P Kalaitzis 
  
S Danakas 
  
C Bordas 
  
S Cohen 
email: scohen@uoi.gr
  
Manipulating slow-photoelectron wavepackets by rotation of the linear laser polarization

Keywords: numbers: 32.80.Fb, 07.81.+a, 32.60.+i, 32.80.Rm

We study near-threshold atomic photoionization in the presence of an external uniform static electric field, where the two-dimensional flux of the produced slow (meV) photoelectrons is projected on a position sensitive detector (PSD). The ionized highly excited Stark states depend sensitively on the static field and, consequently, its presence is an essential ingredient for properly interpreting the recorded images, particularly the influence of laser polarization. We illustrate this by employing a two-photon ionization scheme and by obtaining images for different angles between the linear ionizing-laser polarization and the field direction, the latter adopted as the quantization axis. It is shown that, given the m=0 magnetic quantum number of the initial (ground) state, such a scheme allows for the population of |m|=0, 1 and 2 final Stark states with |m|-excitation weights depending on the aforementioned angles. By referencing dipole excitation selection rules to the chosen quantization axis, hydrogenic calculations accurately reproduce this multiple-|m| presence and |m|-beating effects witnessed in the experimental threshold photoelectron images of the Mg atom. It is, furthermore, shown that a set of total ionization cross sections recorded at selected angles between light polarization and field direction can lead to the decomposition into their |m|-contributions. These observations demonstrate the ability to manipulate the |m|-composition of outgoing electron wavepackets by means of laser polarization rotation. On a more practical level, emphasis is given on their relevance to tomographic techniques realized on a quite similar apparatus and frequently used for the reconstruction of three-dimensional momentum distributions using a set of two-dimensional projections on the PSD. We show that, since these techniques rely on the assumption that the sole role of the static electric field is to merely project photoelectrons on the PSD, they are simply not applicable under conditions where the excited state is influenced by this field.

I. INTRODUCTION

Near-threshold atomic photoionization under the presence of an external static (DC) uniform electric field is a problem of fundamental interest. It is nowadays most adequately studied by photoionization microscopy (PM) [ 1 ], the term denoting an experimental technique where the twodimensional flux of slow (meV) photoelectrons is projected (imaged) on a position sensitive detector (PSD). Both theory and experiment showed that threshold photoelectron imaging can provide access to information related to wavefunctions of continuum [ 2,3 ] and quasibound [ 4 ] atomic Stark states, photoelectron momentum distributions transversely to the DC field [ 2,5,6,7 ] and electron dynamics [ 8 , 9 ]. The technique was additionally considered as a tool suitable for surface characterization [ 10 ]. Much of the rich phenomenology observed in PM studies is specific to slow photoelectrons. Several unique image features can be predicted even by classical source-to-detector slowelectron trajectory calculations. The latter show that above a certain excitation energy threshold the images should consist of concentric structures of different radii, despite being created by singleenergy electrons [ 11,12,13 ]. This prediction is largely verified by experiment [ 2,4,5,8 ]. It is, however, in complete contrast to the usual hypothesis made in standard (eV range) electron imaging spectroscopy, namely that there is a one-to-one correspondence between the number of electron groups of different energy and the number of image rings. The situation is further complicated by additional radial structures in the form of multiple "rings", stemming from quantum spatial interference effects.

Evidently, except for the outer ring [ 11 ], the radial structures of PM images do not simply reflect the electron energy spectrum.

In fact, apart from (and even in the absence of) the above radial structures, PM images are also expected to occasionally exhibit angular interferences. The latter stem from the possible presence of multiple-|m| coherent contributions to the outgoing electron flux, |m| being the magnetic quantum number. When these contributions are numerous, they may result in generally complicated electron wavepackets and corresponding classical trajectories towards the detector. Actually, for simplifying the analysis of the observed interference patterns, PM experiments were so far mostly restricted, if possible, to the excitation of single-|m| final Stark states. Therefore, the above mentioned |m|-beating effects were experimentally evidenced or theoretically calculated for just a few and rather simple situations involving two-photon ionization schemes and linear ionizing-laser polarization perpendicular to the static field direction [ 7,14,15 ]. Circular polarization was introduced only theoretically within the related but fairly different context of photodetachment [ 16 ]. Thus, the multiple-|m| presence in PM images has not yet been examined in detail.

The thorough investigation of such angular interference phenomena and of their possible manipulation is the main purpose of the present work. We accomplish this task by two-photon exci-tation/ionization of near threshold final Stark states of magnesium atom out of its m=0 ground state and by recording PM images for different angles between the linear laser polarization and the field direction. Our experimental images are very well reproduced by hydrogenic calculations based on the formulation of Ref. [ 7 ]. Furthermore, by employing the Harmin-Fano Frame Transformation (FT) theory [ 17,18 ] we show that, under certain conditions, it is possible to decompose the total ionization cross section into its different |m|-contributions by means of a few measurements at selected angles between light polarization and field direction.

The study of angular interferences by means of the linear polarization rotation has not been examined in the past (although it was briefly proposed in the aforementioned theoretical work of Ref. [ 16 ] dealing with photodetachment). Nevertheless, it is interesting to note that our setup and polarization rotation procedure share many similarities with tomographic techniques devoted to the reconstruction of three-dimensional (3D) photoelectron angular distributions (PADs) by means of a set of two-dimensional (2D) projections on the PSD. A fundamental assumption upon which these techniques are based, however, is that the DC field does not modify the nature of the excited states, but simply projects the produced photoelectrons on the PSD. On the contrary, our study shows that for properly analyzing the recorded images it is instrumental to implicate the DC field, in a unified treatment of electron excitation, release and projection onto the detector. We discuss in some detail this important issue and try to identify the applicability range of slow photoelectron imaging on the one hand and of the tomographic reconstruction techniques on the other.

The rest of the paper is organized as follows: In Section II we provide a short description of our experimental setup and procedure. Section III is devoted to a brief presentation of the quantum PM theoretical framework with emphasis on the consequences of the rotation of the linear laser polarization with respect to the static field direction. Experimental images are compared with computed ones and total ionization cross sections are |m|-decomposed in Section IV. In the same section we discuss in detail the implications of our results on the manipulation of the created electron wavepackets, as well as on the range of applicability of tomographic techniques employed in standard photoelectron imaging spectroscopy. Finally, in Sec. V we give our conclusions and directions of future work.

II. EXPERIMENTAL SET-UP AND PROCEDURE

Details about the experiment have been reported elsewhere [ 7,8,15 ]. Briefly, a magnesium atomic beam intersects a laser beam inside a laser-atom interaction chamber held at a background pressure of ≈7´10 -7 mbar. The atoms are excited from their 3s 2 1 S0 ground state to the vicinity of the ionization threshold by two-photon non-resonant excitation. The required 305-335 nm radiation is produced by frequency doubling the 610-670 nm output light of a Nd:YAG pumped dye laser using a KDP crystal. The laser operates at a repetition rate of 10 Hz and the fundamental visible radiation pulses have ~5 ns duration and a linewidth of ~0.2 cm -1 . A small fraction of the fundamental radiation is sent to an absolute frequency calibration system offering an overall uncertainty of ~0.5 cm -1 . The linear polarization of the UV radiation is purified via a Rochon prism linear polarizer and accurately rotated to within 1 degree by means of a double-Fresnel rhomb (acting as a λ/2retarder). Finally, the UV light is focused in the interaction region via an in-vacuum ≈5 cm focal length lens.

The atomic and laser beams are perpendicular to each other and to the static electric field oriented along the axis of the electron spectrometer. Note that the precise orientation of the atomic beam is of no consequence on the observed processes. On the other hand, an angle between the laser beam propagation direction and the static field axis differing from a right angle may have direct consequences on the image. Therefore, great care was taken for maintaining a right angle between the laser propagation axis and the static field axis during the recordings of the experimental data presented in this work. The spectrometer is designed along the principles of a standard threeelectrode velocity-map-imaging (VMI) instrument [ 19 ]. The interaction region is positioned midway between the first solid repeller electrode held at a voltage VR and the second hollow extractor one held at VE. This structure is completed by a third grounded hollow electrode and operates as a lens [ 19,20 ] due to the created inhomogeneous electric field. Inside the limited laser-atom interaction volume, however, the static field is nearly constant. For a given VE/VR ratio the focal length of this lens matches the spectrometer's length. Photoelectrons are accelerated by the field towards the end of a field-free drift tube. An electrostatic einzel lens is placed about halfway through the tube for magnifying the recorded images by a factor of up to twenty [ 20,21 ]. Photoelectrons are detected by a 2D PSD made of a tandem micro-channel plate assembly and a phosphor screen. A CCD camera records the distribution of light spots on the screen. Recorded images are transferred to a PC, where they are accumulated over several thousand laser shots. The entire spectrometer is shielded by a double µ-metal layer offering protection against stray magnetic fields. Great care is taken to work at a low signal level, avoiding as much as possible saturation effects, detector fatigue and deterioration of the detector's sensitivity in regions where the signal is intense.

III. THEORETICAL DESCRIPTION

The quantum description of an electron subjected to the combined presence of a Coulomb field and a homogeneous DC electric field directed along the positive z-axis (that is, F=Fz, see Fig. 1) was described in detail in Refs. [ 7,8 ] and here we emphasize mainly on the specificities of the present study. The potential energy for the Coulomb-Stark problem is written in atomic units as V = -Z/r + Fz, with r = [x 2 +y 2 +z 2 ] 1/2 being the distance of the electron from the residual structureless ion of charge Z. As is well known, for this potential energy the Schrödinger equation is separable in parabolic coordinates χ=[r+z] 1/2 ³0, υ=[r-z] 1/2 ³0 and φ=tan -1 (y/x) [ 22 ]. Separability is achieved by writing the wavefunction in the product form ψ(r)=[2πχυ] -1/2 Χ(χ)Υ(υ)e imφ , where the magnetic quantum number m=0,±1,±2,… is referenced to the static field (quantization) axis. Insertion of this form to the Schrödinger equation leads to two differential equations defining the wavefunctions Χ and Υ and containing the separation constants Z1 and Z2, respectively (with Z1+Z2=Z). The electron may escape to infinity solely via the υ-coordinate. The problem is solved for fixed |m|, F and energy E ≥ Esp (with Esp=-2[ZF] 1/2 the saddle point energy [ 23 ]). The outgoing flux of electrons is described by the current probability density over the surface of a υ-paraboloid located at which for υdet→∞ writes,

with ρ=χυdet. In the above expression, n1 stands for the number of nodes of the wavefunctions , the latter obtained by quantizing the separation constants and the coherent sum runs over all (positive and negative) m values that may be excited out of a given initial level. As for the phases , they are related to the large-υ behavior of the Υ(υ) wavefunction [ 7,8 ],

where the wavenumber function is written as

, ( 2b 
)
while the phase is given by,

and the constant phase f depends on υo.

Lastly, in Eq. ( 1) are (single-or multi-photon) dipole transition matrix elements between the Stark states and the initial level ψi and stands for a relevant transition operator.
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The coherently summed contributions over n1 and m in Eq. ( 1) result in a radial interferogram, whose form is dictated by the wavefunctions , and an angular interferogram due to the possible presence of multiple-|m| terms. The total ionization cross section,

is obtained by integrating over the full surface of the υ-paraboloid. As is evident from Eq. ( 3), this operation leads to an incoherent summation of squared matrix elements over n1 and m

[ 7 ]
. Consequently, interference effects are greatly washed-out, though a signature of them may remain in σtot.

The experimental arrangement examined in this work is given in Fig. 1. The laser beam propagates along the x-axis. The linear laser polarization vector lies in the z-y plane. We denote by α the angle between and the positive z-axis, i.e. α=0 for ε//z. In other words, α is the angle between the laser polarization and the static electric field. Therefore, the dipole excitation operator is written as, .

Further, in the present work we study two-identical-photon transitions out of an mg=0 ground state ψg (considered unperturbed by the DC field). In the absence of one-photon resonant intermediate states, the pertinent two-photon matrix elements may be expressed via single-photon dipole matrix elements connecting the final Stark states with a virtual state ψv. The latter is calculated by solving the inhomogeneous Dalgarno-Lewis equation [ 24,25,7 ] that dictates the ψg → ψv transition via the same operator of Eq. (4).

For hydrogenic (Z=1) calculations out of the ψg=|1s> ground state and with two-photon matrix elements computed using the operator of Eq. (4), Eq. (1) gives,

with the "radial" matrix elements defined in Appendix A, where a brief derivation of Eq.

(5) is given. Computational details for all quantities implicated in Eq. ( 5) may be found in [ 7 ]. The superscripts π or σ denote dipole selection rules dictating the transition to the final m-state out of the virtual one of given M (=0 or ±1), according to the polarization of the second absorbed photon (π
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for Δm=0 and σ for |Δm|=1). The possible excitation pathways are shown in Fig. 2. Despite being lengthy, Eq. ( 5) clearly demonstrates the simultaneous excitation of all |m|=0, 1 and 2 final states.

Each |m|-term includes its corresponding wavefunctions

, its phase factors , its matrix elements , its φ-dependent angular distribution functions and, more importantly, its α-dependent weights.

Using Eqs. ( 3) and ( 5) the total ionization cross section may be obtained in terms of the matrix elements and their weights which are functions of α. Nevertheless, we found it more appealing and convenient to start from Eq. ( 1) and rearrange the total cross section in another form stemming from the FT theory of Fano and Harmin [ 17,18 ]. Within the FT theory context, excitation/ionization spectra are elegantly described by combining zero-static-field excitation cross sections (which are slowly varying with energy) with the static-field-mediated quantities named after

Harmin as the densities-of-states [ 17 ]. These quantities are here denoted by and incorporate all the relevant Stark spectral structure. Even more, they embody the zero-field Rydberg series quantum defects and therefore the formalism can be applied to either hydrogenic or non-hydrogenic atoms. The full derivation of the FT theory form of the total cross section is given in Appendix B.

Here we provide solely the expression to be employed in the present work, which writes, .

This equation is valid under the approximation that zero-field two-photon excitation to s-states is much weaker than that to d-states and can thus be ignored. Experimental measurements for the Mg atom [ 26 ] showed that this is a good approximation in our case. Below, we compare the predictions of our central Eqs. ( 5) and ( 6) with our recorded Stark images and spectra.

IV. RESULTS AND DISCUSSION

A. Linear polarization rotation at fixed energy

We discuss first the effects observed upon rotation of the linear laser polarization with respect to the electric field direction (i.e. by varying α) at fixed excitation energy. A first obvious and simple choice would be to use single-photon excitation out of an m=0 initial state, which, according to the dipole operator of Eq. ( 4), would generally result in a coherent excitation of m=0 and |m|=1

Stark states with weights depending on α. However, we prefer to choose here a two-photon excitation scheme, leading to the presence of states with three different |m| values and increasing this way the wealth of angular interference phenomena. We employ off-resonance conditions, since, as al- ready suggested [ 7 ], these conditions allow for a meaningful qualitative comparison between experimental non-hydrogenic PM images and relevant hydrogenic calculations. Experimentally, twophoton ionization of ground state Mg atoms proceeds in the presence of a static electric field F = 680 ± 10 V/cm, the latter estimated by the methods exposed in [ 15 ]. The atoms are excited above the saddle point energy and specifically to E≈-0.76|Esp| (as measured from the zero-field limit E=0). light spots on the PSD. Then, Gaussian blurring was applied with this spot size that corresponds to about one fourth of the typical distance between successive maxima (fringe spacing) exhibited by the images at the examined energy range. As for the energy convolution, we took into account the ~0.5 cm -1 experimental energy uncertainty. Spatial effects were found to be more important. Evidently the convoluted images resemble more closely the experimental ones as compared to the nonconvoluted ones. The latter show much better resolution and contrast and they are given in Fig. 3(c) in order to represent the limit that could be obtained in an ideal experiment.
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Let us recall that for α=0 o (π-polarization) only m=0 states can be excited from an m=0 initial state [ 15 ]. Experimental and computed π-polarization images of Fig. 3, with their disc-like shapes, exhibit the expected lack of angular dependence for m=0. Moreover, they are both characterized by an intense central (glory) spot and a fairly strong outer bright (rainbow) fringe [ 8 ]. On the contrary, and despite the different initial (ground) states of Mg (experiment) and hydrogen (computation), they both exhibit a rather faint inner bright fringe pattern. The last similarity cannot be generalized, but it characterizes m=0 magnesium images just above the saddle point energy [ 7 ].

Next, consider the σ-polarization (α=90 o ) images for which excitation of both |m|=0 and 2 is possible [ 15 ]. Here again experimental and computed images show many resemblances and most noticeably their cross-like shapes, stemming from the cos 2 (2φ) angular dependence and implying the dominance of the |m|=2 waves over the m=0 ones. Nevertheless, the m=0 contribution manifests itself in the very bright glory signal at the center of each image, which may originate solely from m=0 waves [ 8 ]. Additionally, the coherent summation over the two values of m in Eqs. (1) or (5) leads to |m|-beating [ 14,7 ] and consequently to φ-dependent bright fringe intensities and radii. This is more evident in the computed hydrogenic images, where the fringe pattern in the y-direction is somewhat different and more intense than in the x-direction (with the two directions defined in Fig. 1).

Evidently, α=180 o images are identical to the α=0 o ones and the same holds for the α=90 o /270 o pair. Furthermore, Eq. ( 5) predicts (and experiment confirms) that for the angles α and α'=180 o -α we obtain mirror images with respect to the x-axis. Thus, we may restrict ourselves to intermediate angles within the 0 o <α<90 o interval. The latter appears to be even more interesting than the limiting α=0 o /90 o cases because of the predicted additional excitation of |m|=1 final Stark states, apart from the |m|=0,2 ones. Indeed, the intermediate angle images of Fig. 3 show more subtle radial interference patterns, as well as strong φ-dependences due to |m|-beating. Most noticeable are the images corresponding to α=32 o and α=45 o , exhibiting a quasi-horizontal nodal line (i.e. along x-axis, at φ≈0, see Fig. 1). This line stems from a dominant sinφ term in Eq. ( 5) and confirms the presence of a strong |m|=1 contribution (which is in fact maximized at α=45 o ).

More generally, by visual inspection, the qualitative agreement between experimental results

for Mg atom and hydrogenic calculations appears to be excellent. This includes also fine details like, for example, the up-down asymmetry exhibited by the signal magnitude of the α=16 ο and α=82 o images in Fig. 3, as compared with the symmetric α=0 ο and α=90 ο images. As a measure of this asymmetry, we computed the ratios rºsu/sl of the integrated upper (45 o ≤φ≤135 o ) and lower (225 o ≤φ≤315 o ) image sectors, su and sl respectively, as a function of angle α and for several inner and outer sector radii. In fact, the inner radius of each sector was always chosen to be about half that of the outer maximum image radius. In all cases, the behavior of the experimental and theoretical r(α) curves is identical. However, for the convoluted α=16 ο (r>1) and α=82 o (r<1) images the ratio r differs from the one extracted from the experimental ones by a factor of two to three. For all other angles the difference amounts to a maximum of 10%. Nevertheless, further and full quantitative comparison is difficult, since experimental and theoretical images refer to different atoms with different ground and intermediated state wavefunctions and different Stark structures. This is, however, not necessary here for our purpose is to prove the creation of multiple-|m| electron wavepackets and demonstrate the manipulation of their |m|-composition via the polarization of the laser.

Nonetheless, similar up-down asymmetries often seen in experimental images are attributed by some authors to the variable sensitivity exhibited by several regions of the PSD. Instead, our results

show that, at least when dealing with slow photoelectrons, these asymmetries may simply stem from slight misalignments between the laser polarization and the spectrometer axis and can be observed even with detectors of perfectly homogeneous sensitivity.

B. |m|-decomposition of total cross sections

Similarly to the differential cross section of Eq. ( 5), Eq. ( 6) also suggests α-weighted |m|contributions to the total ionization cross section. In fact, under the aforementioned approximation that two-photon excitation to s-states can be ignored as compared to excitation to d-states, Eq. ( 6 A nice feature of the above procedure is the ability it offers to employ the determined functions , and for computing "synthetic spectra" at different angles α that can be subsequently compared to the experimentally recorded ones. This way the validity of the approximation made on the ratio Λ (measuring the relative p→s to p→d excitation strength -see Appendix B) can be tested. Such an example is given in Fig. 4(c) where the "synthetic" and experimental total ionization cross sections for α=20 o are plotted. The constructed curve faithfully follows the energy variation of the recorded total signal and only marginally fails to perfectly match it within the estimated experimental uncertainties. Perhaps, the systematically smaller magnitude at the resonant maxima at the higher energy side of the plot may signify a <10% contribution from the terms discarded in Eq. ( 6).

Nevertheless, for the chosen angle of α=20 o the |m|=2 contribution to Eqs. ( 5) and ( 6) is negligible, while the α-dependent weight for the |m|=1 contribution in Eq. ( 6) is approximately half of that for the m=0 contribution. Hence, we expect the observation of signs of these comparable contributions to the recorded images. Indeed, as it is evident from the selected images plotted in Fig.

3(d)

, the image corresponding to the maximum of the |m|=1 resonance at ~ -164.8 cm -1 exhibits the characteristic horizontal nodal line. On the other hand, on either side of this resonance, the images become disk-shaped and signal the m=0 dominance. This observation constitutes a nice final touch ( )
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to the experimental proof of the multiple-|m| excitation, here revealed by the α-dependent total cross section.

C. Synthesis and implications

The experimental data presented above, confirm the presence of multiple-|m| components in both the differential and the total ionization cross sections. In fact, the two-photon excitation scheme employed here revealed all three possible |m|=0,1,2 components. More importantly, it is shown that, as expected, the contribution of each component depends on the angle α between the linear laser polarization vector and the direction of the DC electric field present in the ionization region. The successful theoretical reproduction of the data is based on the Δm=0 and/or Δm=±1 dipole selection rules (per photon) applied with respect to this direction. This choice of quantization axis efficiently explained similar earlier observations concerning the total ionization Stark cross sections (see, for example, Ref. [ 29 ]) and it was more recently adopted in the theoretical treatment of photodetachment microscopy [ 16 ]. In any case, the choice of the quantization axis is arbitrary and does not change the results of a calculation. The same outcome would emerge by a different choice of quantization axis, such as the linear laser polarization direction [ 30 ], but at the expense of a more complex derivation and less compact final expressions. Therefore, although the choice might be a matter of convenience, the DC-field direction appears to be the most natural one in the present case.

In fact, under conditions where the DC field cannot be ignored, the total ionization cross section would be α-dependent in any reference system. Similarly, the wavepacket's |m|-composition that governs its shape would depend on angle α even with a different choice of quantization axis and mreference frame [ 30 ]. In other words, the α-dependence of the |m|-composition is not in our case a simple matter of description, but it implies that under the DC field presence the shape of the wavepacket projected on the PSD is α-dependent.

At this point it would be quite interesting to compare the situation described above with the case of laser ionization under DC-field-free conditions. For the single beam ionization and linear polarization case we are mostly interested in here, the most frequent choice of quantization axis is the polarization vector [ 31 ]. Within this latter description, only Δm=0 transitions occur and excitation from an m=0 initial state would always result in m=0 final states only and for any direction of this vector, as it rotates about the laser beam propagation direction. Furthermore, this rotation has no effect on the total ionization cross section [ 32 ]. As for the 3D PADs, they are built around the polarization vector and rotate with it without undergoing any change in their shape. In fact, polarization rotation is a standard method for PAD recordings when more traditional electron spectrome-ters are employed (TOF, spherical deflectors etc. [ 33,32,34 ]) instead of imaging spectrometers (most frequently the VMI ones).

Many traditional (non-imaging) spectrometers offer a direct 3D PAD measurement at the expense of a large number of measurements for a set of polarization orientations. In contrast, when imaging spectrometers are used, this 3D information needs to be extracted from the corresponding 2D projections on the PSD. In the simpler case of fully cylindrically-symmetric PADs, these may be recovered from just a single image via a suitable inversion procedure (onion peeling, Abel transform, or iterative methods) [ 35 ]. Nonetheless, this is possible only if the employed linear laser polarization is set parallel to the detector plane (i.e. perpendicular to the spectrometer axis). Of course, these strict limitations exclude the exploration of other scenarios involving, for example, elliptic polarization that frequently leads to non-symmetric PADs. However, one may overcome many of these difficulties by means of tomographic reconstruction techniques [ 36,37,38,39,40,41 ], which are closely related to the polarization rotation measurements employed here and they need, therefore, to be discussed in view of our results.

Quite generally, tomography is an imaging technique, or rather a family of techniques, allowing for the reconstruction of the volume of an object from a series of measurements made from outside this object. When one is more specifically interested in an emission process (of particles or light) and its 3D distribution, the latter can be tomographically reconstructed by a discrete set of measurements taken by rotating it with respect to the detection system. In the specific case of photoelectron tomography, one wishes to reconstruct a given 3D PAD with respect to a reference orientation set by the ionizing radiation; namely its polarization and/or propagation direction. Evidently, in the absence of any other external source of disturbance, the rotation of the (possibly elliptical) polarization about the light beam propagation axis equally rotates the PAD. At each polarization setting, photoelectrons are projected to the detection plane. Thus, a typical photoelectron tomography experiment consists of recording a set of images corresponding to a series of predetermined angles between the light polarization, which "fixes" the orientation of the 3D PAD "object", and the direction of the electric field, which "fixes" the direction of detection. It then turns out that tomography allows indeed for the reconstruction of distributions that may be almost arbitrarily complex [ 36-40 ], at the cost of a larger set of measurements.

A delicate point of the above description concerns the aforementioned "absence of any other external source of disturbance". In VMI spectrometers the projection of photoelectrons to the detector plane is achieved by means of a DC electric field. Hence, it is reasonable to assume that tomography is only feasible if the influence of this field on the PADs can be completely neglected (very few authors have actually verified this theoretically for their own experimental conditions -see, for example, Ref. [ 30 ]). As implied above, this can be judged by examining the dependence of the total ionization cross section on polarization rotation. The observation of substantial dependence is sufficient to completely prohibit any application of tomographic reconstruction procedures under the examined conditions, since it would imply a wavepacket whose shape depends on the rotation angle α in any reference frame. Let us, however, focus our attention specifically to the differential cross sections. If the influence of the DC field on the PADs can be ignored, the 2D images recorded upon linear polarization rotation are always symmetric (no up-down or left-right asymmetry) [ 36 ] and the changes observed in them can be solely attributed to the different projections of this rotated object onto the detector. Consequently, one then accepts that polarization rotation just changes the orientation of the studied 3D object and that the shape of this object does not vary in any way when the angle α between polarization and DC electric field varies. Thus, tomography relies on the assumption that the shape of this 3D distribution is invariant in the rotating reference frame attached to the laser polarization. On the contrary, in PM, the idea of a shape-invariant rotating object must be abandoned in favor of a variable object/distribution whose shape depends on the relative angle α between the DC field and the laser polarization. Hence, tomography and PM represent two mutually exclusive limiting cases. We demonstrate that as follows: All theoretical images of Fig. 3(c) are first sufficiently Gaussian-blurred up to the point that all radial interference structures are eliminated.

Next, the inverse Abel transform is applied to the blurred α=90 o image. The presumably "3D object" delivered by this transform is subsequently rotated by various angles α≠90 o and re-projected on the PSD. These re-projections are found, as expected [ 36 ], to be perfectly symmetric (no up-down or right left asymmetry). Hence, they are completely different from the blurred α≠90 o images of Fig. 3(c), which, as discussed above, may be quite asymmetric at certain angles α.

D. On the validity of photoelectron tomography

When either Abel inversion or tomography is considered as safely applicable, the whole process is implicitly decomposed into two steps: The first step is the photoionization process ignoring the DC field (while present). This implicitly assumes the absence of any influence of this field on the ionizing atomic or molecular system. The second step is the projection (via the DC field) of the 3D field-free distributions produced during the first step on the 2D detector. Note that, in practice, the two steps cannot be time-separated in electron imaging experiments. The reason is that a static-fieldfree ionization step followed by a delayed electric field application and extraction is incompatible with the short timescales of electronic motion and would result in a total blurring of the image spatial structures. Therefore, regarding tomography the central question is "under which conditions the DC field can be ignored during the first step of photoelectron imaging spectroscopy?". A simple answer would be "as long as the total photoionization cross section does not depend on the relative orienta-tion between the laser polarization and the DC field". Examining the issue further, some authors claim that this holds when the DC field is of much weaker strength as compared to the strength of the ionizing laser field [ 42 ]. However, this is absolutely not the case in the present situation and, as long as one remains in the weak laser field regime, the intensity of the AC electric field of the ionizing laser, is completely irrelevant to the problem at hand. Let's take two-photon ionization as an example, where a laser intensity of ~10 10 W/cm 2 , typically employed in the present work, is close to but inferior than the saturation intensity of such a process. Nevertheless, even this modest intensity corresponds to laser field strength of several MV/cm, i.e. many orders of magnitude stronger than our ~0.7 kV/cm DC VMI field. Despite this huge difference, the DC field cannot evidently be ignored in our PM study.

Hence, a more reliable criterion is required and as such we may demand a negligible influence of the DC electric field on all the atomic states involved in the excitation/photoionization process. For common field strengths of the order of 1 kV/cm or less, the atomic ground state is practically field-free. To a good approximation the same holds for the low lying, virtual or valence intermediate states involved in either non-resonant multiphoton or stepwise excitation schemes, respectively. On the contrary, when near-threshold Rydberg states come into play the Stark effect can no longer be neglected and the action of the electric field is not just limited to the electron projection on the PSD. The E≥Esp range where PM studies are performed matches exactly these criteria, since it is dominated by highly excited Stark resonances which are embedded into the continuum. In fact, our discussion needs certainly to be expanded to include also the other extreme and examine the influence of the DC field on the final continuum states. This is because, as is well known, even above the E=0 zero-field-limit and up to, say, E~|Esp|, static-field induced spectral structures appear in the total cross sections [ 29 ] and the images [ 8 ] that have no counterpart when the field is turnedoff. These structures, of course, gradually disappear with increasing energy. Then, a positive energy criterion can be set, where the range E/|Esp|~1 characterizes slow photoelectron imaging, while for large values of E/|Esp| tomography should be safely applicable. Although the above discussion shows that it is preferable to evaluate this applicability on a case-by-case basis, information found in the relevant literature points towards safe values of E/|Esp| of the order of a few tens. Reference [ 37 ], for example, describes an experiment where tomography is validated for E/|Esp|~60.

V. CONCLUSION AND OUTLOOK

We have presented experimental images and spectra obtained by near-threshold two-photon ionization of Mg atoms and for different angles α between the linear ionizing-laser polarization and the DC electric field present in the laser-atom interaction region. The efficient excitation/ionization of the final Stark states of different quantum numbers |m| (the latter referenced with respect to the DC-field axis) has been found to depend on these angles. Subtle, angle-dependent effects have been observed in the recorded images (differential cross sections), particularly their α-dependent updown asymmetry, implying α-dependent shapes of the prepared slow-photoelectron wavepackets.

These effects were qualitatively explained with the help of relevant excitation selection rules and successfully reproduced by means of hydrogenic photoionization microscopy theory. Furthermore, an analysis the observed α-dependent spectrum (total cross section) in terms of the Frame Transformation Stark theory of Harmin and Fano allowed for its decomposition into its different |m|contributions.

The present results have several consequences of both practical and fundamental interest.

Let us begin from the practical issues and particularly the one discussed above in some detail. It is related to the limitations our observations pose on the applicability of tomographic techniques devoted to the reconstruction of three-dimensional photoelectron momentum distributions from sets of their two-dimensional projections on the detector. We have claimed here that in order for the tomographic results to be meaningful, the influence of the DC electric field on all the atomic states involved in the excitation/photoionization process should be negligible. Assuming that this is the case for the ground and possible intermediate states, this condition should also hold for the final (generally continuum) ones. Since near the ionization threshold these latter states are quite sensitive to the electric field, tomography should be safely applicable far from threshold, that is, for sufficiently high energy of the liberated photoelectrons. A first reliable test on the applicability of tomographic methods is the examination of the independence of the total cross section on the polarization rotation. Generally speaking, however, the boundary between slow and fast electron regimes is difficult to define precisely. Thus, a systematic study is probably needed, where the validity of tomography will be examined as a function of photoelectron energy.

A second practical consequence worth mentioning emerges from the up-down asymmetries observed exclusively in the slow-photoelectron images for some selected angles between light polarization and static field direction. Evidently, the detailed examination of the shape of slowphotoelectron angular distribution projections on the detector may lead to the experimental verification of the proper laser polarization alignment. Indeed, once a homogeneous efficiency over the whole detector surface is ensured, any up-down (or even left-right) asymmetry in the image reflects an alignment issue (at least in simple cases, such as one-or multiphoton laser excitation with a single laser beam). Such a misalignment may be due to the non-orthogonality between the static electric field direction and either the linear laser polarization (the presently examined case) or the laser beam propagation direction. It would be quite interesting to predict in some detail, the effects ex-pected on the recorded images when these two misalignments are simultaneously present. This will be the topic of a future publication.

Let us finally conclude with the fundamental aspects of the present work whose findings generalize previous observations in photoionization microscopy. While the presence of the DC field prevents application of tomographic methods in a "field-free sense", it does not prevent the polarization-induced manipulation of the Stark wavepacket which is created and projected on the PSD.

Since photoionization microscopy images are not invertible, our results motivate for wavepacket propagation calculations [ 43 ] that may help "visualize" these wavepackets and their shape changes induced by linear polarization rotation. Furthermore, the excellent correspondence found between experiment and the present theoretical treatment offers an ideal playground for exploring and putting to experimental test other, more complicated, manipulation or even control schemes [ 44 ] based on multiple and multicolor laser beams and generally elliptical polarization. It would be finally interesting to examine the possibility of elliptic dichroism measurements [ 45 ], under the present DCfield dominated conditions.
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1 for υ®∞. This definition differs from the typical one employed in scattering theory, were the regular and irregular functions are phase-lagged by π/2 at large distances. Equation (B1) shows clearly the n1-channel mixing, while it is evident that by setting all quantum defects equal to zero (hydrogenic atom) this mixing disappears (R=K=0). Furthermore, the form of Eq. (B2) shows that the matrix elements become necessarily complex. Thus, apart from the atomspecific magnitude differences with respect to the hydrogenic matrix elements of the same n1, atomspecific phase-shifts are also added to the hydrogenic phases .

Let us now treat the same two-photon excitation scenario out of an g=0, mg=0 atomic ground state, by evaluating the zero-field two-photon matrix elements (B6) using spherical coordinates. Then, the transition operator of Eq. ( 4) writes, (B7) with denoting spherical harmonics. The final state wavefunction is written as .

The virtual state obeys the Dalgarno-Lewis equation

[ 25 ], , (B8) 
where is the ground state wavefunction and U(a;r) is an atom-specific radial atomic potential depending on a set of parameters {a} in order to simulate the ionic core "seen" by the Rydberg electron. The virtual state energy is still given by Ev=(E+Eg)/2. The solution of Eq. (B8) is written as, (B9) where is the (p-wave) radial part of the virtual state wavefunction, which depends on the form of U(a;r) but it does not depend on any angular factor. The matrix elements of Eq. (B6) are evaluated with the help of Eq. (B9). Inserting the resulting expressions of Eq. (B1) to Eq. ( 1), the current probability density writes,
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with the factors defined as, ,

while the dimensionless parameter (B12) measures the relative strength of the radial matrix elements corresponding to the second photon transitions p®s and p®d, respectively. By integrating over the whole surface of the υ-paraboloid (i.e. by using Eq. ( 2)) we obtain the total excitation cross section, .

The emerging quantities (named after Harmin as the "density of states" [ 17 ]) are given by, (B14)

and carry much of the information about the Stark structure.

Finally, as a rule of thumb, the p®s radial matrix elements are much weaker than the p®d ones [ 46 ]. In fact, experimental results for Mg showed that this is indeed the case and provided an estimate for |Λ|≤0.1 [ 26 ]. Then, the term in Eq. (B13) which is proportional to Λ 2 can be safely neglected and, to a first approximation, the same holds also for the term proportional to Λ. Under these approximations, the total cross section simplifies to the expression given in Eq. ( 6), from which the three quantities , and can be determined by measuring for three different angles α. Note, however, that when the above approximation does not hold, the system of equations becomes underdetermined and the existence of a unique solution questionable. This is because even when using Eq. (B13) there are still only three independent 5) are blurred with the detector resolution and convoluted with our spectral resolution for a better comparison with the experimental data (for details and discussion see text). The non-blurred and non-convoluted images are given in (c) in order to provide the limit that could be obtained in an ideal experiment. The horizontal and vertical axes referring, respectively, to the x and y coordinate of electron impact on the detector as defined in Fig. 1, along with the angle φ are drawn in one image. Mg final states were two-photon excited out of the 3s 2 ground state in the presence of an estimated static field F=680±10 V/cm and E≈-0.76|Esp|. The hydrogenic calculation refers to twophoton excitation out of the 1s ground state, for the same values of E and F and υdet = 2000 atomic units (|zdet|≈106 μm). In all cases intensity cuts at about 10% of its maximum value allow for better visualization of the α-dependent radial and angular quantum interferences. Furthermore, it was verified (both experimentally and theoretically) that for α'=π-α the obtained images are mirrored with respect to x-axis. 

( ) ( ) ( ) [ ] ( ) [ ] ( ) [ ] 2 2 , 2 , 2 2 1 , 1 , 2 0 , 0 , 2 2 0 , 0 1 1 2 , 1 det 2 , 1 1 1 1 1 , 1 det 1 , 1 1 1 1 0 , 1 det 0 , 1 1 

Figure 3 (

 3 Figure 3(a) shows a collection of experimental images recorded at this energy and for several rotation angles α. These are to be compared with the hydrogenic images of Figs. 3(b) and 3(c), computed via Eq. (5) for the case of two-photon excitation from the 1s ground state. The computation is performed for the experimental values of E, F and α. The images of Fig. 3(b) are convoluted with the experimental spatial and energy resolution. The former was estimated by the size of individual

  ) implies that the three |m|-Stark spectra , and can be uniquely determined by measuring for three values of α. The Mg data of Fig. 4 explore this prediction for a field F=750±10 V/cm and in the vicinity of the saddle point energy where the presence of Stark resonances is evident. Figure 4(a) shows the total electron signal of recorded PM images (proportional to ) as a function of energy at angles α=0 o , 90 o and the so-called magic angle αmagic=54.7 o [ 27 ].The choice α=0 o eliminates both and from Eq. (6), while for α=90 o it is which is eliminated. Accordingly, the magic angle is defined by the equation and leads to the elimination of . In addition, αmagic lies near the angle α=45 o which maximizes the weight of the |m|=1 contribution.

Figure 4 (

 4 Figure 4(b) shows the |m|-decomposed two-photon Stark spectra of Mg. It can be observed that m=0 and |m|=2 resonances are practically degenerate. This quasi-degeneracy was already noticed and discussed in Ref. [ 15 ] and it is expected for either hydrogenic or multielectron atoms in near-saddle point spectra [ 17,28 ]. The data of Fig. 4(b) simply confirm and validate that earlier analysis. More importantly, however, the deduced spectrum clearly shows the presence of |m|=1 resonances, the latter lying approximately midway the |m|=0,2 ones.

Fig. 1 .

 1 FIGURE CAPTIONS

Fig. 2 .

 2 Fig. 2. Two-photon excitation pathways out of an mg=0 ground state and corresponding "radial" matrix elements emerging from the transition operator of Eq. (4). The virtual state's magnetic quantum number M (0 or ±1) and the final m-states are excited according to dipole selection rules Δm=0 (π-polarization, parallel to the static field) or |Δm|=1 (σ-polarization, perpendicular to the static field) applied at each excitation step.

Fig. 3 .

 3 Fig. 3. Comparison between non-resonant experimental magnesium PM images (a), and computed hydrogenic images, (b) and (c), for the geometry shown in Fig. 1 and for several values of the angle α between the light polarization vector and the static field direction. In row (b) the images computed via Eq. (5) are blurred with the detector resolution and convoluted with our spectral resolution for a

Fig. 4 .

 4 Fig. 4. (a) Total integrated electron signal (proportional to ) of Mg PM images for F≈750 V/cm and α=0 ο , α≈αmagic=54.7 o and α=90 o . The horizontal, energy axis refers to the field free limit (E=0). Typical y-axis error bars are given for a single measurement. (b) The |m|-decomposed Stark spectra , and for Mg obtained by employing the recordings of (a) and Eq. (6). (c) "Synthetic" total ionization cross section computed via Eq. (6) for α=20 o and corresponding experimental total integrated electron signal, along with the typical y-axis error bars given for a single point. (d) A selection of the recorded α=20 o PM images in the vicinity of the |m|=1 resonance at ~ -164.8 cm -1 .
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APPENDIX A: DERIVATION OF EQUATION (5)

Here we provide elements of the derivation of Eq. ( 5) for hydrogen atom, following the procedures outlined in Ref. [ 7 ]. The problem is reduced to the evaluation of the two-photon matrix elements .

(A1)

where the final Stark state is written as, (A2)

and the transition operator of Eq. ( 4) in parabolic coordinates writes, .

The virtual state obeys the Dalgarno-Lewis equation Angular integrals involving φ lead to selection rules described in Fig. (2). Equation (A6) is inserted to Eq. ( 1). After some rearrangements we obtain Eq. ( 5) which involves the "radial" integrals,

T 1

and .

(A8e)

The above matrix elements are computed along the lines described in [ 7 ].

APPENDIX B: DERIVATION OF EQUATION (6)

Equation ( 1) is once more our starting point, where, within the framework of the Harmin-Fano FT Theory [ 17 ] and for either hydrogen atom or a non-hydrogenic Rydberg atom, we need to consider only the excitation matrix elements. These may now be written as 

where I is the identity matrix, (B4)

is the reactance matrix (not to be confused with the Wigner-Eisenbud R-matrix

is the so-called K matrix. The frame transformation matrix U [ 17 , 18 ] (with ) essentially maps the Stark parabolic channels into their spherical zero-field counterparts. The diagonal matrices cosδ and tanδ are constructed from the phases δ  =πμ  that can be determined from the quantum defects μ  extracted from spectroscopic data. Finally, the diagonal matrix cotγ is of hydrogenic origin. Specifically, it is defined as the n1-specific relative phase between the regular and irregular hydrogenic Y-wavefunctions at large distances [ 17,18 ]. In other words, by imposing γ=π/2 for