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Selective dissociation of the spectator Auger final states in O 2 molecules

Molecular cationic states with two valence holes and one n-Rydberg electron can be created after spectator Auger decay. Unraveling these states' dissociation is often very challenging due to the frequent occurrence of conical intersections between cationic potential energy curves. Here, based on an advanced analysis of the experimental multicoincidence data obtained after O1s core excitation in O 2 , we achieved an energy-resolution better than we recently exploited in Phys. Rev. A 99, 022511 (2019). We therefore revealed a group of weak channels in the two-dimensional energy-correlation map between the coincident resonant Auger electron and ion in addition to the previously reported strong ones. The fragments in the identified weak channels contain only outmost electrons in valence orbitals; in contrast, the fragments in the strong channels contain an outmost electron in a n -Rydberg orbital. Compared with the strong channels, the weak channels preferentially occur at smaller principal quantum number n. It indicates that the electron orbital size tends to be conserved during the dissociation process. These weak features are suggested to be created by the Rydberg-valence mixing between the molecular spectator Auger final state and the very dissociative molecular cationic states without the Rydberg electron. A tendency to orbital selection is also suggested in the Rydberg-valence mixing.

I. INTRODUCTION

Molecular core excitation often causes molecular deformation [1], and several situations may occur [START_REF] Miron | Handbook of High-Resolution Spectroscopy[END_REF][START_REF] Feifel | [END_REF]. In the first case, when an electron is excited from a core orbital to a strongly antibonding valence one, the repelling force in the neutral molecule is so strong that light nuclei can move significantly far from the equilibrium ground state geometry during the core-hole lifetime. In extreme cases, atomic lines are observed in the resonant Auger electron spectra [4][5][6], implying that the electronic decay takes place in an excited atom fully separated from the rest of the molecule. In another possible case, as discussed here in the context of the O 2 molecule, when an electron is excited to a Rydberg orbital, the molecular structure does not change dramatically because both core and Rydberg orbitals are chemically weakly bonding [7,8]. Spectator Auger decay dominates the electronic decay processes and leaves the molecule to a two-hole-one-electron (2h1e) cationic state with two valence holes and one electron in a Rydberg orbital [9][10][11][12]. Such 2h1e states are often dissociative because the Rydberg electron provides only partial screening for the repulsive force in the dicationic core. The dissociation dynamics depends on the orbitals involved, which makes the 2h1e states interesting systems to understand molecular bond breaking.

* liuxj@shanghaitech.edu.cn Molecular dissociation after excitation or ionization of one or two electrons was well investigated in the last decades. In a superexcited O 2 molecule, where an inner valence electron is excited so that the energies of the excited states lie above the first ionization threshold, there are always neutral dissociation pathways leading to bond breaking in the ionic core, with the Rydberg electron acting as a spectator [13][14][15]. After the dissociation, the effective principal quantum number n * of the molecular Rydberg state can be kept in the atomic fragment, as demonstrated by the observation of atomic lines in the fluorescence spectrum [14,16].

The ionization of an inner valence orbital may induce molecular dissociation or predissociation and end up with a neutral atom and a singly charged ion [17][18][19]. The potential energy curves of singly ionized states can be relatively easily calculated [20,21]. Dicationic states can be created by electron impact, photoionization, or Auger decay [22][23][24][25], and their potential energy curves were also calculated [20,26,27] to follow the dissociation and predissociation along them.

Compared with the abovementioned cationic and excited states, the dissociation of 2h1e states were much less investigated. The reason is twofold: (i) from the experimental point of view, either it is challenging to achieve high energy resolution for the high kinetic resonant Auger electron in the coincident experiment [28][29][30][31], or it is hard for the highresolution resonant Auger electron spectroscopy to directly probe the potential energy curve outside the Franck-Condon region [11]. (ii) From the theoretical point of view, if one wants to go beyond the approximation that the 2h1e states are described by simply attaching one Rydberg electron to the dicationic core, the number of potential energy curves will increase by more than 10 times. Moreover, during the dissociation where the 2h1e state evolves into a singly charged ion and a neutral atom with a Rydberg electron, the charge of the ionic core felt by the excited electron changes from 2 to 1. Thus, this simple approximation will fail as the internuclear distance increases at a certain value. Furthermore, there are a lot of conical intersections among the potential energy curves of the 2h1e states due to spin-orbit coupling or configuration interaction. To the best of our knowledge, the detailed ab initio calculated potential energy curves of O 2 2h1e states have not been reported in the literature.

In our very recent paper [32], we described the strongest channels in the O 2 dissociation into O + and O with a Rydberg electron following O1sσ → (1s -1 4 - u )4pσ / (1s -1 2 - u )3p σ excitation. Many more dissociation channels are opened compared with the dicationic O ++ 2 states [22]. On the top right of Fig. 3(a) in Ref. [32], there are some very weak features that were left out of the discussion. However, after a very careful additional analysis, we found out that they carry signatures of additional dissociation channels. In this paper, we reanalyzed the experimental data to improve the energy resolution. It turns out that these weak features correspond to dissociation into O + /O without a Rydberg electron. The Rydberg can shrink or collapse into a valence orbital during the dissociation process. This observation points toward selectivity on the orbital size in the dissociation processes.

II. EXPERIMENTAL METHOD

Since the experimental method has already been described in Ref. [32], only a very brief description is given here. The experiments were carried out using the EPICEA setup at the PLEIADES beamline [33] at Synchrotron SOLEIL in Saint-Aubin, France. This setup was composed of a double-toroidal electron analyzer (DTA) [34][35][36] and an ion time of flight (TOF) spectrometer.

The DTA selected the electrons within the polar angle of 54 ± 3 • and the azimuthal angles ranging from 0 • to 360 • with respect to the polarization vector of the photon beam. Only electrons with the kinetic energy comprised in a window of about 12% of the pass energy of the DTA reached the detector and got recorded. The photon energy was set at 541.8 eV, and the light polarization was parallel to the symmetry axis of the setup. The DTA was operated around the central kinetic energy of 503 eV with a pass energy of 80 eV, resulting in an electron energy resolution of 0.7 eV.

Mounted opposite to the DTA, there was an ion TOF spectrometer with a position-sensitive detector allowing one to measure the ion momentum. A pulsed ±100 V was triggered by the detection of an Auger electron and pushed the relevant ions toward the ion detector. The mass resolution for nonenergetic ions was ∼1000, the ion momentum resolution was ∼1.4 a.u, and the ion energy resolution was ∼0.3 eV. A random signal generator was used to simulate the false coincident events, and their contribution was subtracted from the data according to the method described by Prümper et al. [37].

Like the reaction microscope [38,39], a large volume of multicoincidence data were recorded, and various kinds of spectra were created related to the spectrometer hardware and the physics. Following our recent paper [32], we found that the rings in the acquired electron image could be slightly centershifted from each other and slightly jagged, which might be due to a tiny misalignment and surface nonuniformity of the electrodes in the DTA. Using two such rings as references and assuming that the effect was linearly proportional to the radius on the image, all the rings were corrected to be as smooth and concentric as possible. As a result, the electron energy resolution was improved by ∼8% compared with this prior paper [32].

III. RESULTS AND DISCUSSION

We plot the ion kinetic energy release (KER; sum of the kinetic energies of the O and O + fragments) against the Auger electron kinetic energy in Fig. 1(a). As a result of the improved energy resolution after time-consuming fine-tuning of parameters in the data analysis, the highest number of count is 1035 here as compared with 897 in fig. 3(a) in Ref. [32]. Two sets of features are seen in Fig. 1(a): the features in the lower left part are strong, while the ones in the upper right are very weak. By zooming in the color scale 13 times and redisplaying the data in Fig. 1(b), the weak features are much more visible and numbered from 1 to 9. All the features are grouped on diagonal lines with a slope of -1 caused by the energy conservation law:

E (hν) = E k (e - Auger ) + E KER + E i (O) + E i (O + ) + E IP (O) + E D (O 2 ), (1) 
Here, E (hν) is the photon energy, E k (e - Auger ) is the Auger electron kinetic energy, and E KER is the KER, E i (O) and E i (O + ) are the excitation energies of the atom and ion, respectively, E IP (O) is the oxygen-atom ionization potential, and E D (O 2 ) is the dissociation energy of the O 2 molecule in the ground state. The dissociation limit energy E diss is defined as

E diss = E (hν) -E k (e - Auger ) -E KER (2) = E D (O 2 ) + E IP (O) + E i (O) + E i (O + ). (3) 
In Fig. 1, the higher the lines intercept the axis, the lower their E diss .

The observed dissociation limit energies E diss of various O + + O channels are calculated using Eq. ( 2), and the assignments are achieved using Eq. ( 3) with the energy values from the National Institute of Standards and Technology atomic database [START_REF]Atomic Spectra Database[END_REF]. The various E diss are represented by the red dashed diagonal lines in Figs. 1(a) and 1(b). The assignment of E diss in Fig. 1(a) was already listed in Table I in Ref. [32], where the O atomic fragment contains a Rydberg electron. Here, we label them as R1, R2, R3, and R4. On the other hand, the assignments of E diss in Fig. 1 and O only contain valence electrons, as indicated by circles in the table and by five black dashed-dotted lines in Fig. 1(b); however, they do not show observable intensities.

It is obvious that the features in the lower left part of the coincidence map, where the Rydberg electron remains in the atomic fragment, are of much higher intensity than those in the upper right region, as seen in Fig. 1(a). This intensity difference can be qualitatively explained by examining the steps of excitation, Auger decay, and dissociation. First, the photon energy was set at 541.8 eV; although both O1s -1 ( 4 - u )4pσ and O1s -1( 2 - u )3p σ contribute to the population of the excitation, O1s -1 ( 4 - u )4pσ dominates. Second, the shakedown processes are expected to be negligible in the spectator Auger decay according to the relaxation model [11], so the Rydberg electron should have a principal quantum number n > 3 after the spectator Auger decay. Last, a Rydberg electron would tend to act as a spectator during the dissociation of the molecular ionic core, so it is expected that one of the fragments will carry a Rydberg electron after the dissociation. However, there are two puzzles in Fig. 1: the appearance of the dissociation limit V1 [O( 1 D) + O + ( 2 P)] and the gap between the groups "R" and the group "V." As Lundqvist et al. [22] reported, three dissociation pathways for O 2

2+ : O 2 2+ (W 3 u ) → O + ( 4 S) + O + ( 2 D), O 2 2+ (B 3 - u ) → O + ( 4 S) + O + ( 2 D), and O 2 2+ (B 3 g ) → O + ( 4 S) + O + ( 4 S), O + ( 2 P
) cannot be created if we assume that the Rydberg electron acts purely as a spectator of the dissociation of the dicationic core O 2 2+ . The absence of the dissociation limit O( 1 S) + O + ( 2 D) in the gap is also puzzling because the interaction between the Rydberg electron and the ionic core always tends to open new dissociation channels [32]. These two puzzles can be explained by the Rydbergvalence mixing. Because the energy difference between the 3σ u antibonding orbital and the 3pσ Rydberg orbital is small in an O 2 molecule, as shown by Yagishita et al. [7], the 3pσ orbital can transfer to the strongly antibonding 3σ u orbital. After Rydberg-valence mixing, the molecular potential curves are more repulsive, and the kinetic energies of fragments are higher, as indicated by Fig. 1. Since both potential curves before and after mixing are dissociative, the channel mixing would most probably happen between two states with the same symmetry in the Franck-Condon region, where the kinetic energy is low. Beebe et al. [20] calculated a lot of potential curves of O 2 + . Among them, we chose very repulsive potential curves which have correct binding energy in the Franck-Condon region and matching symmetry with the dissociation limits given in Table I, so the 2,4 g , the 2,4 u , and the 2,4 - g from Beebe et al. [20] are the most probable candidates. As the result, only the third, fourth, fifth, sixth, and seventh limits should exist, which agrees reasonably well with the observed third, fifth, sixth, and seventh limits in Table I. More importantly, it can be seen from Fig. 1 that, while the features with the principal quantum number n = (5, 6) dominate the dissociation limits R1-R4, the features with n = 3 are significantly enhanced for the dissociation limits V1-V3. This is because the Rydberg-valence mixing favors a smaller principal quantum number n.

To highlight the details, we plotted the partial spectator Auger electron spectra corresponding to the FIG. 2. The partial resonant Auger electron spectra by filtering the data by selecting different dissociation limits. The electron spectra related to R1-R4 are represented by black filled circles, red hollow squares, green filled triangles, and blue hollow triangles in (a). The electron spectra related to V1-V3 are represented by black filled circles, red hollow squares, and green filled triangles in (b), respectively. dissociation limits R1-R4 and V1-V3 in Figs. 2(a) and 2(b), respectively. It can be noted that the smaller principal quantum number n is enhanced even when the dissociation limit changes from R1 → R4 or V1 → V3.

The observed propensity in R1-R4 can be explained as follows. Since the Rydberg states have the effective quantum number n * > 2.6 [11], the typical radius of the Rydberg orbital is larger than 1.8 Å. This radius lies beyond the crossing point of the potential energy curves of O In the case of V1-V3, according to Hund's rules in atomic states, i.e., the Coulombic repulsion force between electrons gets weaker when the spin quantum number and the orbital angular momentum quantum number of the electronic state increases. This suggests that the size of the outermost orbital gets smaller from V1 → V3, thus preferentially selecting the molecular state with a smaller principal quantum number n when the Rydberg-valence mixing happens.

To give a more quantitative result, we obtained the relative branching ratios between all features in Fig. 1 by least-square fitting [START_REF] Kukk | [END_REF]42] of the curves R1-R4 and V1-V3 in Fig. 2. In the fitting, we assumed that the peaks with different principal quantum number n in a molecular Rydberg series share a common asymmetric Voigt line profile, irrespective of different dissociation limits. All seven curves are fitted simultaneously to get the most reasonable results. After the intensity of the strongest peak corresponding to (W 3 u )5pσ → R1 is normalized to 100, all the relative intensities together with the corresponding uncertainties are in Table II.

IV. SUMMARY

We investigated the dissociation processes of the molecular spectator Auger final states after O1sσ → (1s -1 4 - u )4pσ /(1s parent molecular cation and the fragments, and at the same time the Rydberg-valence mixing can take place between the molecular spectator Auger final state and the highly dissociative molecular cationic states without the Rydberg electron. Due to experimental difficulties to achieve high-resolution Auger electron-ion coincident experiments, the experimental report on such a simple system as O 2 are still rare. As a result, the theoretical calculations available are also limited. We hope that our findings will trigger further experimental and theoretical research on these simple and interesting systems.

FIG. 1 .

 1 FIG. 1. Correlation between the kinetic energy of the spectator Auger electron and the kinetic energy release of the fragments O + /O. To highlight the weak features, the color scale in (a) is zoomed in 13 times and redisplayed in (b). The red diagonal dashed lines represent groups of dissociation limits after spectator Auger decay. They are labeled as R1-R4 in (a), as the O atom contains a Rydberg electron, and as V1-V3 in (b), as the O atom has only valence electrons. The black diagonal dashed-dotted lines indicate the missing dissociate limits. The assignments of the spectator Auger lines were adopted from Tanaka et al. [11].

  (b) are listed in TableI, where both O + and O contain only valence electrons and no Rydberg electron. They are labeled as V1, V2, and V3. In TableI, we also display the other dissociation limits for which both O +

TABLE I .

 I The assignment of the dissociation limits E diss for the features observed in Fig.1(b) for which the fragments O + + O contain only valence electrons. symbols are used to mark missing features in Fig. 1(b). The energy unit is electronvolts. (O + ) 4 S (O + ) 2 D (O + ) 2 P

	O	E diss	Label	E diss	Label	E diss	Label
	3 P 18.72		22.04	3; V3	23.74 2,5,7,9; V2
	1 D 20.69		24.01 2,5,7,9; V2 25.71 1,4,6,8; V1
	1 S	22.91		26.23		27.93	

  2 2+ [22], which suggests that the dissociation would mainly lead to products with a Rydberg electron attached to one member of the ion pairs O + ( 4 S) + O + ( 2 D) or O + ( 4 S) + O + ( 4 S). Thus, we can select from the assignments given in table I of Ref. [32] that follow this rule, i.e., [O + ( 4 S) + O + ( 2 D)](8s, 7d, 9s, 8d ) contribute to R1, [O + ( 4 S) + O + ( 2 D)](4s,3d,4p,5s,4d,6s,5d ) contribute to R2, [O + ( 4 S) + O + ( 2 D)]3p and [O + ( 4 S) + O + ( 4 S)](7s, 6d ) contribute to R3, and [O + ( 4 S) + O + ( 2 D)]3s contribute to R4. The principal quantum number n of the Rydberg electron in the fragment gets smaller by switching the dissociation limits from R1 to R4. The fragment with a smaller principal quantum n of the Rydberg electron would select the molecular state also with smaller principal quantum number n before dissociation.

  -1 2 - u )3p σ excitation in an O 2 molecule. With an improved resolution, we can highlight the propensity induced by the electron orbitals of the

TABLE II .

 II Relative intensities of all features extracted by least-square fitting of the one-dimensional spectra in Fig.2. The values in the square brackets are the uncertainty.

				R1	R2	R3	R4	V1	V2	V3
	(W 3	u )3pσ		0 [0.6]	0.2 [0.2]	6.8 [0.4]	40.8 [0.6]	8.5 [0.6]	12.9 [1.0]	9.2 [0.8]
	(B 3 -u +B 3	g )3pσ	0 [0.2]	18.5 [0.6]	50.4 [0.6]	35.0 [0.8]	14.4 [0.6]	19.6 [0.6]	6.9 [0.4]
	(W 3	u )4pσ		32.6 [0.6]	40.4 [0.6]	18.1 [0.4]	10.0 [0.4]	2.4 [0.2]	1.0 [0.2]	0.4 [0.2]
	(B 3 -u +B 3	g )4pσ	1.0 [0.8]	30.8 [0.8]	16.4 [0.4]	8.0 [0.4]	2.1 [0.2]	2.1 [0.2]	0.1 [0.1]
	(W 3	u )5pσ		100 [1.4]	98.2 [1.0]	29.2 [0.6]	13.0 [0.4]	3.8 [0.4]	2.5 [0.4]	0.4 [0.2]
	(W 3	u )6pσ +							
	(B 3 -u +B 3	g )5pσ	75.8 [3.8]	62.6 [3.4]	16.7 [1.5]	3.5 [0.8]	3.3 [1.0]	2.1 [0.8]	0.5 [0.4]
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