditions, as will be described later in Section 3.2.



Polarized electron beams—The production of polarized electron beams in the low energy range for scattering and excitation experiments has been of interest for nearly a century, since the very idea of electron spin was introduced [61]. In such experiments, the polarization of an electron beam is defined by the degree (magnitude) of polarization and the direction of its vector, which is an average of the spin vectors of all electrons in the beam [61]. Alignment of this vector along the direction of the beam’s motion is referred to as longitudinal polarization, and alignment normal to the direction of motion as transverse polarization. Typically, this vector is oriented at some angle to the direction of beam motion [61]. Because the natural source of polarized electrons (beta decay) is not convenient in the laboratory setting, several different technological approaches have been utilized to produce an intense electron beam with a high degree of polarization at low energy. The earliest work reported low-energy Mott scattering, photoionization, and field- and photo-emission from solids as the first developments.



A limited number of laboratories has utilized polarized electron sources in the low energy regime with molecular targets. Most of these experiments were performed with diatomic molecules (in which O2 and NO were the first targets [62]), and with chiral compounds. Previous work has provided a vast amount of essential information on the physical mechanisms involved, but many of the effects observed during polarized electron scattering are still poorly understood. Moreover, further scattering studies with polarized electrons at low energy are needed to assess fundamental predictions of quantum physics [63,64]. Interestingly, one of the motivations of early studies with chiral molecules was to elucidate the origins of biological homochirality in living systems; the L-handedness of amino acids, and D-handedness of sugars. The most common methods of producing polarized electrons nowadays employ solid-state sources, particularly GaAs-based sources [61,65]. A GaAs photocathode generates polarized electrons when subjected to incident light that is right- or left-hand circularly polarized, is monochromatic, and has energy that corresponds to the near-band-gap energy. Such photoemission can yield polarization at or just less than 50%; in contrast, linearly polarized light induces unpolarized electron emission. As with the sources described in Section 2.1, this type of electron source requires UHV conditions. Ambient contaminants such as air components as well as any reactive target molecules or their products can cause chemical degradation of the GaAs surface, which results in poor performance with respect to polarization, quantum efficiency, and lifetime, and eventually leads to device damage. Therefore, particular consideration of an effective pumping system is essential for gas-phase targets with small cross sections. It has been reported that sources that have open structural geometries around the photoemissive cathode are pumped by ion and/or nonevaporable getter pumps with high pumping speed, and the occasional use of cesiation showed the best performance [66]. Further advances in GaAs-based sources to generate polarized electrons have been described previously together with a few potential alternative sources such as plasma afterglow metastable helium, spin filters, field emission tips, and multiphoton ionization processes [66,67]. Although GaAs-based sources have not been used explicitly as a polarized electron source in studies of biomolecules, there are reports about the effect of sub-eV collisions between longitudinally polarized electrons and chiral camphor molecules that could potentially contribute to the understanding of biological homochirality [68,69].



A recent development is low-energy polarized electron sources attributed to the so-called chiral induced spin selectivity (CISS) effect, in which X-ray induced photoelectrons pass through organized oligomer films of chiral molecules, which serve as a spin filter, attached to a metallic substrate [70,71,72,73,74]. In this approach, low-energy photoelectrons are produced from the metallic substrate during X-ray irradiation, in which the effect is similar to the photoelectric effect described in the next section. However, in this case, the emitted electrons are spin-dependent because circularly polarized light is used. Then, the emitted photoelectrons interacted with monolayers of chiral molecules for which stearoyl-lysine was used in the pioneering work [70]. Certain other small chiral molecules and their assemblies have been proposed for use in generating polarized electrons, as well as other materials such as both metal-organic crystals and hybrid organic-inorganic perovskite films, and inorganic crystals and oxides; however, no free electrons can be produced by this method. Rather, the transmission of electrons is realized by tunneling between bound states or by metal-like charge flow [75]. Very recent developments in technology based on CISS include using a magnetized substrate in which the magnetization direction can be turned, and thereby controlling the helicity of the ejected photoelectrons [76,77]. Eventually, controlled spin-selective production of electrons can be realized by applying an external magnetic field [78]. Interestingly, the first study was just recently reported in which the cross-section of damage to chiral molecules (amino acids) depended on the spin of the interacting LEE [76].



Photoionization—As a process of electron production, photoionization has already been utilized for electron scattering processes for several decades, mainly for atomic and small molecular systems; However, sources based on this principle still are under development by several groups [55,79]. In this type of source, the electron beam is not produced through thermionic emission; instead, it is produces through the photoionization of argon atoms. The energy resolution of the electrons depends on the energy resolution of the photon beam; a resolution in the sub-meV range has been reported using this process [80]. A synchrotron light source can also be used for photoionization [51]. To illustrate the concept of the process, a schematic of the apparatus is shown in Figure 2d. In this case, argon gas is used for the photoemission of electrons. The base pressure of the apparatus is about 10−8 Pa and the pressure in the presence of the argon gas is several times 10−5 Pa. Synchrotron radiation with an energy of 15.76 eV interacts with the pure argon photoionization region in Figure 2d, generating photoelectrons with an energy resolution (FWHM) approximately 1.6 meV. These electrons are then focused using a four-element electrostatic zoom lens to guide them into the interaction region. The reported beam intensity is 200 fA. This apparatus is enclosed by a μ-metal shield to exclude the Earth’s magnetic field. Another work reported the use of solid-state heterostructure crystals for photoionization as well [81]. Interestingly, photoionization has also been used in performing electron scattering measurements on optical enantiomers, specifically investigating the interactions of longitudinally polarized electrons from the gas-phase chiral species S- and R-2-butanol [82].



Plasma sources—Plasma mainly is an entirely or partially ionized gas consisting of ions, free electrons, and photons primarily, as well as radicals, which are considered biologically and chemically reactive species. In the laboratory, plasmas are conveniently created by applying an electric field to an introduced gas between two electrodes, or as its admixtures with different percentages of other compounds. The electric field accelerates the electrons and initiates a cascade of collisional processes, including excitation, ionization, and dissociation, which results in producing a diverse range of chemical species [83] and a large number of electrons with energies on the order of and lower than the ionization potential of atoms and molecules [84]. The complex nature and exact mechanisms of the interactions between plasma discharges, particularly low-temperature plasmas, and biological systems have been intensively investigated [83,85,86]. As a source of LEEs, just this year, a novel experimental setup was reported, in which electrons were generated using a DC-biased grid in inductively coupled plasma, but some earlier designs have also used a similar method to obtain the electron beam [87]. In the recent design, electron beams with low energy on the order of a few tens of eV were produced in argon plasma and controlled by the substrate voltage, gas pressure, and source power. However, the extraction of LEEs requires additional experimental arrangements such as using an electric and/or magnetic field to control the electron energy and its resolution, which can lead to certain technical challenges in studies involving biomolecules. Nevertheless, plasmas as a source of LEE within the biological system were recently reported in the study of Houde and co-workers [88], which will be briefly discussed in Section 4.





3. Recent Developments of LEE Sources to Approach Cellular Conditions


Many research groups have recently extended the experimental studies in vacuum and on isolated biomolecules to more complex systems in which the DNA molecule resides in an aqueous environment in the vicinity of cellular components (such as, O2, H2O, histones and DNA-binding proteins, and vitamins) for obtaining data as relevant as possible to actual cell damage [89,90]. Here, as an alternative approach for simulating cellular conditions, we review some of the techniques and experimental setups that are employed under well-defined atmospheric conditions.



3.1. X-ray Photoelectron Spectroscopy at Near Ambient Pressure (XPS-NAP)


X-ray photoelectron spectroscopy (XPS) is among the standard analysis technique used to investigate direct damage by X-rays and LEEs performed on isolated DNA in UHV (p < 1 × 10−6 Pa) [91,92]. XPS spectra are acquired by assessing the kinetic energy of the photo-emitted electrons in the depth < 10 nm for standard soft X-ray excitation sources and provide qualitative and quantitative information about the elemental composition and chemical state of the surface. As such, this technique is a versatile tool for monitoring the radiation-induced chemical transformation of functional groups on DNA molecules in situ, without post-irradiation treatment. Further, during XPS measurements, not only do the primary monochromatic X-rays produce SEs, which interact with tissue and damage DNA, but also detection of these photoelectrons allows the identification of chemical changes. For instance, McKee et al. [93] used X-rays to eject LEEs from a gold substrate and then probed the resulting damage in condensed nucleotides. This method was further developed by integrating a separate LEE source to cause damage to deoxyadenosine monophosphate that was monitored using XPS [94].



In still further developments, the need for XPS analysis of materials in their natural state has led to the development of near-ambient pressure XPS (NAP-XPS) systems, which serve as a real-time or nearly real-time process monitoring tool at moderate pressures (p > 2500 Pa) [95,96]. This less traditional form of XPS allows electrons, for which the inelastic mean free path is on the order of nanometers at ambient pressure, to reach the detector (which is still maintained under UHV) by employing various stages of differential pumping to successively decrease the pressure in the system from the sample to the detector. Compared with conventional XPS, some NAP-XPS instrumentation can operate at higher working pressures; this significantly reduces sample preparation and pump down times, as samples are directly loaded into the analytical chamber and there is no need for a load lock in the system [97]. A novel ambient pressure XPS instrument [98] has provided the first-time simultaneous induction and in situ monitoring of DNA damage under two different conditions, i.e., the standard UHV conditions, as well as under the H2O and N2 atmospheres at NAP. This technique allows the direct quantification of radiation-induced damage in both dry and fully hydrated DNA molecules by means of XPS measurements performed with Al Kα X-rays of ~1.5 KeV. The UHV-XPS measurements were made using a standard photoelectron spectrometer under pressure below 1 × 10−6 Pa, and the NAP-XPS measurements at pressures in the NAP regime (0.04–0.14 Pa). Details on experimental procedures and data analysis are provided in Refs. [99,100]. Finally, combining experimental results of NAP-XPS with Monte Carlo particle scattering simulations has been used to distinguish direct damage by photons and secondary LEEs from that caused by hydroxyl radicals or hydration induced modifications of damage pathways [101].




3.2. X-ray Interaction with Metal at Standard Ambient Temperature and Pressure (SATP)


After studying on LEE-DNA interactions under UHV for a decade, many attempts were then made to apply the UHV sources of LEEs to approach an environment more closely resembling closer the nuclei of cells. Ptasińska et al. [102] performed anion desorption experiments stimulated by the impact of 3–20 eV electrons on short single-stranded DNA which was covered by three monolayers of water to mimic aqueous conditions. The apparatus consisted of a load-lock vacuum chamber (~10−7 Pa) with a multiple-sample holder, to which samples could be mounted and transported on a rotary feedthrough into the main chamber under a pressure of ~10−8 Pa. An electron gun in the chamber produced a LEE beam with a kinetic energy below 20 eV and an energy resolution of 0.5 eV (FWHM) that impinged on the sample’s surface, with resulting desorbed anions analyzed by a quadrupole mass spectrometer. To produce water monolayers, the water vapor was introduced through a stainless-steel tube connected to a gas-handling manifold and adsorbed on a film of oligonucleotides cooled to 90 K by liquid nitrogen. The manifold consisted of a precision-leak valve connected to a small expansion chamber with a barometer. This chamber was further connected via an admission valve to a small tube with an opening located in front of the substrate. In other studies, Orlando et al. [103,104] designed and constructed an apparatus to allow introduction of selected DNA sequences thin films bonded to different numbers of water molecules into an UHV environment (~1.3 × 10−8 Pa). Briefly, the system featured a load lock transfer system magnetically coupled to the UHV chamber, which was differentially pumped and maintained in a nitrogen buffer gas. The UHV system contained a variable temperature sample holder, pulsed LEE beam (5–50 eV), and TOF and quadrupole mass spectrometers. The technique and apparatus were later used for irradiation of a sensitive chemical-vapor-deposited graphene-coated gold platform to show the significant role of water molecules in controlled and enhanced sequence-dependent LEE-induced DNA damage [105].



Subsequently, Sanche and co-workers developed a novel technique for simulating more realistic conditions based on the emission of photo-ejected SEs from a metallic surface exposed to primary X-ray photons as an alternative LEE-source at standard ambient temperature and pressure (SATP). Studies using this technique were initiated by Brun et al. [106], who irradiated DNA thin films deposited on gold and glass substrates and exposed them to Al Kα X-rays of 1.5 keV in air and under vacuum. Owing to the strong attenuation coefficient of soft X-rays and the very short ranges of LEEs [107], the DNA films were prepared by freeze-drying to obtain films as thin and uniform as possible and prevent excessive charging in the targets. For DNA deposited on glass, damage yields are due to X-rays alone, while for DNA on gold, damage results from X-rays in combination with extra low-energy photoelectrons from the gold (average energy of 5.8 eV). The difference in damage yields between the two in samples deposited on substrates is ascribed to the interaction of LEEs with the DNA and its nearby atmosphere. Radiation damage to DNA in the form of strand breaks was quantified with post-irradiation biochemical methods such as agarose gel electrophoresis. The damage yields were expressed in terms of G value, which refer to the number of modified molecules or products per unit of energy absorbed by the target (nmol/J or µmol/J) and thus depends not only on the radiation energy, but also on the type of radiation and target [108]. The obtained G values estimates indicated that in the presence of hydration layers around DNA, LEEs are more efficient than soft (1.5 keV) X-rays in inducing DNA damage as LEEs generate additional OH• radicals. The technique and experimental setup were latter advanced by Alizadeh et al. [109], namely by substituting the gold substrate with tantalum and adapting the irradiation chamber. This modified technique then offered a way to investigate the effect of the different hydration layers on LEE-induced DNA damage and allowed the shift from direct to indirect effects. A detailed description of sample preparation and the experimental arrangement can be found in [110] and is briefly described below.



3.2.1. Secondary Electron Emission from Metals


The general features of the emission of SEs from solid surfaces exposed to primary X-ray photons are well understood, as this is a fundamental process in scanning electron microscopy [59,111]. In short, exposing a solid target to high-energy radiations such as X-rays causes bound electrons to be excited to a continuum by photon absorption. The high-energy electrons produced impinge upon the surface and induce successive excitation processes or are inelastically scattered. Thus, the electrons decelerate through electron-electron collision and eject weakly bound valence electrons (in the case of ionically or covalently bonded materials) or conduction band electrons (in the case of metals), which have binding energies of ~1–15 eV to their parent atom(s); this generates SEs above the Fermi level. SEs are 1.5 keV generated by direct injection of electron or ion beams [112], as also mentioned in Section 2.2. Moreover, to support and predict experimental data, Monte Carlo simulations have been widely used to simulate the trajectories and emission mechanisms of SEs [113].



In experiments involving LEE interactions with DNA, tantalum has been identified as a suitable substrate [114,115]. Freeze-drying of DNA on tantalum or glass [106] can produce considerably less damage than when using many other metal substrates, such as gold, are used [109]. This is because the formation of an oxide layer on the metal surface creates a stable and chemically inert surface, ensuring no direct DNA-metal interaction, and thus causing minimal substrate-induced damage to the DNA. In the newly developed technique by Alizadeh et al. [109] (Figure 4a), X-ray photons that traverse a DNA film interact with the tantalum substrate, causing energetic photoelectrons and Auger electrons (AEs) to be emitted inside the metal. These deeper electrons lose energy and hence those produced at the surface essentially consist of LEEs with a specific energy distribution. As indicated in Figure 4b, the SE energy distribution curve from tantalum peaks at 1.4 eV (with an average of ~5.85 eV) and more than 95% of the SEs emitted from tantalum are below 30 eV. From such a distribution, SEs were quantified by measuring their yield which is the ratio of SEs emitted from a specimen to the number of incident primary electrons [109].




3.2.2. Experimental Setup and Irradiation Conditions


The experiments of Alizadeh et al. [109] were performed with a home-made apparatus depicted schematically in Figure 4a. The construction of the Al Kα X-ray source is based on the original design of Hoshi et al. [116] used in many biological experiments for plant cell irradiation. The new technique and altered experimental setup were applied to investigate the damage induced in plasmid DNA by photo-ejected LEEs and soft X-rays under controlled atmospheres of pure gases such as N2 and O2, and under different levels of hydration at SATP [117]. Experiments performed with liquid water condensed on and within DNA films at different humidity levels by varying the hydration level of DNA allowed a progressive shift from direct to indirect effects of the LEEs. It was observed that for a humid DNA film under an oxygenated environment, the additional LEE-induced damage resulting from the combination of water and oxygen exhibits a supper-additive effect. These findings not only provide insight into the radiosensitization mechanism of O2, but also reveal that LEEs, O2, and H2O contribute synergistically to efficiently enhance the formation of more lethal forms of DNA damage [118]. In similar studies, DNA components like thymidine and synthetic oligonucleotides were irradiated under an N2 atmosphere at SATP [119,120]. Rather than analyzing conformational modifications to DNA as in previous investigations, liquid chromatography (LC) and tandem mass spectrometry (MS/MS) were used to identify the specific products remaining on the surface of the irradiated substrates. Moreover, to investigate the nanoscopic mechanisms responsible for the efficacy of concomitant treatments mechanisms, this technique was employed to study the interactions of LEEs with complex DNA and platinum-based chemotherapeutic agents (Pt-drugs) including cisplatin, carboplatin and oxaliplatin [121]. The results of this study provided information on the role of subexcitation-energy electrons and dissociative electron attachment in the radiosensitization of DNA by Pt-drugs. This is a key step in unraveling the mechanisms of radiosensitization by these agents in chemoradiation cancer therapy and could be an essential step toward the development of optimal clinical protocols [122].






4. Ultimate Sources for Studies under Cellular Conditions


Over the past two decades, considerable research has been devoted to invention of sources of LEEs at the sites of cellular targets (particularly nucleus DNA) to increase dose deposition locally, which constitutes a potential strategy for targeted cancer therapy is increasing the local density of LEEs near DNA. This strategy can be achieved by using either high-Z materials or through AE-emitting radionuclides, in the vicinity of DNA or other vital cellular structures and components in cancer cells. The fundamental mechanisms underlying this strategy are briefly described here.



Gold nanoparticles (AuNPs) and the Auger effect—Molecular compounds containing high-Z materials, such as iodine, platinum, gadolinium and gold, have higher attenuation coefficients, and thus absorb ionizing radiation energy at a significantly higher rate than do low-Z materials like soft tissues. This leads to an increase in the production of extra short-range secondary LEEs via the Auger effect and intermolecular (or interatomic) Coulombic decay (ICD). Among the various high-Z molecules, there is considerable interest in the potential therapeutic use of AuNPs due to their biocompatibility [123,124]. AuNPs are generally associated with two therapeutic modalities, photosensitization and radiosensitization. While radiosensitizers function only in combination with ionizing radiation for radiotherapy, photosensitizers used in photodynamic therapy (PDT) have a strong absorbance peak in the ultraviolet (UV) range so they only act in combination with UV light. PDT has a cytotoxic effect on cancer cells through the formation of ROS generated upon activation of the photosensitizer using UV light, inducing oxidative stress in the cancerous tissue in which the photosensitizer is located, and leads to tumor cell death [125]. Because of the short UV penetration (<0.5 mm), photosensitizers are applied in dermatology to optimize and improve the UV therapy of such skin diseases as psoriasis and mycosis fungoides. On the other hand, radiosensitizers lead to an increase in sensitivity of the hypoxic and radioresistant areas of tumors against high energy radiation; thus, acting on deep-seated tumors [126].



Figure 5 depicts a schematic of the way X-ray interactions with AuNPs within living cells result in the production of LEEs by both Auger and ICD processes, which has been suggested as a potential strategy for targeted cancer treatment [127]. The damage caused by irradiation of AuNPs depends on AE emission, which generates a cascade of LEEs that travel very short distances and deposit their energy locally; as such it is crucial to place the AuNPs on or in the cancer cells. Antosh et al. [128] accordingly conjugated a pH-sensitive tumor-targeting agent, and the pH Low-Insertion Peptide (pHLIP), with 1.4 nm AuNPs, in order to localize and increase their uptake by cancer cells. Monte Carlo simulations were used to predict the particle interactions and energy deposition when irradiated AuNPs were placed in a water or cellular medium. The simulated results helped in estimating the variation in dose enhancement due to AuNPs addition under different radiation energies and with different nanoparticle sizes [129].



Furthermore, Sykes and co-workers [130] described the construction and properties of a novel source that uses AE emitters to produce high fluxes of LEEs. They synthesized one-atom-thick 2D films of the radioisotope 125I on a gold substrate that were stable under ambient conditions. 125I decays by electron capture of a core–shell electron, producing an excited state of 125Te. During de-excitation, a cascade of electronic relaxations leads to the emission of multiple AEs with energies below 500 eV, which are further decelerated by inelastic scattering in the gold film and generate more LEEs. A portion of the scattered and generated electrons are emitted outside of the metal, where their energy distribution can be appraised. Scanning tunnelling microscopy, supported by electronic structure simulations, was used to directly observe the nuclear transmutation of individual 125I atoms into 125Te and explain the surprising stability of the planar film as it underwent radioactive decay. The metal interface geometry induced a 600% amplification of LEE emission compared with atomic 125I. This enhancement of biologically active LEEs may offer a new direction for highly targeted nanoparticle therapies, particularly AuNPs [130].



Intermolecular Coulomb decay (ICD)—Interatomic or intermolecular Coulombic decay (ICD) is a nonlocal electronic decay mechanism in the inner valence levels that occurs in molecular systems with weakly binding forces, such as van der Waals forces or hydrogen bonding. In the ICD process, energy released by electronic relaxation of an excited atom or molecule leads to ionization of a neighboring one via Coulombic electron interactions. Thus, ICD is more efficient when more neighboring ionizable molecules are present. ICD was predicted theoretically in 1997, while its existence was confirmed experimentally ten years later [131,132] and has been explored in many subsequent experiments. While most studies measuring ICD have concentrated on rare gas clusters, recent experimental approaches have reported its occurrence even in water clusters [133] or at condensed-phase interfaces that contain water clusters and dimers [134].



ICD produces reactive radical species and electrons, primarily LEEs with energies < 15 eV, which are important in causing radiation damage to DNA [135]. If ICD contributes significantly to DNA damage, this could be exploited during X-ray treatment of cancer. Initial experimental studies investigating the role of ICD in biological damage were conducted by demonstrating the occurrence of ICD in water clusters and dimers after inner-valence ionization employing synchrotron radiation [133,136]. Dörner and co-workers [132] later revealed the quantitative role of ICD in the production of LEEs by alpha particle impact by colliding He+ ions with isolated Ne atoms and dimers (Ne2). In the latter case, the Ne atoms impacted were embedded in an environment already utilizing ICD as a deexcitation channel. As a consequence, the emission of LEEs dramatically enhanced in ion-atom collisions, suggesting that ICD may have a significant influence on cell death after exposure to ionizing radiation. Additional studies have been performed to characterize the dose enhancement attributed to high-Z-containing nanoparticles. For example, Seo et al. [137] investigated the production of ROS in a gadolinium oxide nanoparticle solution irradiated with 50 keV X-rays and high energy protons. Later work by Ren et al. [138] investigated the electron impact ionization of hydrogen-bonded complexes that consist of tetrahydrofuran (THF) molecules loosely bound to a water molecule as a model for more complex biological system.



Femtosecond laser filamentation (FLF)—Another novel source of LEE was introduced by Houde et al. [139] who exploited intense ultra-short infrared laser pulses to produce high density avalanches of LEEs through the formation of filaments in the so-called inverse Bremsstrahlung process. The physical origin of laser filamentation from a femtosecond laser pulse is well understood [139,140]. Briefly, at sufficiently high power, the Kerr self-focusing of a laser beam is counteracted by the defocusing action of plasma generated on the beam track, resulting in the self-channeling propagation regime known as femtosecond laser filamentation (FLF) [141]. Figure 6 shows a schematic of the experimental setup for generating LEE filaments. This photonic process can lead to the creation of molecular and radical species in liquid media, which can then initiate polymerization in a polymer gel dosimeter. LEEs with the most probable kinetic energy centers approximately 10 eV. In the work by Houde et al. [139] the macroscopic dose deposition from laser-induced filamentation was measured using a Fricke (ferrous sulfate) dosimeter, while filament morphology (the spatial dose distribution, and hence the microscopic energy density) was evaluated with a radiologically tissue-equivalent dosimeter (polyacrylamide gel) and visualized by magnetic resonance imaging (MRI) [142]. Ultimately, the authors discovered that LEE generated from FLF and conventional radiation modalities for RT are radio-chemically equivalent in terms of the type of final damage and their mechanisms of action in aqueous media at the molecular and biomolecular levels. Further, an in vivo study using small-animal cancer model additionally revealed the therapeutic benefits of FLF in radiotherapy, in which an extreme dose of energy was deposited at ultra-high dose rates (up to 1011 Gy/s) deep within a macroscopic volume, and changing the duration of the laser pulse allowed precise control of the distance over which the entrance dose was zero [88].




5. Summary and Conclusions


Extensive theoretical and experimental studies have revealed that compared to other reactive species produced by high-energy radiations, LEEs are highly efficient in inducing lethal DNA lesions. They also have exceptional properties in inducing DNA radio-sensitization to cause lethal damage in cancer cells and hence have potential in concurrent chemoradiation therapy, which is a treatment modality that combines chemotherapeutic agents and radiation. Because the high-energy radiation used in RT produces a large number of LEEs, it is conceptually feasible to enhance the benefit of LEEs and maximize the biological effects of ionizing radiation in cancer treatment through two approaches. Firstly, increasing and controlling the local density of LEEs in close proximity to cellular DNA; and secondly, sensitizing cellular targets to LEEs. The presented work reviewed and summarized the techniques and instrumentation used to generate LEEs and provided a brief overview of each source’s applications in biological media for enhancing the benefits of LEEs.



Considerable multidisciplinary research effort is still required to develop methods for generating and controlling the density of LEEs at cellular targets, specifically in cancer cells. Some innovative experimental setups and novel methods will need to be developed to hybridize LEE generation methods and spectroscopic tools to monitor their products. For instance, combining NAP-XPS with mass spectrometry techniques has provided the opportunity to study oxygen induced fixation of radiation damage [143]. While molecular oxygen plays a critical role in cellular energy biogenesis, it is also potentially dangerous, as reactive species are formed as byproducts of normal oxygen metabolism [144]. NAP-XPS investigation of desorbed products under both aerobic and anaerobic conditions helps in understanding the fundamentals of DNA-protein crosslink formation, which predominantly occurs under low-oxygen concentrations and in cancerous tissue that has high resistance to radiation. Another example of a hybrid methodology is the coupling of a TEM for LEE generation and samples irradiation with an orthogonal reflectron TOF mass spectrometer to detect ionic fragments. Such an assembly allows us to learn about the fragmentation routes that result from LEEs interactions, and thus represents a useful tool in the design and development of novel chemotherapeutic agents and radio-sensitizers. Further, it may help improve strategies in RT and clinical practice and prevent potential adverse effects. Additional technological improvements also need to be considered in order to assess the role and potential effects of LEEs in biological systems under more realistic conditions.
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Abbreviations




	AE
	Auger electron



	AuNP
	gold nanoparticle



	CISS
	chiral induced spin selectivity



	DEA
	dissociative electron attachment



	ELS
	electron loss spectroscopy



	FLF
	femtosecond laser filamentation



	FWHM
	full width at half-maximum



	HEE
	high-energy electron



	HEM
	hemispherical electron monochromator



	HREEL
	high-resolution electron energy loss



	ICD
	intermolecular Coulomb decay



	IORT
	intra-operative radiotherapy



	LC
	liquid chromatography



	LEE
	low energy electron



	LINAC
	linear accelerator



	MS/MS
	tandem mass spectrometry



	MRI
	magnetic resonance imaging



	NAP
	near ambient pressure



	p
	pressure



	PDT
	photodynamic therapy



	Pt-drugs
	platinum-based chemotherapeutic agents



	RF
	radio-frequency



	ROS
	reactive oxygen species



	RT
	radiation therapy



	SATP
	standard ambient temperature and pressure



	SE
	secondary electron



	TEM
	trochoidal electron monochromator



	THF
	tetrahydrofuran



	TOF
	time of flight



	UHV
	ultra-high vacuum



	UV
	ultraviolet



	VMAT
	volumetric modulated arc therapy



	VHEE
	very high-energy electrons



	XPS
	X-ray photoelectron spectroscopy
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Figure 1. Chart of the different types of electron sources used in LEE experiments under vacuum. 
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Figure 2. Schematic diagram of (a) the standard electron gun showing the biasing voltages and mechanism to produce a pulsed electron beam; (b) the hemispherical electron monochromator (HEM) with lens assemblies to focus the diverging electron beam and produce a high-resolution electron beam (the red dashed-line indicates the expected path of the electron beam); (c) the trochoidal electron monochromator (TEM) consisting of a set of electrostatic lenses supplied by stable and precise power supplies, and (d) photoionization, in which synchrotron radiation enters a source that contains argon, and the resulting photoelectrons, expelled by a weak electric field, are focused on the target region (adapted from [51] with permission). 
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Figure 3. Schematic of energy distribution of secondary electrons (SEs) from metal and insulator surfaces. (Adapted from [59] with permission). 
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Figure 4. (a) Al Kα X-ray source used to study LEE interactions with thin films of DNA. It is composed of a stainless-steel chamber evacuated to pressure less than 0.7 Pa and connected to a baratron (A) and an adjustable leak valve (B) connected to a nitrogen gas source. A discharge is caused by applying a negative potential of 3.4 kV to a concave aluminum cathode (C) through a high-voltage feedthrough (D). To prevent discharge between the cathode and chamber walls, the former is fixed in a glass-ceramic support (E) placed as a cap on a long quartz tube (F). Instead, a plasma discharge with 5–7 mA current is formed between the cathode and an aluminum foil target (G). The current is controlled and stabilized by the nitrogen pressure which is about 2.5 Pa. Electrons from the discharge strike the thin aluminum foil, and characteristic Kα X-ray photons are emitted toward the He-filled enclosed volume (H). The photons then traverse the helium gas and a thin foil of mylar (I) to enter a multiple-sample holder chamber, in which the DNA films are deposited on different substrates (J) on a rotating disc (K) to be exposed to various doses of X-rays (i.e., different exposure times) in the presence of gases or vapors introduced through valves (L). (b) SE energy distribution curve from a tantalum substrate peaking at 1.4 eV. (Adapted from [109] with permission). 






Figure 4. (a) Al Kα X-ray source used to study LEE interactions with thin films of DNA. It is composed of a stainless-steel chamber evacuated to pressure less than 0.7 Pa and connected to a baratron (A) and an adjustable leak valve (B) connected to a nitrogen gas source. A discharge is caused by applying a negative potential of 3.4 kV to a concave aluminum cathode (C) through a high-voltage feedthrough (D). To prevent discharge between the cathode and chamber walls, the former is fixed in a glass-ceramic support (E) placed as a cap on a long quartz tube (F). Instead, a plasma discharge with 5–7 mA current is formed between the cathode and an aluminum foil target (G). The current is controlled and stabilized by the nitrogen pressure which is about 2.5 Pa. Electrons from the discharge strike the thin aluminum foil, and characteristic Kα X-ray photons are emitted toward the He-filled enclosed volume (H). The photons then traverse the helium gas and a thin foil of mylar (I) to enter a multiple-sample holder chamber, in which the DNA films are deposited on different substrates (J) on a rotating disc (K) to be exposed to various doses of X-rays (i.e., different exposure times) in the presence of gases or vapors introduced through valves (L). (b) SE energy distribution curve from a tantalum substrate peaking at 1.4 eV. (Adapted from [109] with permission).
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Figure 5. (a) A diagram of the resonant Auger decay process following X-ray excitation. The process known as interatomic or intermolecular Coulomb decay (ICD) can also occur leading to the ejection of slow electrons and adjacent holes. (b) Potential exploitation of Au nanoparticles and ICD in inducing controlled radiation damage of cells. (Adapted from [33] with permission). 
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Figure 6. Schematic illustration of an experimental setup to calculate the absorbed dose from a laser pulse using a Fricke dosimeter solution in a sample cell. 
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