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Introduction

Angle resolved molecular frame photoemission constitutes a powerful means to investigate the photoionization dynamics of small molecules, and has lead to several developments in the recent years [1]. In particular, the molecular frame photoelectron angular distributions (MFPADs) determined for photoionization (PI) induced by circularly or elliptically polarized light give access to the most complete information in terms of the dipole matrix elements of the transition, their magnitudes and phase shifts [START_REF] Reid | [END_REF][3][4][5][6]. These transition moments depend on two main factors: the initial and final bound states in the PI process, and the photoelectron scattering dynamics. In this paper we focus on some qualitative features of circular dichroism in molecular frame photoemission, and we discuss the possibility of disentangling the role of the spectroscopic properties of the initial and final bound states from that of the electron scattering dynamics in determining the magnitude of the circular dichroism effect.

In the most general sense, circular dichroism (CD) refers to the selective response of a system interacting with right or left handed circularly polarized light, and it reflects the existence of the chiral character of the system. The CD in total photoabsorption cross sections of chiral molecules having no plane or center of symmetry has been known since the work of Pasteur [START_REF] Barron | Molecular Light Scattering and Optical Activity[END_REF]: it results from an interference between electric and magnetic dipole terms, or electric dipole-electric quadrupole terms and therefore the effects are small (<10 -3 ) relative to the total cross section. Until very recently [START_REF] Muller | [END_REF], circular dichroism spectroscopy has then been dedicated to the characterization of liquid phase samples [9]. However, for photoelectron angular-resolved observables achievable in gas phase photoionization (PI) of molecules, two kinds of CD effects relying on the handedness of the system composed of the incoming photon and target [10] were predicted in the simple electric dipole approximation, giving rise to a significantly larger Circular Dichroism in the Angular Distribution (CDAD). The description of circular dichroism in the electric dipole approximation characterizing laboratory frame differential PI cross section σ(θ) for randomly oriented chiral molecules, where θ is the photoelectron polar angle referred to the light propagation axis, was derived about three decades ago [11,12]. It is characterized by a forward-backward electron ejection asymmetry of the analytical form D P 1 (cosθ), quantified by a dichroism parameter D.

Realistic numerical calculations recently found that the expected asymmetry may be of the order of 10% for specific chiral molecules [13]. This prediction lead to the first valence shell [14][15][16][17] and K-shell [18] PI observations demonstrating indeed a CDAD, also referred to as photoelectron circular dichroism (PECD), of the order of few percents, reaching 10-20% for e.g. camphor enantiomers [17]. For core shell ionization, where the localized initial orbital is achiral, the PECD is mainly ascribed to a final state scattering effect [19], whereas in valence shell ionization a significant influence of the initial orbital has been observed [17,19].

The expression of the circular dichroism in the angular distribution for oriented achiral molecules, in the electric-dipole approximation, has been derived by Cherepkov [12]. There the handedness of the system is induced by the spatial non-coplanarity of three vectors, namely the light propagation axis k, the photoelectron momentum k e , and the molecular axis n. Initially suggested and observed for molecules oriented in a fixed direction of space by adsorption at the surface of a substrate [20,21], CDAD in PI of achiral molecules in the gas phase was first reported in rotationally resolved photoelectron angular distribution [START_REF] Reid | [END_REF], for molecules aligned by multiphoton absorption. The CDAD observation for randomly oriented achiral molecules was further demonstrated by recording molecular frame photoelectron angular distributions (MFPADs), taking advantage of dissociative photoionization (DPI) induced by X/VUV one-photon absorption of circularly polarized synchrotron radiation for inner shell [3,4,22,23] and outer shell [5,6,24,25] In our first investigation of molecular frame photoemission circular dichroism using the vector correlation method [6], we reported the general form of the I(χ, θ e , φ e ) complete angular distribution for PI of linear molecules, in the dipole approximation as: In our previous studies we have reported observations of molecular frame CDADs for selected valence shell PI reactions for diatomic or linear polyatomic molecules [6,24,25], and more recently for a few K shell ionization reactions [22,23]. The measured values were found to be in fairly good agreement with the calculations using the multichannel Schwinger configuration interaction method (MCSCI), however no general discussion of the circular dichroism has been presented so far. 
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The vector correlation method

The (V A , V e , k) vector correlation method consists of measuring for each DPI event the three components of the V A ionic fragment and V e photoelectron nascent velocity vectors, deduced from the arrival time and position of both particles in a double velocity spectrometer described in detail previously [31]. The data reported in this paper were recorded at the circularly polarized light SU5 undulator-based VUV beamline [32] at Super-ACO, operated in the two-bunch mode (period 120ns, pulse time width 800 ps). Using the Stokes parameters (s 0 ,s 1 ,s 2 ,s 3 ) the circular polarization rate s 3 / s 0 of the light was higher than 0.95 in the considered energy range (18-25 eV), the remaining part being mostly unpolarized [33].

Photoionization occurs at the intersection of the supersonic molecular beam SAPHIRS [34] and the light beam. Ions and electrons are extracted from the interaction region by a dc electric field E whose magnitude ensures a 4π collection of both particles (here between 10V/cm and 50V/cm), and guided to the two position sensitive detectors through an intermediate region where focusing lens sets were set to control the charged particle trajectories [31].

The coincident events for each studied DPI process were selected using the electron-ion kinetic energy correlation diagram as described in the earlier related papers [35,36,40,41], and illustrated in sect.6 for PI of NO at the 23. 65 and 25 eV photon excitation energies.

The three angle fit of the I(χ,θ e ,φ e ) angular distribution derived from the spatial analysis of the (V A , V e , k) vector correlation for the selected events, performed according to the general expression given in Eq. 

Theory

Theoretically, we will consider molecular frame photoelectron angular distributions (MFPADs) and in particular circular dichroism in molecular frame photoionization from two perspectives. First we will compute the MFPADs using ab initio methods, specifically using the multichannel Schwinger configuration interaction (MCSCI) method [37,38]. In smaller molecular systems, the MCSCI results can provide nearly quantitative agreement between the experiment and theory. This level of agreement has allowed for the study of dissociative lifetimes [39,40] and ion dynamics [41] through a comparison of measured and computed

MFPADs. The second theoretical approach for studying MFPADs is through a simple model of the ionization process which allows for the description of the MFPAD using a few parameters with physical significance, including the partial-wave composition of the initial state, and scattering phase shifts estimated from quantum defects which correspond to the zero-energy scattering phase shifts for the various scattering partial-waves [30]. In the present paper we will focus in particular on CDADs obtained using these two approaches.

The MCSCI method has been developed over a number of years and can provide an accurate representation of scattering processes for linear molecular systems. This approach has been described in detail elsewhere [37,38] and here we will only discuss the general features of the method. When applied to the photoionization of a molecule with N electrons, the MCSCI scattering wave function ( ) ( )

, klm X r - Ψ
r r is written in a close-coupling expansion where each term in the expansion is a product of a target ion state of N -1 electrons, ( ) ( ), and the superscript (-) indicates that the wave function has the appropriate boundary conditions for an ejected photoelectron. The ion states are each written as configuration-interaction expansions with a modest number of configurations, typically including 1000 to 10000 configuration state functions. The close coupling expansion is also restricted to a small number of important ion states. In the results presented here for the photoionization of NO, this expansion included 17 low-lying ion states [38,42]. In the calculations on N 2 O, a more limited expansion was used with only five valence ion states [40].
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The dipole transition matrix elements I lmµ defined by

( ) ( ) 0 , lm klm I d X r µ µ - = Ψ Ψ r r , Eq.5
where d µ is the dipole operator with angular momentum about the z axis of hµ are computed using the Schwinger variational method where all required integrals are numerically computed using a single-center expansion method [43]. The initial N electron state Ψ 0 is also described by a CI wave function. In all applications to date, the initial and final target states were written using the same set of one-electron functions. This one-electron basis set is usually obtained from a complete-active-space self-consistent field (CASSCF) type calculation. The computed I lmµ matrix elements can then be combined to compute the desired MFPAD or CDAD. In the simplest case for a linear molecule, the computed MFPAD is assumed to be the same as the measured recoil-frame photoelectron angular distribution (RFPAD). This is known as the axial-recoil approximation [44]. However, when the lifetime of the dissociative state is a significant fraction of the rotational period of the molecule, the axial-recoil approximation is no longer valid and the effects of the rotation must be included in the calculation to allow for a direct comparison with experimental data [39,40]. In the case of the photoionization of NO considered here, one source of the discrepancy between theory and experiment may be long lifetimes of the ion states. Thus we have considered different dissociative lifetimes using a rotational constant of 1.67195 cm -1 [START_REF] Huber | Molecular Spectra and Molecular Structure[END_REF] and rotational temperature of 35 K estimated for the molecular beam expansion.

In addition to the accurate MCSCI calculations, we will also consider a simple model (SM) [30] for the dipole transition matrix elements I lmµ in which a limited number of parameters are used. In this model, the matrix are assumed to have the form

I lmµ SM = i l exp -i η l k ( )+ πτ lm     { } C ′ l ′ m Y ′ l ′ m Y 1µ Y lm ′ l ′ m ∑ , Eq.6
where η l k ( ) is the Coulomb scattering phase shift which depends on the asymptotic photoelectron momentum k, πτ lm is the scattering phase, and C ′ l ′ m is related to the partialwave content of the initial orbital. The values of the scattering phases are assumed to be energy independent. The τ lm are given by their low energy values which are known to smoothly connect to the quantum defects of the corresponding Rydberg states with angular momentum quantum numbers l and m that lie below the ionization threshold [START_REF] Jungen | Molecular Applications of Quantum Defect Theory[END_REF]. Thus we chose values of τ lm that are typical of the quantum defects for small linear molecular systems.

The derivation of equation Eq.6 also neglects any coupling between the continuum partial waves and assumes that the radial integrals involving different partial waves of the continuum functions and the same partial wave of the bound orbital all have the same value given by

C ′ l ′
m . The reference model assumes a set of scattering phase shifts with τ 00 = 1.0, In Figure 2(a), we report the CDAD results for PI of N 2 O into the N 2 O + C 2 Σ + (6σ) -1 state: This reaction was identified in our previous investigation of this system using linearly polarized light [40]. We note that for all the data presented in this paper, involving the N 2 O and the NO molecules, θ e is the electron polar emission angle relative to the molecular axis oriented such that θ e = 0° corresponds to an electron emission in the direction of the N end of the molecule as shown in Figure 2.

N 2 O(X 1 Σ + ) + hν → N 2 O + (C 2 Σ + (0,0,0)) + e → NO + (X 1 Σ + ,v) +
The measured circular dichroism for reaction Eq.7 displays a single positive oscillation, which reaches a maximum value of about 0. 2 can then be attributed to the fact that the initial MOs as also shown in Fig. 2 have the valence part of the N 2s with the same phase as the upper lobe of the O 2p z orbital. We point out that, although the shape of the MFPAD evolves significantly across the shape resonance region in the 25-40 eV range, the CDAD remains dominantly positive as shown by the MCSCI calculations reported in [6], as well as the experimental result for hν ≈ 40 eV [5].

Circular dichroism for photoionization of a pπ π π π valence shell orbital

In Figure 4, we now compare the CDAD results for two PI reactions of O 2 and N 2 O involving an ionized orbital of π symmetry, for a photon excitation energy hν ≈ 24.4 eV [24] and 19.5 eV [25], respectively:

O 2 (X 3 Σ g -) + hν → O 2 + (3 2 Π u ) + e → O + ( 2 P) + O( 3 P) + e
Eq.9

N 2 O(X 1 Σ + ) + hν → N 2 O + (B 2 Π) + e → NO + (X 1 Σ + ,v) + N( 2 D) + e Eq.10
corresponding to photoelectron energies in the range of E e ≈ 0.5-1.5 eV. For PI of O 2 (Eq.9)

the CDAD parameter displays a clear oscillatory structure about 0, with maxima and minima of magnitude of about 0.3, corresponding to a very different θ e dependence when compared to the one observed for ionization of the spσ orbitals shown in Figure 2. This structure is very well described by the MCSCI calculation, although the computed extrema values are larger.

Indeed for the O 2 homonuclear molecule, the intrinsic inversion symmetry of the CDAD parameter with respect to θ e = 90°, as well as that of the F 11 function, imposes at least a node

for θ e = 90°, therefore an oscillatory structure. In such a case, the CDAD effect, when averaged over θ e , goes to zero.

For PI of N 2 O into the N 2 O + (B 2 Π) ionic state (Eq.10), also explored at a few other energies in the 18.5-21 eV photon energy range, the measured CDAD parameter oscillates symmetry property of the CDAD, which tends to zero when averaged over θ e . We now associate this characteristic to the (quasi) definite symmetry of the ionized orbital.

Photoionization of NO into the NO + (B) state

The symmetry of the second dissociative ionic state populated by PI of the NO molecule in the 22.5-24 eV region labeled as NO + (B), and vibrationally resolved in photoelectron spectroscopy (PES) [26], has not been definitely assigned [28], to our knowledge. Two assignments have been proposed in literature, namely the Σ symmetry (B' 1 Σ + ) [26] and the Π symmetry (B 1 Π) [27] corresponding to ionization of the 1π orbital and the 4σ MO discussed for Eq.8, respectively. In the calculations by Partridge et al [29], the vibrational distribution extending in the 22.6-23.6 energy range in the PES spectra is attributed to the (B 1 Π) state. In this section we report and discuss the CDAD for this process for the hν The photoelectron energy resolution does not enable us to resolve the vibrational distribution.

The KECD obtained for a photon energy hν ≈ 25 eV is reported in Fig. The KECD also shows that the diagonal structure along the L 1 dissociation channel extends until the zero electron energy limit, characterizing the population of a strongly repulsive ionic state in the FC region. This peak is consistent with the underlying continuous photoelectron energy distribution in the PES spectra [26]. Some features of the MFPADs for the two 22.6- MFPADs not reported here suggest also a limited contribution of the (B' 1 Σ + ) state to this region. The complete MFPAD results will be reported later, as well as those for the two components of the elongated structure observed at hν ≈ 25 eV: they support the assignment of the 23.6-25 eV binding energy region to the dominant contribution of the (B' 1 Σ + ) state. This complex ionization continuum region deserves complementary studies at higher resolution, and a more detailed comparison with MCSCI calculations taking into account the several electron energies involved in ionization into repulsive ionic states, such as the (B 1 Π) and (B' 1 Σ + ) states.

Discussion and conclusion

In this paper we have reported a detailed comparative study of experimental and theoretical results for molecular frame photoemission induced by VUV circularly polarized light for valence shell PI of selected simple molecules. The vector correlation method on the experimental side has been combined with the MCSCI ab initio method and the predictions of a simple model for photoionization, on the theoretical side. This study enables us to emphasize some general qualitative features of circular dichroism in molecular frame photoemission, illustrating both the influence of the initial molecular orbital symmetry and the sensitivity of the final state scattering effect. Disentangling the role of the initial MO properties, we conclude that a strong positive (or negative) circular dichroism effect, that produces a significant left-right electron emission asymmetry in the plane perpendicular to the propagation axis of circularly polarized light, even after averaging over the polar angle θ e , requires that the initial MO has no definite symmetry. This is the case for example for an initial spσ orbital as illustrated in PI of NO and N 2 O into the NO + (c 3 Π and B 1 Π) and N 2 O + (C 2 Σ + (0,0,0)) ionic states, respectively. On the other hand, when the ionized orbital (3 2 Π u ) and N 2 O + (B 2 Π) states, the CDAD must display an oscillatory structure with an odd symmetry with respect to θ e = 90°, whose integral value is zero, or near zero. This is clearly the case, although the double oscillation observed differs from single oscillation obtained at the simplest level of the SM. However, a slight modification of the relative phases of the photoelectron scattered waves, here the dλ partial waves, enables a very good description of the CDAD, pointing to the sensitivity of the CDAD to the scattering dynamics.

Based on this analysis, the results obtained in the study of PI of NO in the 22-25 eV energy region favor the assignment of the ionic state corresponding to 22.6-23.6 eV binding energies predominately to the NO + (B 1 Π) [27,29]. However, this specific case remains rather complex since the ionic states involved must have a significant predissociation time, and a partial overlap, and it would require further investigation.

We now consider briefly the case of an sσ ionized orbital, that we did not discuss earlier in the paper. As shown in Figure 3(c), the SM predicts a CDAD equal to zero, unless a phase shift is introduced between the two pσ and pπ partial waves in the final scattering state, leading to a CDAD that is very similar to the CDAD for the initial pπ orbital without modified phase shifts (Fig. 3(b)). Both of these CDADs have the odd symmetry characteristic of the ionization from an orbital with definite symmetry, but in the case of the sσ ionization the change of the phase shifts between the pσ and pπ waves cannot induce the double oscillation structure seen in the pπ orbital CDAD with modified phase shifts. We note however that for K-shell ionization, a significant CDAD displaying a strong oscillatory structure has been observed for diatomic molecules e.g. N 2 and CO (C 1s orbital) [4] which, for the dominant features, changes sign when reflected through θ e ≈ 90°; this is also the case to some extent only for N 1s and O 1s ionization of NO [22,23]. The number of oscillations found implies the contribution of higher l partial waves, showing the importance of the final state scattering effects which are outside the scope of the SM. This discussion suggests that to the conclusion from the study of PECD for K-shell ionization of chiral molecules [18,19,49].

Further investigations will be interesting to pursue in order to explore the general validity of the qualitative features of the molecular frame CDAD for achiral molecules reported here, and their power to characterize the relative importance of the properties of the initial MOs involved in photoionization of molecules and of the scattering dynamics on the other side. Site selected localized K-shell ionization of small polyatomic molecules will constitute one example [22]. Furthermore, although the origin of circular dichroism is different, it would be interesting to explore the circular dichroism for simple chiral systems in the recoil frame of the fragmenting molecule [50], that will differ from the molecular frame for non-linear molecules in general. The relative importance of the PECD induced by the intrinsic chirality of the system, and that of the CDAD due to the spatial geometry discussed here, has been investigated recently for core level PI of chiral molecules adsorbed on surfaces [51,52]. Such investigations would be very interesting to perform for valence-shell PI of simple chiral molecules in the gas phase. 

  photoelectron for each DPI event.

Figure 1 .

 1 Figure1. The Stokes parameter s 3 is equal to -1 for left handed circularly polarized (LHC) light of positive helicity (h = 1). In this expression the dependence on φ e and χ is through low order analytical functions: the complete dynamical information about the PI reaction is described by the five one-dimensional F LN (θ e ) functions, which give access to the transition moments between the ionized orbitals and the photoelectron continuum state, their magnitudes and relative phases. The value of F 11 governs the circular dichroism and gives access to the sign of the phase shifts of the dipole matrix elements. The most favorable geometry for the observation of circular dichroism in the molecular frame is obtained for a molecule oriented perpendicular to the light propagation axis. The CDAD is then characterized by the left-right asymmetry of photoelectron emission which is maximum in the plane perpendicular to k (φ e = 90° and φ e = 270°) as described by the sin (φ e ) dependence in equation 1. We defined the dimensionless CDAD parameter in two equivalent ways, and established an expression in terms of the F LN (θ e ) functions[6] as follows:

  photoelectron, and  is the antisymmetrization operator. The index k on the scattering wave functions represents the asymptotic magnitude of the momentum, the indices l and m indicate that the dependence of homogeneous solution of the scattering equations on the photoelectron emission direction k has the form Y lm k

  N( 2 P) + e Eq.7 for a photon excitation energy hν ≈ 21 eV, corresponding to a photoelectron energy E e ≈ 1 eV, in terms of the CDAD parameter and the cut of the I +1χ=90 (θ e ,φ e ) MFPAD in the plane perpendicular to the light propagation axis (φ e = 90° and φ e = 270°) as defined in section 2.
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 2131 The computed CDAD is also dominated by a single smooth positive oscillation, reaching significantly larger values with a maximum of however, taking into account the existence of a predissociation time of 2ps for the C 2 Σ + ionic state and the subsequent rotation of the molecule prior to dissociation[40], the computed CDAD is decreased and matches very well the experimental result. The agreement is also very good at the level of the MFPADs when the effect of rotation is included in the calculation, illustrating the strong left-right emission anisotropy with a clear propensity for electron emission on the left side (φ e = 90°), for a positive photon helicity.The comparison of the circular dichroism for the reaction in Eq.7 with the one obtained previously for PI of the NO molecule into the NO + (c 3 Π) state according to : NO(X 2 Π) + hν → NO + (c 3 Π) + e → N + ( 3 P) + O( 3 P) + e Eq.8for comparable photoelectron energies, here hν ≈ 23.65 eV and E e ≈ 1.8 eV[35], also displayed in Figure2(b) exhibits a similar behavior: the measured CDAD reaches significant positive values, very well predicted by the calculation.

Figure 2

 2 Figure 2 also displays the canonical Hartree Fock (HF) orbitals representing the N 2 O(6σ) and the NO(4σ) molecular orbitals (MOs), respectively. In N 2 O, the 6σ MO in the region of the NO bond is very similar to the 4σ MO of NO. In both cases, the MO can be well characterized in a linear combination of atomic orbital (LCAO) description as being a N 2s + O 2p z orbital.The qualitative features of the CDADs shown in Fig.2can be understood using the SM for the CDAD. In the SM, the initial state can be represented as a simple LCAO state with equal contributions of sσ and pσ atomic orbitals, i. e. with C 00 = +1.0 and C 10 = +1.0 . The resulting CDAD is given in panel (a) of Fig.3. We can see that the SM model CDAD is strongly positive for most angles. The fact that the CDAD is generally positive for the C 00 = +1.0 and C 10 = +1.0 initial orbital is a reflection of the relative phase of the sσ and pσ

  reaches significantly lower values. For this reaction we have shown previously that the molecule must bend prior to dissociation, corresponding to a mean recoil angle of θ R = 30 deg.[41] and causing a significant attenuation of the emission anisotropies. The MCSCI calculations including the effect of bending prior to dissociation lead to a fair agreement with the experimental result, for the CDAD and the MFPADs.The comparison between the computed circular dichroism effects for both reactions exhibit strong similarities: the oscillatory structure are quite comparable, although the inversion symmetry property is not strictly satisfied for PI into the N 2 O + (B 2 Π).The canonicalHartree-Fock orbitals that correspond to the initial orbitals from which the photoelectron is ejected in ionization leading to the O 2 + (3 2 Π u ) and N 2 O + (B 2 Π) states are shown in Fig. 4. Both of these orbitals can be described as bonding π orbitals that in the LCAO description would be the in-phase linear combination of pπ orbitals centered on each atom. In the SM for these systems we would thus represent the initial state by a simple pπ initial orbital. The predicted CDAD in the reference SM is given as the simple dashed line in panel (b) of Fig. 3. Although the SM CDAD does not resemble either the measured or computed MCSCI CDADs, we note that it satisfies the inversion symmetry with respect to θ e = 90° required for an homonuclear molecule, which is in fact characteristic of the initial orbital symmetry in the SM description, valid here both for O 2 and N 2 O pπ MOs. In general the SM will always predict a CDAD with this odd symmetry when the initial orbital has definite parity. Furthermore, we have previously noted [24] that the CDAD function is particularly sensitive to the relative phases of the photoelectron scattered waves. In panel (b) of Fig. 3, we give the CDAD for the pπ initial state when the assumed scattering phase shifts of the different symmetries of the d waves are varied. A choice of d wave phase shifts of τ 20 = 0.0 , τ 21 = 0.2 , and τ 22 = -0.2 gives SM CDAD results that are very similar to the measured and MCSCI CDADs for the two examples of ionization from pπ initial orbitalsconsidered here. This modified SM result is very similar to that previously discussed[24] the ionization leading to the O 2 + (3 2 Π u ) state. It also preserves the inversion

  photoelectrons in the 0-1 eV energy range, as shown on the electron-ion kinetic energy correlation diagram (KECD) derived from the vector correlation analysis, displayed in Figure5(a). The KECD shows that the B state predominately dissociates into the L 1 ground state limit channel as reported earlier[35,48]:

  5(b) to supply complementary information for PI in this region. Now the 22.6-23.6 binding energy range attributed to the B state discussed here corresponds to photoelectrons of 1.4-2.4 eV energy.

23. 6

 6 eV and 23.6-25 eV components suggest the contribution of two different electronic states. One sees also that a third electronic state lying at about 24.8 eV in the FC region is populated, which dissociates into the L 2 /L 3 (N + ( 1 D)+O( 3 P) and/or N + ( 3 P)+O( 1 D)) close lying dissociation channels.
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 6555540 Figure 6 displays the 4σ and 1π canonical Hartree-Fock orbitals (a,b), the MCSCI computed CDADs for PI into the (B 1 Π) and (B' 1 Σ + ) ionic states (c,d) for an electron energy about 0.5 eV, and the measured CDAD (e) at 23.65 eV. The MCSCI CDADs are consistent with the fingerprints reported for the spσ and pπ orbitals in sect. 4 and 5, corresponding to a

2 +

 2 quasi) defined parity like the pπ orbital involved in PI of O 2 and N 2 O into the O
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 22 -shell ionization the CDAD arises purely as a final state scattering effect, quite similar

Figure 1 .

 1 Figure captionsFigure 1. Sketch of the triplet (k e , n, k): χ is the polar angle referring the orientation of the molecular axis n with respect to the light propagation axis k, the polar and azimuthal angles (θ e , φ e ) characterize the k e photoelectron momentum direction in the (x,y,z) molecular frame defined by the molecular axis and the light propagation axis (0 ≤ χ≤ π; 0 ≤ θ e ≤ π; 0 ≤ φ e ≤ 2π).Figure 2. (a) N 2 O(6σ) canonical HF orbital, CDAD and (φ e = 90° / φ e = 270°) cut of the

Figure 2 .

 2 (a) N 2 O(6σ) canonical HF orbital, CDAD and (φ e = 90° / φ e = 270°) cut of the I(χ, θ e , φ e ) MFPAD for a N 2 O molecule oriented perpendicular (χ = 90°) to the propagation axis of LHC circularly polarized light (h = 1) as shown (N up) for ionization of the (6σ) orbital: experimental result at hν = 21 eV (dots), MCSCI calculations for E e = 0.8 eV (solid line), MCSCI result for a predissociation time τ = 2 ps (dashed line); (b) NO(4σ) canonical HF orbital, CDAD and (φ e = 90° / φ e = 270°) cut of the I(χ, θ e , φ e ) MFPAD for a NO molecule oriented perpendicular (χ = 90°) to the propagation axis of circularly polarized light (h = 1) as shown (N up) for ionization of the (4σ) orbital: experimental results at hν = 23.65 eV (dots), MCSCI calculations for E e = 1.9 eV (solid line); (see text); for the MFPADs, theory and experiment are normalized such that the total photoionization cross sections for each PI process are identical.

Figure 3 . 1 Deleted: 2

 312 Figure 3. Predicted CDADs from the SM. (a) CDAD for an initial (sp)σ orbital with C 00 = 1.0, C 10 = ±1.0 and all C ′ l ′ m = 0 using the

Figure 4 .

 4 Figure 4. (a) O 2 (1π u ) canonical HF orbital, CDAD and (φ e = 90° / φ e = 270°) cut of the I(χ, θ e , φ e ) MFPAD for a O 2 molecule oriented perpendicular (χ = 90°) to the propagation axis of circularly polarized light (h = 1) for ionization of the (1π u ) orbital: experimental results at hν = 24.4 eV (dots), MCSCI calculations for E e = 0.7 eV (solid line); (b) N 2 O(1π) canonical HF orbital, CDAD and (φ e = 90° / φ e = 270°) cut of the I(χ, θ e , φ e ) MFPAD for a N 2 O molecule oriented perpendicular (χ = 90°) to the propagation axis of circularly polarized light (h = 1) as

Figure 5 .

 5 Figure 5. (E e , E N+ ) KECDs of the (N + , e) coincident events for DPI of NO at a photon excitation energy hν = 23.65 eV (a) and hν = 25 eV (b); the extraction field of 35V/cm combined with Λ e and Λ A+ standard focusing lens sets ensures a 4π collection of electrons and ions with E ≤3 eV. L 1 , L 2 /L 3 correspond to the lowest dissociation limits (see text). The intensity scale runs from blank (lowest int.) to black (highest int.) in linear scale; within each KECD selection, the scales are consistent and the contour lines are spaced by 10% of the maximum value.

Figure 6 . 1 Σ 1 Π

 611 Figure 6. (a) NO(4σ) HF orbital; (b) NO(1π) HF orbital; (c) MCSCI computed CDAD for PI into the NO + (B 1 Π) state for E e ≈ 0.5 eV and a predissociation time τ = 0 ps (solid line), 0.5 ps (dotted line) and infinite (dashed line); (d) MCSCI computed CDAD for PI into the NO + (B'

  In this paper we report new experimental and theoretical results for two processes, PI of the N 2 O molecule into the C 2 Σ + (6σ) -1 state of N 2 O + and PI of NO into the NO + B state located in the region 23-24 eV above the NO(X,v=0) ground state, whose symmetry has not been definitely assigned[26][27][28][29]. The detailed analysis of these results, together with those obtained earlier for a series of valence shell PI reactions
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	about the bound states involved in the PI process and about the scattering process [30]. R General characteristics of the CDAD are derived which indicate the relationship to the e symmetry of the initial ionized orbital. The photoionization dynamics also play a role for some complementary features of the CDAD parameter. This analysis of the combined experimental and theoretical results, supported by features of the electron-ion kinetic energy v i e
	correlation, enables us to discuss the symmetry assignment for the B state of NO + populated w
	in the 23-25 eV photon energy region. Comparing further the predictions of the simple model with the experimental and MCSCI CDAD results for K-shell PI of diatomic molecules suggests that for inner-shell ionization the dichroism arises purely as a final state scattering O n l effect, similar to the conclusion from the study of PECD for K-shell ionization of chiral y
	molecules.
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corresponding to ionization of a spσ and a pπ valence molecular orbital, respectively, point out common characteristics which demonstrate the significant influence of the initial state on the CDAD. The discussion also relies on the comparison of the measured and computed CDADs with the predictions of a simple model for molecular frame photoemission,
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  to the light axis corresponding to φ e = 90° and φ e = 270°, respectively. I +1χ=90 (θ e ,φ e ) = F 00 (θ e ) + 0.25 F 20 (θ e ) + F 11 (θ e ) sin(φ e ) -1.5 F 22 (θ e ) cos(2φ e ) Eq.3

	perpendicular to the propagation axis of circularly polarized light (helicity +1) (see Eq.3) in
	the plane perpendicular
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	1, provides the five F LN (θ e ) functions. In the present discussion we will use two representations of the circular dichroism results: (i) the CDAD parameter as O n l defined in eq.2 and (ii) the cuts of the I +1χ=90 (θ e ,φ e ) MFPAD for a molecule oriented y
	9

  10 = τ 11 = 0.7 , τ 20 = 0.2 , and the value of all other phase shifts are taken to be τ lm = 0 . We further note that the only energy dependence in the SM MFPADs comes from the energy dependence of the Coulomb phases shifts. Thus the present SM does not include resonant effects such as shape resonances and autoionization[25]. Such effects could be included in a SM formalism by including appropriate energy dependence in the magnitude and phases of the dipole matrix elements. Finally, we note that the SM does not include any effects from coupling between asymptotic channels that lead to different ion states. With this assumption, the initial state orbital correspond to the Dyson orbital, which implicitly includes all initial state and final ion state electron-electron correlation effects[47]. Thus the SM model can be applied to states with significant configuration interaction mixing in the target wave functions as long as interchannel coupling effects are small.4.
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