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Received 16 May 2006, in final form 30 May 2006 Published 30 June 2006 Online at stacks.iop.org/JPhysB/39/L277 Abstract Evidence for the presence of the 4 u− resonance in dissociative electron attachment to O2 is obtained for the first time from the angular distribution measurement of O− ions in the entire 2π angles using a novel experimental technique employing velocity map imaging. This observation, while settling the question of the presence of this state observed in inelastic vibrational excitation of O2, calls for fresh calculations on the lifetime of the resonance. It may also impact the interpretations of the negative ion formation from O2 in clusters and in a condensed state. (Some figures in this article are in colour only in the electronic version)



Resonances in e−–O2 collisions have been a subject of intense discussion in relation to vibrational and electronic excitation by electron impact [1, 2], dissociative electron attachment (DEA) [3] and electron collisions on condensed and adsorbed molecules [4, 5]. The importance of O2 in the earth’s atmosphere as well as in various plasma processes has been the major motivating factor for these studies. Being an open shell molecule, O2 is also a model system for theoretical calculations on similar and bigger molecules. Several calculations exist both on the structure and dynamics [1, 6–10] of negative ion states of O2. There also exists a large body of experimental work on the e−–O2 scattering [2]. In the context of all these theoretical and experimental efforts, the so-called absence of contribution from 4 u− in the DEA channel has remained an unsolved problem. Based on available data, electron scattering on isolated O2 molecules is considered to lead to four resonances—2g, 2u, 4 u− and 2 u− below 15 eV [1], the first three making the majority of contribution to the electronic and vibrational excitation. The 2u resonance along with 2g is found to contribute to the excitation of several low-lying electronic states including the 1g and 1 g+ states [2, 9–12]. The 2g resonance also dominates the vibrational excitation up to v = 4 of the X 3 g− state of O2 below 4 eV [13]. The excitation of vibrational levels in X 3 g− at higher energies shows a broad peak at about 9 eV and has been found to arise from the 4 u− resonance [1, 14–16]. 0953-4075/06/140277+07$30.00 © 2006 IOP Publishing Ltd Printed in the UK
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The DEA data from O2 show a single broad peak at 6.5 eV [17]. The only angular distribution measurements of O− ions showed the 2u resonance as solely responsible for this [18]. Since then, all analyses of electron collision data on O2 in the free molecular state, in clusters or in a condensed state, have assumed that the DEA process in O2 is entirely due to the 2u state and any indication that the 4 u− state may be contributing to the DEA process has been overlooked. This was also supported by the fairly large width and hence short lifetime against autodetachment of the 4 u− resonance obtained in R-matrix calculations [1]. However, the observation [16] that even vibrational levels close to the dissociation limit of the X 3 g− state are excited through this resonance indicated the resonance has a sufficiently long lifetime to manifest in the DEA channel. The existing O− angular distribution data [18] were obtained in the range of 23 to 157◦ . Based on the selection rules [19] the 2u resonance from a 3 − g state will have zero contribution in the forward and backward directions, unlike the 4 u− state, which will have finite contribution in those directions. Thus the presence of the 4 u− state is likely to manifest unambiguously in the forward and backward directions. We have developed a new experiment employing velocity map imaging (VMI) to obtain kinetic energy and angular distribution data simultaneously in the entire 2π angles [20]. The ability to obtain the differential cross sections in the forward and backward directions has helped us to identify the presence of the 4 u− state in the DEA channel in a conclusive manner. This suggests the need for further theoretical work and possibly a different interpretation of the new structures seen in the electron stimulated desorption (ESD) of the O− ions from O2 clusters as well as in condensed phase [4, 5, 21–29]. The experimental arrangement constitutes a pulsed electron gun, an effusive molecular beam from a capillary array, a time of flight (ToF) spectrometer in the VMI configuration [20] and a two-dimensional position sensitive detector employing a Z-stack of three microchannel plates and a wedge and strip anode. The VMI technique [30, 31] has been established as a reliable tool for studying molecular dynamics using lasers in the past few years [31]. The requirement of the presence of a fairly high electric field in the interaction region as well as good timing resolutions has prevented this technique from being applied to low energy electron collisions until now. We have adapted one of the recent developments in VMI [32] to suit DEA measurements [20]. In our experiment the ions are produced by an electron beam pulse of 200 ns duration in the field-free interaction region, and the Newton sphere of ions are allowed to expand for a further duration of 200 ns. Following this, the ions are extracted using a pulsed electric field and focused on to the two-dimensional PSD ensuring the conditions for VMI. The time of arrival of each ion at the detector and their position in two dimensions are recorded using a CAMAC-based data acquisition system. The typical energy resolution of our experiment is about 0.5 eV. In the recorded Newton sphere data, the central slice parallel to the detector plane containing the electron beam axis has the necessary information on the angular distributions and kinetic energies of the fragment ions. This slice is obtained by selecting the appropriate time window in the ion ToF during analysis. The time-slicing allows us to obtain the needed VMI data without performing any inversion procedure. The time-sliced VMI data obtained at different energies across the resonance seen in the DEA to O2 are shown in figure 1. It appears that as the electron energy is increased the angular distribution has pronounced maxima in the 45◦ and 135◦ directions, as has been reported earlier [18]. The more relevant feature in the current measurements is the increase in intensity in the forward and backward directions relative to that at 90◦ as the electron energy is increased. The angular distributions obtained from these VMI data after integrating over a finite radial range in which the ion intensity appears are given in figure 2 along with the previous results [18]. All the data are normalized with respect to the intensity at 90◦ . We
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Figure 1. Velocity map images of O− from O2 at different electron energies across the resonance. − → The arrow indicates the direction of electron momentum vector, k .
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note that the present data are in fairly good agreement with the previous results in the range of angles in which the latter were obtained, signifying the overall consistency of the two sets of measurements. However, as seen from figure 2, the important features in our data are the finite cross sections in the forward and backward directions, which appear to increase relative to that at 90◦ with increase in energy. Since the 2u state alone cannot justify these nonzero cross sections in these directions, we assume that this is due to the 4 u− state. In figure 2, we also provide the fits, based on the general formula for the angular distribution cross section as given by O’Malley and Taylor [33] and assuming contribution
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Letter to the Editor Table 1. The coefficients of the various terms in equation (1) at different electron energies. Energy (eV)



A



B



C



5.0 6.5 8.0 8.8 9.3



0.992 0.996 1.013 1.011 1.007



0.260 0.432 0.293 0.507 0.808 0.352 1.725 0.762 2.694 −0.263



D



F



0.267 0.478 1.405 1.491 4.028



0.011 0.067 0.441 0.992 2.427



from both the 2u and the 4 u− states. We had to include l = 1, 3, 5 partial waves to fit the data using the expression I (θ ) = A sin2 θ + B cos2 θ + C sin2 (2θ ) + D cos2 θ sin2 (2θ ) + F sin4 (2θ ).



(1)



The coefficients A, B, C, D and F were determined by the least-squares fit (table 1). The last term of the fitting equation comes from the cross term in the l = 3 and l = 5 partial wave contributions. This term becomes significant only above 8 eV. The direct term from the l = 5 partial wave is not considered as its contribution to the angular distribution is negligible. We are unable to distinguish contributions from the individual partial waves due to the involvement of two states, though the presence of the cos2 θ term signifies the presence of the 4 u− resonance. We eliminate the possibility that the observed nonzero cross sections in the forward and backward directions are due to some artefacts in the following way. To begin with, the forward and backward cross sections are found to increase with electron energy as compared to that in the 90◦ direction. It is expected that any artefact due to finite angular resolution would affect both the equatorial and polar directions in the same way, which is not the case here. The possibility of a tilt of the electron beam giving rise to the observed enhancement of intensity in the polar directions is ruled out by the fact that the increase in polar directions is not seen at all energies. Moreover, our VMI measurements on several other molecules for which angular distribution data exist have not shown any undue increase in the polar directions. The unambiguous presence of the 4 u− state in the DEA signal brings up several issues. First of all, can its presence be seen in the total DEA cross sections, which have been measured by a number of authors [3] and compare it with the data taken in the 90◦ direction? A relatively recent measurement [16] on high resolution electron impact excitation of the a1g and b1 g+ states shows that the O− yield at 90◦ with respect to the electron beam direction extends only up to 9 eV and is very similar in shape to the excitation cross sections for the higher vibrational levels of a1g and b1 g+ states. Excitation of the singlet levels will have contribution only from a doublet state and not from a quartet state. The DEA signal at 90◦ will also have a contribution only from the A2u resonance based on the selection rules [19]. Considering this, the fact that the cross sections extend beyond 9 eV [3] could only be due to the contribution from the 4 − u state. This conclusion also appears to be consistent with the shape of the excitation cross sections measured for the high-lying vibrational levels of the X 3 g− state [16]. The second question is related to the lifetime of the 4 u− resonance. Since it is seen in the DEA signal, its lifetime ought to be larger than assumed till now [1]. Using the potential energy curve and the curve for the width for the 4 u− state [1], one can calculate the survival probability for the negative ion state against autodetachment using the formula   Rc  a (R) p(ε) = exp − dR , (2) ¯ v(R) Rε h
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where  a is the autodetachment width, Rε and Rc are the internuclear distances corresponding to the electron capture and the crossing point of the neutral ground state curve and the negative ion resonant curve. Beyond Rc no autodetachment is possible. We get an upper limit of p(ε) by using the available data from [1] as the calculations of the lifetime do not exist till Rc. The DEA cross section can be estimated using σDEA = σC × p(ε), where σ c is the electron capture cross section for the σC = σDEA + σA ,



(3) 4



u−



state. Now, (4)



where σ A is autodetachment cross section and can be approximated to the integral cross section for the excitation of all the vibrational levels of the ground state of O2 plus that for the excitation of the other triplet electronic states. Taking these values from [2] and the value of p(ε) and using the relation p(ε) σDEA = (5) σA , (1 − p(ε)) we get the DEA cross section to be 4 × 10−23 cm2 for ε = 9 eV. Similar calculations for the A2u state using the results of Noble et al [1] and the experimental inelastic scattering data [2] at the electron energy of 6.5 eV give the DEA cross section to be 4 × 10−19 cm2 for ε = 6.5 eV. In these calculations, it is assumed that the DEA at 9 eV and 6.5 eV are solely due to the 4 u− state and the A2u state, respectively. From a comparison of these numbers with the measured absolute DEA cross sections, 9 × 10−20 cm2 and 1.45 × 10−18 cm2 at 9 eV and 6.5 eV respectively [17], it appears that though the calculated lifetime of the 2u state is only marginally smaller, that of the 4 u− state is far too small. A rough estimate of  a for the 4 u− state at various internuclear separations is possible using the inelastic cross sections for vibrational excitation of the X 3 g− state at 9 eV and assuming that there is a very little contribution from the 2u state. It is known that autodetachment of the 4 u− state mostly leads to the X 3 g− state with a relatively small contribution to the A3 and A3 states [2]. Thus the change in the vibrational intensities of the X 3 g− state could be used to obtain  a of the 4 u− state at internuclear separations corresponding to the turning points of the vibrational levels in the X 3 g− state. We can write the integral cross section for the vibrational excitation to be σV = σC (1 − e−t/¯h ),



(6)



where  is the width of the state and t is the time taken by the system to roll from Rε to Rv. The value of  may be calculated using the total capture cross section, σ c, the individual vibrational excitation cross section, σ v, and time, t, under the assumption that the force between the two nuclei and the width of the resonance are constant in the range of Rε to Rv. We assume σ c to be equal to the total excitation cross sections of all the triplet states below 9 eV [2], assuming the DEA cross section to be small. The time t is calculated using the potential energy curve for the 4 u− state given by Noble et al [1] in the formula  RV dR t= , (7) v(R) RE where v(R) is the speed of separation of the two oxygen atoms moving on the potential energy surface. The results for  a based on these calculations are in the range of 0.6 to 0.8 eV and are substantially smaller than about 3 eV reported using R-matrix calculations [1]. Using these widths an upper limit of the DEA cross section at 9 eV due to the 4 u− state turns out to be 5 × 10−19 cm2. This is about a factor 6 higher than what has been measured [17]. The difference
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is not surprising since the DEA cross section is very sensitive to the width and considering the approximations we have used in evaluating it. In any case, it appears that the lifetime of the 4 − u state as calculated previously [1] is very small, and more theoretical work is needed in this respect. There has been a large number of measurements on electron attachment to O2 in molecular clusters [21] and in condensed state [21–29]. The significant aspect of most of these experiments is the observation of new resonance peaks at about 9 eV and 14 eV in the electron stimulated desorption (ESD) of O− ions in addition to the peak at 6.5 eV seen from the gaseous measurements. It is also observed that the ESD signal at 6.5 eV is about two orders of magnitude smaller as compared to that in the energy domain of the dipolar dissociation, and as the O2 coverage increases, the intensity of the 6.5 eV peak decreases with respect to other peaks. The presence of the new peaks has been explained in terms of the breakdown of the selection rule which forbids the  − ↔  + transition in isolated molecules [24]. There have been several discussions on the exact nature of the state at 9 eV, with respect to the kinetic energy measurements and the potential energy curves [4, 25, 26]. All these have been based on the assumption that the 4 u− state is too short-lived to yield O− ions. In view of the present results, we propose that the peak seen at 9 eV in these measurements could be due to the 4 u− resonance. It has been proposed that the reduction in the ESD yield is due to image charge effects at the metal surface [27], whereas polarization effects due to neighbourhood species decrease the autodetachment rate and subsequently increase the DEA cross sections [28]. The ESD measurements using films of pure O2 or mixtures of O2 with molecules such as N2 or CO on a Pt surface have shown that with increasing probability for a given O2 molecule to have another O2 molecule in its neighbourhood, the intensity of the 9 eV peak increases with respect to that at 6.5 eV [29]. We argue that the peak seen at 9 eV may be due to the 4 u− resonance. The relative increase in the intensity due to this resonance vis-`a-vis that due to 2u at 6.5 eV may be explained in terms of a relative increase of the lifetime or of the ESD yield or both of the 4 − u resonance as compared to that of the 2u resonance. With increasing separation of the perturbed potential energy curves of the resonance from that of the unperturbed one, the ESD decreases [27]. It is possible that the effect of the image charge on the 2u resonance is larger than on the 4 u− resonance thus yielding a relatively lower ESD signal. A relative increase in the lifetime of the 4 u− resonance could also explain the results. In conclusion, our measurements show the presence of the 4 u− resonance in the DEA channel in O2. The results indicate that the lifetime of this state against autodetachment is much larger than assumed until now. This may have a wider implication to the studies on O2 in condensed form as well as in clusters. Acknowledgment VSP and DN acknowledge the TIFR Alumni Association scholarship from TIFR endowment fund. References [1] Noble C J, Higgins K, Woste G, Duddy P, Burke P G, Teubnor P J O, Middleton A G and Brunger M J 1996 Phys. Rev. Lett. 76 3534, and references therein [2] Brunger M J and Buckman S J 2002 Phys. Rep. 357 215 [3] Christophorou L G 1984 Electron-Molecule Interactions and Their Applications vol 1 (New York: Academic) [4] Huels M A, Parenteau L, Michaud M and Sanche L 1995 Phys. Rev. A 51 337
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