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Abstract:

 In this paper we suggest Penning ionization as an important route of formation for ionic species in upper planetary atmospheres. Our goal is to provide relevant tools to researchers working on kinetic models of atmospheric interest, in order to include Penning ionizations in their calculations as fast processes promoting reactions that cannot be neglected. Ions are extremely important for the transmission of radio and satellite signals, and they govern the chemistry of planetary ionospheres. Molecular ions have also been detected in comet tails. In this paper recent experimental results concerning production of simple ionic species of atmospheric interest are presented and discussed. Such results concern the formation of free ions in collisional ionization of H2O, H2S, and NH3 induced by highly excited species (Penning ionization) as metastable noble gas atoms. The effect of Penning ionization still has not been considered in the modeling of terrestrial and extraterrestrial objects so far, even, though metastable helium is formed by radiative recombination of He+ ions with electrons. Because helium is the second most abundant element of the universe, Penning ionization of atomic or molecular species by He*(23S1) is plausibly an active route of ionization in relatively dense environments exposed to cosmic rays.
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1. Introduction

In general, atomic or molecular species can be ionized by using photons of sufficient energy: in this case we have photoionization processes. Alternately, it is possible to induce ionization via collision events involving energetic and excited particles, like energetic electrons and metastable atoms or molecules. In the latter case we have the so-called Penning ionization or chemi-ionization processes. As will be discussed in the next section, we are suggesting Penning ionization as an important route of formation for ionic species in the upper planetary atmospheres. The knowledge of cross sections, rate constants, and the stereodynamics driving such reactions should be useful to provide full basic physical chemical data needed as input for calculations that model the atmospheric chemistry of Earth and other planets of the solar system, like Mars and Mercury.

Free ionic species are extremely important for the transmission of radio and satellite signals. In fact, due to the presence of high amounts of ions and free electrons, the ionosphere plays an important role in the transmission of electromagnetic waves (especially HF radio and satellite waves). Indeed, the incidence of a HF radio wave on an ionized layer can produce total reflection under appropriate conditions, contrary to what happens on atmosphere without ionization events (whose refractive index exhibits variations generally too small to produce the total reflection of a wave) [1,2,3]. In addition, experimental observations demonstrate a significant improvement in the propagation of these waves after thunderstorms, especially concerning high HF bands (21-24-28 MHz) [4]. This effect is not yet fully understood and is correlated to the presence of electrical discharges in the Earth’s atmosphere (statistically, from thunderstorms about 100 electrical discharges occur every second) with a huge amount of energy able to ionize and excite atomic and molecular species. For more than 20 years, studies have clearly shown that, when atoms and simple molecules (for example, H, O, rare gas atoms, and N2 molecules) are subjected to electrical discharges, they produce a large amount of species in highly excited electronic metastable states (see Table 1). These metastable atoms or molecules can induce Penning ionization by collisions with neutral atomic or molecular targets with high efficiency [5,6,7]. In particular, the presence in our terrestrial atmosphere of argon (the third component of air at 0.93%), and of a minor amount of neon and helium (with concentrations of about 18 and 5 ppm, respectively), makes highly probable, in these circumstances, the production of ionized species by Penning ionization induced by these rare gas metastable atoms. It has to be noted that these processes are still not fully considered in kinetic models used to describe the physical chemistry of such environments. We are confident that our research is able to clarify the possible role played by Penning ionization processes in Earth’s atmosphere, contributing to the attempt to explain some unclear phenomena, for example the “sprites” formation, i.e., phenomena similar to lightning, showing a big influence on radio wave propagation. They are formed in the stratosphere (between 10 and 100 km) through electrical discharges of the duration of a few tenths of a second, which are created by the electrical potential difference between the clouds and the upper atmosphere even in the absence of thunderstorms [8]. Because these phenomena happen in certain meteorological conditions and in the presence of electrical discharges, we suggest that they could be related to the formation in the atmosphere of a strong local increase in the ionic concentration due to Penning ionization processes induced by argon, neon, and helium metastable atoms that would facilitate the transmission of the radio waves by reflection.

Table 1. Some characteristics of metastable atomic and molecular species [5].


	Excited Species
	Excitation Energy (eV)
	Lifetime (s)





	H*(2s2S1/2)
	10.1988
	0.14



	He*(21S0)
	20.6158
	0.0196



	He*(23S1)
	19.8196
	9000



	Ne*(3P0)
	16.7154
	430



	Ne*(3P2)
	16.6191
	24.4



	Ar*(3P0)
	11.7232
	44.9



	Ar*(3P2)
	11.5484
	55.9



	Kr*(3P0)
	10.5624
	0.49



	Kr*(3P2)
	9.9152
	85.1



	Xe*(3P0)
	9.4472
	0.078



	Xe*(3P2)
	8.3153
	150



	O*(2p33s5S2)
	9.146
	1.85 × 10−4



	H2*(c3Πu−)
	11.764
	1.02 × 10−3



	N2*(A3Σu+)
	6.169
	1.9



	N2*(A1Πg)
	8.549
	1.20 × 10−4



	N2*(E3Σg+)
	11.875
	1.90 × 10−4



	CO*(a3Π)
	6.010
	≥3 × 10−3










The presence of ions in the upper terrestrial atmosphere was soon recognized after the experiment of Marconi in 1901, who succeeded in transmitting radio waves from the United Kingdom to Canada. Later, the ion CH+ was detected in space, practically at the same time as the detection of the first neutral molecules, CH and CN [9]. Ions are extremely important in the upper atmosphere of planets, where they govern the chemistry of ionospheres. Furthermore, molecular ions have also been detected in comet tails [9]. In planetary ionospheres and in space, ions are formed in various ways, the importance of which depends on the specific conditions of the considered environment. The interaction of neutral molecules with cosmic rays, UV photons, X-rays, and other phenomena such as shock waves are all relevant processes for their production [10]. In particular, the absorption of UV photons with an energy content higher than the ionization potential of the absorbing species can induce photoionization (for most species, extreme-UV or far-UV photons are necessary). Cosmic rays are also important since they are ubiquitous and carry a large energy content (up to 100 GeV).

The detailed laboratory characterization of relevant elementary processes and their relative role, leading to the formation of atomic and molecular ions, is therefore of crucial importance. In this paper recent experimental results concerning production and characterization via Penning ionization of simple ionic species of atmospheric interest are presented. The discussed data concern the formation of free ions in collisional ionization of H2O, H2S, and NH3 induced by highly excited species. As mentioned above, the effect of Penning ionization has not yet been fully considered in the modeling of terrestrial and extraterrestrial objects, even though metastable helium is known to be formed by photoelectron impact and radiative recombination of He+ ions with electrons [11,12]. In fact, it is well-known that the 1083 nm twilight airglow arises from resonant scattering of solar photons by metastable He*(23S) atoms in the upper thermosphere and exosphere (see, for instance [13], and references therein). Having a radiative lifetime of 2.5 h and an energy content of 19.82 eV, Penning ionization of molecules by He*(23S1) (helium is the second most abundant element of the universe) is plausibly an active route of ionization in relatively dense environments exposed to cosmic rays for two main reasons: (i) recent studies have shown that the He*(23S) density profiles in the Earth’s atmosphere reach their maximum values at about 600 km altitude, changing with the investigated solar zenith angle, and ranging between 0.6 and 1.1 atoms/cm3 [13]; and (ii) with respect to ionization by VUV photons and cosmic rays, Penning ionization processes are characterized by much higher cross-sections [14,15]. Moreover, concerning the role of He*(23S) metastable atoms in the interstellar medium, in a recent paper Indriolo et al. derived new equations for the steady state abundance of He* using its 1083 nm absorption line data observed through the diffuse clouds toward HD 183143 [11]. By their analysis the authors inferred an upper limit for the cosmic-ray ionization rate of helium of 1.2 × 10−15 s−1, which is an important route of He*(23S) formation via cosmic-ray ionization of helium atoms, followed by radiative recombination of the ions with electrons, as mentioned before. This ionization rate value is higher than those related to the ionization of interstellar hydrogen (various models have predicted ionization rates from 10−18 s−1 up to 10−15 s−1) in the diffuse interstellar medium, or in comparison with the ionization of other molecules such as HD and OH having estimated ionization rates of the order of 10−17 s−1 [11]. These data allow us to highlight the importance of the chemistry associated with interstellar metastable helium, and the possible use of He*(23S) as a widely applicable probe of the cosmic-ray ionization rates, as suggested by Indriolo et al. [11].

Penning ionization is an autoionizing process involving the collision complex between an excited species and an atomic or molecular target. The collision will yield various ion products when the ionization potential of the target particle is lower than the excitation energy of the primary metastable species. Very common species able to induce Penning ionization are the rare gas atoms excited to their first electronic level, which is a metastable state (their lifetime is long enough to allow them to survive at least several seconds); this makes them able to ionize upon collision many atomic and molecular targets (they are characterized by a high excitation energy which ranges from 8.315 eV, in the case of Xe*(3P2), up to 20.616 eV, in the case of He*(1S0)). These ionization reactions were widely studied starting in 1927 by F.M. Penning [16]. They can be schematized as follows:



Rg* + M → [Rg…M]* → [Rg…M]+ + e− → ion products



(1)




where Rg is a rare gas atom, M is an atomic or molecular target, [Rg…M]* represents the intermediate autoionizing collisional complex, and [Rg…M]+ the intermediate transient ionic species formed by the electron ejection. This is the most efficient way for the collisional system [Rg…M]* to lose its excitation energy, since the autoionization time is usually shorter than the characteristic molecular collision time at thermal energies (~10−12 s). Then, various final product ions can be formed depending on the characteristics of the involved potential energy surfaces. Some specific features make these processes very interesting from a fundamental point of view. In fact, at high interatomic separation the metastable rare gas atoms behave as alkaline metals because of their weakly bound external electron, whereas at shorter distances the role of their “open shell” core becomes prominent, looking like halogen atoms. Therefore, their phenomenological behavior when interacting with hydrogenated molecules (H2O, H2S, NH3) is very interesting for fundamental and applied science, as shown by the many discussions in the literature about the role of hydrogen and halogen bonds [17].
However, many applications of collisional autoionization to important fields, like radiation chemistry, plasma physics, and chemistry, and the development of laser sources, are also possible. In some cases, this technique is also used to induce gentle ionization of complex molecules.

In general, the role of metastable rare gas atoms in Earth’s atmospheric reactions is of interest for a number of reasons: (i) the quantity of rare gas atoms in the atmosphere is not negligible (argon is the third component of the air, after nitrogen and oxygen molecules: 0.934% ± 0.001% by volume compared to 0.033% ± 0.001% by volume of CO2 molecules); (ii) as mentioned in the previous section, recent studies have shown that the upper atmosphere of our planet is relatively rich in He*(22S1) metastable atoms [18,19]; and (iii) rate constants for ionization processes induced by metastable rare gas atoms are generally larger than those of common bimolecular chemical reactions of atmospheric interest. For example, the rate constants for Penning ionization processes are of the same order of magnitude as gas phase bimolecular reactions of O(1D), Cl(2P), or Br(2P), which are known to be relevant in the modeling of atmospheric chemistry, whereas other important reactions (as for example those involving Br+O3, O+HOCl, and OH+HOCl), exhibit rate constants that are at least one order of magnitude smaller [20].

Considering the planetary atmospheric compositions, we can suppose that rare gas atoms are involved in several atmospheric phenomena not only on Earth, but also on other planets of the solar system, like Mars and Mercury. In fact, argon is the third component of the Martian atmosphere at 1.6%, while helium is a relatively abundant species (about 6%) in the low density atmosphere of Mercury. As mentioned in the previous section, a basic step in the chemical evolution of planetary atmospheres and interstellar clouds (where 89% of atoms are hydrogen and 9% are helium) is the interaction of atoms and molecules with electromagnetic waves (γ and X rays, UV light) and cosmic rays. Therefore, He* and Ar* formation by collisional excitation with energetic target particles (like electrons, protons, or alpha particles) and the possible subsequent Penning ionization reactions could be of importance in these environments. In particular, considering the tenuous exosphere of Mercury, it is interesting to note that in 2008 the NASA spacecraft MESSENGER discovered surprisingly large amounts of water and several atomic and molecular ionic species including O+, OH−, H2O+, and H2S+ (NASA and the MESSENGER team will issue periodic news releases and status reports on mission activities and make them available online). Taking into account the suggested polar deposits of water ice in this planet, McClintock and Lankton in 2007 have suggested impact vaporization mechanisms [21]. We argue that in these parts of the planetary surface, the presence of He* and its collisions can cause subsequent ion formation. In this respect, the study of the Penning ionization of water and hydrogen sulfide by metastable rare gas atoms (He* and Ne*, see Section 3), producing H2O+, OH+, O+, and H2S+, respectively, could help in explaining the possible routes of formation for these ionic species in Mercury’s exosphere. The importance of these processes and, in particular, of Penning ionization phenomena of hydrogenated molecules by He* and Ne* metastable atoms has been widely discussed in [22,23,24], to which we refer for an overview of the experimental and theoretical works performed since the 1970s by several research groups, starting with the pioneering works by Čermák and Yencha [25] and by Brion and Yee [26].

We have recently studied the ionization of water molecules by Penning ionization coupled with both Mass Spectrometry (MS) and Electron Spectroscopy (PIES) techniques [22,23,24]. The analysis of the obtained results suggests the selective role of a quite pronounced anisotropic attraction that controls the stereodynamics in the entrance channels of the analyzed systems. In the case of He* and Ne*-H2O autoionizing collisions, we were able to confirm the presence of a strong anisotropic interaction, after previous experimental and theoretical evidences by Ohno et al. [27], Haug et al. [28], Bentley [29], and Ishida [30], respectively. In particular, we rationalized our experimental findings, taking into account the critical balancing between molecular orientation effects in the intermolecular interaction field and the ionization probability. In analyzing our PIES spectra, a novel semiclassical method was proposed: (i) it assumes ionization events as mostly occurring in the vicinities of the collision turning points (where the main part of the collision time is accumulated because the relative velocity tends to zero); and (ii) the potential energy driving the system in the relevant configurations of the entrance and exit channels, employed in the spectra simulation, has been represented by the use of a semiempirical method and given a proper analytical form [24]. This procedure was able to clearly point out how different approaches between the metastable atom and water molecules promote the formation of ions in different electronic states. In particular, it provides the angular acceptance cones where the stereo-selectivity of the processes leading to the specific formation of each one of the two energetically possible electronic states of H2O+ final product ions [24] (the X 2B1 ground state and the first A 2A1 excited ones) mainly manifests.

In the present work we analyze our recent PIES spectra, collected in He*, Ne*-H2S, and NH3 collisions, by using the same procedure already applied to water molecules, in order to compare the three sets of data, obtained under the same experimental conditions (see next Section), and to identify relevant differences in the stereodynamics of Penning ionization of the three hydrogenated molecules. In particular, our recent results recorded in He* and Ne*-H2S collisional experiments clearly suggest again the formation of molecular ions both in the ground and in the first excited electronic state. They are also indicating similar anisotropic behavior for the potential energy surface describing the Rg*-H2S incoming channel with an attractive component less “effective” with respect to Rg*-H2O (see Section 3). In the case of ammonia, anisotropic behavior is still present, with a strong attractive interaction between Rg*-NH3 collisional partners (where Rg = He, Ne), as in the Rg*-H2O case (see Section 3).



2. Experimental Techniques

The experimental setup, consisting of a crossed molecular beam apparatus (three vacuum chambers which are differentially pumped at a pressure of about 10−7 mbar) is schematically sketched in Figure 1 and described in detail in some previous works [31,32,33].

Figure 1. The crossed molecular beam apparatus used in Penning ionization studies.
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In such an apparatus a molecular beam of excited atoms, mostly metastable rare gas atoms, is crossing at right angles a second beam of molecules (to be ionized). Electrons produced in photo- and/or chemi-ionization reactions are extracted and analyzed by an appropriate electron energy selector, while product ions are sent into a quadrupole mass spectrometer (located below the beam’s crossing volume), where they are mass analyzed and detected. A powerful improvement of our apparatus could be realized by introducing the coincidence detection technique for the related electrons and ions coming out of the same autoionizing [Rg…M]* collisional complex (see Equation (1)).



The metastable rare gas beam, produced by electron bombardment or by a microwave discharge beam source, crosses at a right angle an effusive beam of H2O, H2S, or NH3 target molecules. The kinetic energy of emitted electrons is recorded by the use of a hemispheric electrostatic analyzer, which is located above the crossing beam volume. In such a way we can perform, in the same experimental conditions, both photoionization (PES) and Penning Ionization Electron Spectroscopy (PIES) measurements. This can be easily achieved because the microwave discharge produces not only metastable atoms but also many He(I) and Ne(I) photons, having an energy comparable to that of metastable atoms. To calibrate the electron transmission efficiency and the electron energy scale, some He*-H2O, H2S, NH3 PIES, and Ne(I)-H2O, H2S, NH3 PES spectra have been measured by exploiting the microwave discharge beam source: in the first case we use for the energy calibration the weak electron signal by He(I) photons of 21.22 eV, whereas in the latter case we record a PES spectrum, using the discharge source in pure neon producing a high intensity of Ne(Iα,β) photons [22,34], essentially of 16.84 and 16.66 eV, respectively, in a α:β ratio of about 5.3, checked by photoelectron spectrometric measurements of Kr atoms [35,36]. By comparison of our measurements with the expected spectrum as obtained from the He(I) radiation by Kimura et al. [37], we calibrate the ionization energy scale. The resolution of our electron spectrometer is ~45 meV at a transmission energy of 3 eV, as determined by measuring the photoelectron spectra of Ar, O2, and N2 by He(I) radiation with the procedure described in previous papers [18,36]. Spurious effects due to the geomagnetic field have been reduced to ≤20 mG by a μ-metal shielding. Finally, the metastable atom velocity can be analyzed by a time-of-flight technique: the beam is pulsed by a rotating slotted disk and the metastable atoms are counted, using a multiscaler, as a function of the delay time from the beam opening. The secondary molecular beam can be prepared in two ways: (i) by effusion of H2O, H2S, or NH3 from a glass microcapillary array kept at room temperature, or (ii) by using a supersonic source whose nozzle temperature can be changed between 300 and 700 K. The collision energy resolution is largely defined by the thermal spread of target molecules effusing from the microcapillary source (about 30% full with a half-maximum (FWHM) velocity spread at the lowest relative velocity of 1100 m/s, and about 10% FWHM for the highest probed relative velocity of 1800 m/s), and in our experiment the average collision energy is about 55 meV. Absolute values of the total ionization cross-section for different species can be obtained by the measurement of relative ion intensities in the same conditions of metastable atom and target gas density in the crossing region. This allows the various systems to be put on a relative scale, which can be normalized by reference to a known cross-section such as, in the present case, the Ne*–Ar absolute total ionization cross-section by West et al. [38]. By analyzing the kinetic energy of the emitted electrons, we can perform a real spectroscopy of the collisional intermediate transient species for such a process, obtaining detailed information about the intermolecular potentials controlling the microscopic collision dynamics, the preferential geometries of approach between the collision partners, and the molecular orbitals involved in the autoionization event. On the other hand, looking at the product ions, we can determine the cross-sections for each open ionization channel, obtaining complementary information that enables us to achieve a complete understanding of the reaction dynamics for the system under study.



3. Results and Discussion

In this section recent experimental results of relevance for the characterization of simple ionic species of atmospheric interest, produced by Penning ionization of hydrogenated molecules (H2O, H2S, and NH3) with He* and Ne* metastable atoms, are presented and discussed in a comparative way. First of all, following the observations made on the importance of Penning ionization of water by He*(23S1, 21S0) and Ne*(3P2,0) in the understanding of the chemical composition of Mercury’s atmosphere, we report here the mass spectrometric determination of the channel branching ratios for both systems as obtained at an averaged collision energy of 70 meV in the case of He* and of 55 meV for Ne* experiments:



He* + H2O → He + H2O+ + e− (77.3%)



(2)






→ He + H + OH+ + e− (18.9%)



(3)






→ He + H2 + O+ + e− (3.8%)



(4)






Ne* + H2O → Ne + H2O+ + e− (96.2%)



(5)






→ Ne + H + OH+ + e− (3.2%)



(6)






→ Ne + H2 + O+ + e− (0.6%)



(7)




No evidence has been recorded for the HeH+, NeH+, and HeH2O+, NeH2O+ ion production, at least under our experimental conditions. In the case of Penning ionization of ammonia by collisions with neon metastable atoms, the measured yield of possible product ions at an averaged collision energy of 55 meV is:



Ne* + NH3 → Ne + NH3+ + e− (58.8%)



(8)






→ Ne + NH2+ + e− (41.2%),



(9)




while, for Ne*-H2S autoionizing collision in a thermal energy range (0.02–0.25 eV), our spectrometric measurements showed the formation of only the parent H2S+ product ion.
The ionization of hydrogenated molecules by metastable helium and neon atoms strongly depends on how the molecule is oriented with respect to the approaching excited rare gas atom, determining the electronic state of the intermediate ionic complex [Rg…M]+ and therefore its following reactivity. In fact, for example, a direct probe of the anisotropy of the potential energy surface for Ne*-H2O system can be provided by a comparative analysis of the features of electron energy spectra measured under the same conditions both in photoionization (see Figure 2—upper panel) and in Penning ionization (see Figure 2—lower panel) experiments. All the electron spectra reported in Figure 2 appeared to be composed by two bands: one (at higher electron kinetic energies) for the formation of H2O+ ions (in case of photoionization measurements) and of the [Ne…H2O]+ intermediate ionic complex (in Penning ionization determinations) in its ground X(2B1) electronic state, and another one (at lower electron energy) for the formation of H2O+ and [Ne…H2O]+ in their first excited A(2A1) electronic state. The formation of these two electronic states corresponds to the removal of one electron from one of the two non-bonding orbitals of the neutral molecule. The ground state X(2B1) H2O+ ion is formed by the removal of one electron from the 2pπ lone pair orbital, while for the formation of the excited A(2A1) H2O+ ion, the electron must be removed from the 3a1 sp2 lone pair orbital, as can be seen in Figure 3. Moreover, the “exchange mechanism” for Penning ionization suggests that one outer shell electron of the molecule to be ionized is transferred into the inner shell hole of the excited atom, and then the excess of energy produces the ejection of one electron from the collision complex [14,15].

Figure 2. The obtained (a) PES (upper panel) and (b) PIES (lower panel) spectra in photoionization and Penning ionization studies of water molecules using Ne(I) photons and Ne*(3P2,0) metastable atoms, respectively. The PIES spectra reported in the lower panel are recorded at five different collision energies (0.300, 0.200, 0.130, 0.075, and 0.040 eV), by varying the nozzle temperature (between 300 and 700 K) of the supersonic source and by using, besides pure neon, two different Ne:H2 mixtures (50:50 and 20:80 ratios). By looking at the relative position of the corresponding peak maxima in the PES and PIES spectra, it is possible to evaluate the evident negative energy shifts (−140 meV and −300 meV for X2B1 and A2A1 electronic states of H2O+, respectively) that depend on the binding energy of the autoionizing collision complex (see the text).
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Figure 3. The structure of water molecules in the gas phase, with a C2v molecular axis and a sp2 hybridization, is depicted. The ground state X(2B1) H2O+ ion is formed by the removal of one electron from the 2pπ lone pair orbital, while for the formation of the excited A(2A1) H2O+ ion, the electron must be removed from the 3a1 sp2 lone pair orbital. The electron energy spectrum obtained in photoionization of water molecules by using Ne(I) photons is also shown. The two bands in the spectrum are related to the formation of H2O+ in its ground X(2B1) electronic state (at higher electron energy), and in the first excited A(2A1) electronic state (at lower electron energy).
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Therefore, we can assert that the two bands in the spectra of Figure 2 and Figure 3 must be related to ionization events occurring with two different geometries of the system: the X(2B1) band originates from a collision complex with the metastable neon atom perpendicular to the plane of the molecule, while for the A(2A1) band, at the instant of the ionization, the metastable atom approaches water in the direction of the C2v symmetry axis. In a recent paper [24], by analyzing the energy spectra of the emitted electrons reported in Figure 2 using a novel semiclassical method based on: (i) the assumption that the ionization events are mostly occurring in the vicinities of the collision turning points, and (ii) the formulation of the potential energy driving the system in the relevant configurations of the entrance and exit channels by the use of a semiempirical method developed in our laboratory, we were able to show clearly how different collisional approaches of the metastable atom to the water molecule lead to ions in different electronic states. In particular, we provided the angular acceptance cones where the selectivity of the process leading to the specific formation of each of the two energetically possible ionic product states of H2O+ emerges, showing how the ground state ion is formed when neon metastable atoms approach water mainly perpendicularly to the molecular plane, while the first excited electronic state is formed when the approach occurs preferentially along the C2v axis, on the oxygen side [24].



By analyzing the PES and PIES spectra of Figure 2, recorded in Ne(I) and Ne*-H2O autoionizing collisions, respectively, we are able to obtain important findings such as the so-called “energy shifts” for the analyzed systems (see Table 2). It is well known that these observables depend on the strength, range, and anisotropy of the effective intermolecular interaction controlling the stereodynamics in the entrance Rg*-M (neutral) and the exit Rg-M+ (ionic) channels of ionizing collisional events. In particular, when the position of the maximum of a certain peak in the PIES spectrum exhibits a sizeable negative shift, here referred to as εmax, with respect to the nominal energy, ε0 (defined as the difference between the excitation energy of the metastable He* or Ne* atoms and the ionization potential of the relevant molecular state), this is an indication that a phenomenological global attractive interaction drives the collision dynamics of the partners on a multidimensional potential energy surface, including entrance and exit channels [23,36]. These energy shifts are also determined by looking at the relative position of the corresponding peak maxima in the PES and PIES spectra. For example, analyzing in a comparative way the electron spectra of Figure 2, it is possible to clearly note that both peak maxima for X and A states of produced H2O+ ions are shifted at lower electron kinetic energy values in the case of Penning ionization spectra with respect to the photoionization ones. The absolute values of these shifts are much higher than the difference between the energy content of the Ne* metastable atoms and the energy of the Ne(I) photons, because of the strong attractive interaction potential between the incoming collisional partners Ne*-H2O (for a detailed description, see for instance [22]). In general, as the Rg*–M attractive interaction is stronger, a more negative energy shift is expected between PES- and PIES-recorded spectra. These considerations are confirmed by our mass spectrometric determinations, and, in particular, by the total ionization cross-section measurement as a function of the collision energy reported in Figure 4. It is interesting to note that the cross-section shows a decreasing trend as the collision energy increases and, further, its absolute value is quite big (of about 50 Å2 at 70 meV). Accordingly to the well-known peculiarity of Penning ionization processes [14,15], both these characteristics are a clear confirmation of the strong binding behavior of the Ne*–H2O autoionizing collision complex, due to the strong attractive nature of the system because of the intense molecular dipole of the water molecule (μ = 1.85 D).

Figure 4. Left side: The total ionization cross-sections of the Ne*–H2O autoionizing collisions as a function of the relative collision energy. The curve represents the calculation of the cross-section by applying the theory defined in terms of the so-called optical potential model, which exploits the recorded energy shifts from the electron kinetic energy spectra to probe the main characteristics of the potential energy surface for the Ne*–H2O entrance channel (see the text and Figure 2) [14,15,22]. Right side: The spherical optical potential used for the cross-section calculation (see left side of this figure). Lower panel represents the real part of the optical potential, while the upper panel is the imaginary part (see the text and [23]).
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Table 2. Negative energy shifts from the PIES He* and Ne*-H2O, H2S and NH3 spectra measured at an average collision energy of 70 and 55 meV, respectively.



	

	
Shifts with Respect to Nominal Energy ε0 (meV)






	
Band in PIES

	
H2O+(X 2B1) – 1b1

	
H2O+(A 2A1) – 3a1




	
maximum of peak (v = 0) εmax for He*(3S1) collisions

	
−440 1

	
−485 1,*




	
maximum of peak (v = 0) εmax for He*(1S0) collisions

	
−720 2

	
−700 2,*




	
maximum of peak (v = 0) εmax for Ne* collisions

	
−140 ± 20

	
−300 ± 20 *




	
44% of maximum (v = 0) εA for Ne* collisions

	
−320 ± 20

	
Not evaluable




	
Band in PIES

	
H2S+(X 2B1) – 2b1

	
H2S+(A 2A1) – 5a1




	
maximum of peak (v = 0) εmax for He*(3S1) collisions

	
−150 ± 20

	
−190 ± 20 *




	
maximum of peak (v = 0) εmax for He*(1S0) collisions

	
−220 ± 20

	
−230 ± 20 *




	
maximum of peak (v = 0) εmax for Ne* collisions

	
−80 ± 20

	
−120 ± 20 *




	
44% of maximum (v = 0) εA for Ne* collisions

	
−195 ± 20

	
Not evaluable




	
Band in PIES

	
NH3+(X 2A2’’) – 3a1

	
NH3+(A 2E) – 1e




	
maximum of peak (v = 0) εmax for He*(3S1) collisions

	
−450 ± 20

	
−350 ± 20 *




	
maximum of peak (v = 0) εmax for He*(1S0) collisions

	
−585 ± 20

	
Not evaluable




	
maximum of peak (v = 0) εmax for Ne* collisions

	
−290 ± 20

	
−140 ± 20 *




	
44% of maximum (v = 0) εA for Ne* collisions

	
−840 ± 20

	
Not evaluable






*: evaluated from the maximum of band; 1: from [19]; 2: from [32].




Analyzing the PES and PIES spectra for Ne(I) and Ne*–H2S, NH3 systems, respectively, by using the same procedure already described for water molecules, we have been able to determine the related energy shifts, as shown in Figure 5 (see also Table 2). All the measured shifts have a negative value, indicating again an attractive behavior for the potential energy surface in the entrance Ne*–M channel (where M = H2S, NH3) as in the case of Ne*–H2O autoionizing collisions. This attractive behavior is stronger in the formation of Ne*–H2O, whose energy shifts are −140 ± 20 and −300 ± 20 meV for the X(2B1) and A(2A1) bands, respectively; it is less intense in the case of Ne*–H2S collisions (energy shifts of −80 ± 20 and −120 ± 20 for the same two X(2B1) and A(2A1) bands, respectively); while in the case of Ne*–NH3 (energy shifts of −290 ± 20 and −140 ± 20 for the two X(2A2’’) and A(2E) bands, respectively) the attractive interaction component, affecting the entrance channel of the potential energy surface, favors those collisions producing the [Ne…NH3]+ intermediate ionic complex in its X(2A2’’)—3a1 ground electronic state. The formation of [Ne…NH3(X 2A2’’)]+ occurs preferentially when the neon metastable atom is approaching ammonia molecules towards the direction of the 3a1 non-bonding lone pair located on the nitrogen atom and removes one electron from this orbital, producing Penning ionization.

Figure 5. The obtained (a) PES (upper panel) and (b) PIES (lower panel) spectra in photoionization and Penning ionization studies of hydrogen sulfide (left side) and ammonia (right side) molecules by using Ne(I) photons and Ne*(3P2,0) metastable atoms, respectively. By looking at the relative position of the corresponding peak maxima in the PES and PIES spectra for both investigated systems, it is possible to measure the negative energy shifts (−80 meV and −120 meV for 2b1 and 5a1 electronic states of H2S+, respectively; and −290 meV and −140 meV for 3a1 and 1e electronic states of NH3+), with the same procedure used in the Ne*-H2O case (see Figure 2 and the text).
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The measured energy shifts for the three investigated systems are compared in Table 2, where are also reported those extracted from the measured PIES spectra for He*-H2S and NH3 autoionizing collisions (see Figure 6). Also in these cases we recorded negative energy shifts having a bigger value, indicating a more attractive behavior in the case of He*–M collisions respect to Ne*–M collisions (with M = H2S, NH3). This observation is in fairly good agreement with previous results obtained by Ohno et al. [27] and Ben Arfa et al. [39] for He*–H2O collisions, and can be justified in terms of the higher electronic polarizability of He* atoms (118.9 and 46.9 Å3 for 21S0 and 23S1 spin-orbit states, respectively) with respect to that of Ne* (27.8 Å3 for the 3P2 state), which is the fundamental physical property of the partners, enhancing the attractive interaction behavior of the potential energy surfaces [22].

Figure 6. The obtained PIES spectra in Penning ionization studies of hydrogen sulfide (upper panel) and ammonia (lower panel) molecules by using He*(3S1, 1S0,) metastable atoms. In the 2b1 band of the He*–H2S spectrum, the two peaks recorded at an electron energy value of 9.18 and 9.94 eV, and related to He*(3S1) and He*(1S0) collisional ionization events, respectively, appear well separated (see upper panel). The two He*(3S1, 1S0,) metastable components are still present, even if less separated, in the wide 3a1 band of the He*-NH3 spectrum (see lower panel).
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As already discussed in previous papers [22,23], by a simple analysis of obtained PIES spectra, in the case of H2O+-1b1, H2S+-2b1, and NH3+-3a1 ground states it is possible to extract not only the negative shift, εmax, from the change in position of the maximum of peak but also the shift between the electron energy value where the peak intensity drops down to 44% of its maximum at the lower energy side, εA, with respect to the nominal energy, ε0 [40]. For a detailed description of the theory of Penning ionization with a full discussion of the relation between the measured energy shifts from recorded PIES spectra and the main characteristics of the related potential energy surfaces, we refer to the important and basic paper of H.W. Miller published in 1970 [40]. The obtained values amount to −320 ± 20 meV for Ne*–H2O collisions, −195 ± 20 meV for Ne*–H2S collisions, and −840 ± 20 meV for Ne*–NH3 collisions, and they are also reported in Table 2. These findings confirm the occurrence of a very strong attractive behavior of Ne*–NH3 interaction promoting the Penning process, which leads to the formation of the molecular ion in the ground electronic state. A still quite strong attractive behavior drives the Ne*–H2O collisions, while the corresponding attraction in the Ne*–H2S collisions appears to be about 40% smaller than in the case of water. This consideration comes from the suggestion by Haug et al. [28], who noted that the energy shift εA can be used as a proper indication of the depth of the attractive potential well of the interaction between the colliding particles in the entrance channel. This suggestion is reasonable considering the weaker attraction in the exit channel due to the very low polarizability of neon atoms (0.40 Å3) in the ground electronic state with respect to that in the excited ones (27.8 Å3). In our case, the estimate of εA can be done only for the interaction of Ne* approaching the H2O, H2S, and NH3 molecules and producing [Ne…H2O]+, [Ne…H2S]+ and [Ne…NH3]+ intermediate ionic complexes in the (X 2B1)-1b1, (X 2B1)-2b1, and (X 2A2’’)-2b1 ground electronic states, respectively. An analogous evaluation of εA for the (A 2A1) and (A 2E) excited states of [Ne…H2O]+, [Ne…H2S]+ and [Ne…NH3]+ intermediate ionic complexes is not possible because in these cases the recorded broad bands in the PIES spectra do not satisfy the features required by the theory [28,40,41,42].





4. Conclusions

Considering that a basic step in the chemical evolution of planetary atmospheres and interstellar clouds (where 89% of atoms are hydrogen and 9% are helium) is the interaction of atoms and molecules with electromagnetic waves (γ and X rays, UV light) and cosmic rays [43], the formation of excited metastable species like He* and Ar* (argon is the third component of Earth and Mars’ atmosphere) by collisional excitation with energetic target particles (electrons, protons, or alpha particles, coming from the solar wind) and the possible subsequent Penning ionization reactions, could be of importance in these environments. It has to be stressed that the effect of Penning ionization has not yet been fully considered in the modeling of terrestrial and extraterrestrial objects, even though metastable excited species can be formed in such environments. In this paper recent experimental results concerning production and characterization of simple ionic species of atmospheric interest are presented and discussed. Such results concern the formation of free ions in collisional ionization of H2O, H2S, and NH3 induced by highly excited species, like He* and Ne* metastable atoms.

The analysis of the recorded electron spectra for the three presented systems clearly shows: (i) a very strong and anisotropic attractive behavior of Ne*–NH3 interaction promoting the Penning process; (ii) a still quite strong attractive behavior for Ne*–H2O collisions; and (iii) a corresponding attractive interaction in the Ne*–H2S collisions, which appear to be about 40% that of water. The analyzed experimental observables, in term of energy shifts, clearly indicate that H2O and H2S show similar behavior when these hydrogenated molecules are involved in Penning ionization induced by He* and Ne* metastable atoms, and in particular: (i) the interaction potential driving the formation of A 2A1 excited state of H2O+ and H2S+ product ions exhibits an effective interaction potential well depth in the entrance channel of the ionization reaction, quite deeper (about 50% more in the case of water and about 25% more in the case of hydrogen sulfide) than that involved in the production of the same final ions in their X 2B1 ground state (see the relative εmax values reported in the Table 2); (ii) a quite pronounced anisotropic attraction controls the stereodynamics in the entrance channels of both (Ne*–H2O, H2S) analyzed systems: in the case of Ne*–H2O autoionizing collisions a strong anisotropic interaction is operative, while in the Ne*–H2S system the attractive interaction appears to be weaker than the system involving water; and (iii) the entity of this smaller attraction, characterizing Ne*–H2S collisions, is dependent on the approach orientation between Ne* atoms and the hydrogenated target molecules: it is about 43% with respect to the Ne*–H2O case for those collisions producing H2X+ parent ions (where X stands for O or S atom) in their X 2B1 ground electronic state (this is the case for the Ne*–H2X collisions towards the orthogonal direction respect to the molecular plane), while it reaches about 60% of the Ne*–H2O interaction when the exchange mechanism of Penning ionization can exploit Ne* collisions along the C2v molecular axis in the opposite side with respect to hydrogen atoms, with the formation of H2X+ final ions in their first A 2A1 excited electronic state. In the case of Ne*–NH3 collisions, a very strong and anisotropic attractive interaction is observed, characterizing the potential energy surface of the entrance channel with a much deeper well depth in the case of those collisions producing the [Ne…NH3]+ intermediate ionic complex, leading product ion in its X(2A2’’) - 3a1 ground electronic state (which is an opposite situation to that observed in H2O and H2S systems). In this case the formation of [Ne…NH3(X 2A2’’)]+ occurs preferentially when the neon metastable atom approaches ammonia molecules towards the direction of the 3a1 non-bonding lone pair located on the nitrogen atom, removes one electron from this orbital, and gives rise to Penning ionization. Finally, the analysis of PIES spectra recorded for He*–H2S and –NH3 collisions, confirms the attractive and anisotropic behavior of the potential energy surfaces already discussed for Ne*–M interactions (with M = H2O, H2S, and NH3) governing the entrance channel for Penning ionization of such hydrogenated molecules. A similar situation for metastable helium and metastable neon atoms interacting with N2O molecules [19] has been explained by the use of a semiempirical method that accounts for the metastable atom orbital deformation because of the permanent dipole of the molecule. We have plans to extend such a model also to the systems presented here, and to test the potential energy surfaces so obtained in a comparative way. This work, is in progress in our laboratory, will allow us to achieve a deeper understanding of the stereodynamics of the collisional autoionization processes involving He* and Ne* with the hydrogenated molecules here discussed, and of the propensity to form ions.
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