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Abstract. The experimental technique of photoionization microscopy (PM) allows for the measurement of the slow 
(meV) electron current probability density in the case of atomic photoionization in the presence of a static electric field. 
The spatial structure of the electron flux (differential cross section), as imaged on a plane detector perpendicular to the 
field, exhibits a radial and an angular dependence. Here attention is paid to the radial distribution, obtained after 
angularly integrating the electron flux. We discuss the energy evolution of this quantity in the form of a two-dimensional 
contour map with the abscissa being the outgoing electron energy and the ordinate being the radius on the detector. As a 
working example we employ the experimental map recorded during a PM study of the Mg atom. Near-threshold the map 
reveals quite complex quantum interference and beating patterns. Many of these patterns are also observed in a 
theoretical map concerning the hydrogen atom and calculated by employing a non-perturbative quantum mechanical 
treatment. Similarities between the maps which are of “universal” nature are identified, while the observed differences 
are attributed to the different target atoms, initial states and excitation schemes. Finally, possible applications and 
directions of further work are also briefly discussed. 

 

INTRODUCTION 
 

Photoionization microscopy (PM) relies on the recording of the two-dimensional flux of very slow (meV) 
electrons ejected during the photoionization of neutral atoms in the presence of a uniform static electric field. The 
flux is recorded by a position sensitive detector and under certain conditions the obtained image exhibits quantum 
interference effects which directly reflect the squared modulus of the electronic wave-function [1,2,3,4]. The term 
“microscopy” is justified because, along the direction of the static field, the Stark wave-function of the outgoing 
photoelectron extends over macroscopically large distances (while being bound transversally to it). Moreover, just 
above the field-modified ionization threshold continuum and quasi-bound Stark states coexist and, therefore, PM 
may provide access to the wave-functions of either of them. 
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The PM concept was introduced during the early 1980s [1,5,6,7] within the framework of the hydrogenic Stark 
effect. Experimental studies were up to now devoted to hydrogen itself [8] and to the light Li and He atoms [9,10,11 

] (quasi-bound state wave functions), and to the heavy Xe atom [12] (continuum wave functions). Here we employ 
as target the medium complexity magnesium atom and explore phenomena having their origin in the exclusive 
presence of the continua. In other words, the purpose of this work is to seek interferences of “universal” nature; the 
latter revealed by a comparison of our measurements with hydrogenic quantum mechanical calculations. Finally, the 
conclusions of our discussion will also point towards the directions of further experimental and theoretical work. 

THEORETICAL FRAMEWORK OF PHOTOIONIZATION MICROSCOPY 
 

Our experimental data will be compared below with fully quantum mechanical calculations [13]. Nevertheless, 
the description of PM in classical and semiclassical terms would be probably more instructive for the reader. 
Therefore, we highlight in this section the classical [14,15] and semiclassical [1,2,16,17 ] treatment of the relevant 
Coulomb-Stark problem. Particularly, it is our aim here to provide those elements that are necessary to identify the 
main features of a PM image. 

Let an electron move under the influence of both a static electric field F=Fz and the Coulomb attraction 
(structure less ion with Ζ=1). For this problem the azimuthal number m remains a good quantum number [7,18]. 
Below the discussion will be restricted to the m=0 case. Further, it is advantageous to introduce the reduced energy 
parameter ε=E/|Esp|, where E the electron’s energy and Esp=–2F1/2 the saddle point energy. For E<–|Esp| (ε<–1) the 
electron is trapped and can never escape (ionize) from the attractive Coulomb center. Therefore, in photoionization 
studies we are interested exclusively for the ε>–1 energy range. Assume that the electron is initially at the axis origin 
and that it is launched with an angle β with respect to the positive z axis. β=0 denotes uphill ejection while β=π 
denotes downhill ejection towards a detector placed at some distance zdet<0. Within the –1<ε<0 energy range a 
critical ejection angle βc [14] separates the bound from the unbound motion. For β<βc the electron is trapped and 
does not ionize (despite the fact that this is energetically possible), while for β>βc the electron escapes to infinity. 
For positive energies βc loses its meaning and the electron can reach the detector’s plane for every ejection angle β. 
 

  
 

(a) (b) (c) 

FIGURE 1. (a) Classical electron trajectories for different ejection angles β>βc and ε=–0.16, F=680 V/cm. The Coulomb center 
(hollow point) is placed at z=ρ=0 where ρ=0 denotes the center of the detector plane (bold vertical line). Point M can be reached 
by both direct (solid lines) and indirect (dashed lines) trajectories while Mʹ only by the indirect ones. Several more indirect 
curves end up to M and Mʹ but they are omitted for the sake of clarity. (b) Experimental magnesium PM image in color scale for 
ε≈–0.16, F=680 V/cm and m=0. The following maximum radii are also shown: ρΙ (white solid line), ρΙΙ (white dashed line) and  

cl
max  (white dashed dotted line). (c) Radial distribution R(ρ) computed from the image in (b). Note the modulation of the finer 

fringes caused by the beating between electron waves corresponding to the direct and indirect trajectories. 
 
Figure 1(a) shows schematically sample trajectories reaching a detector for ε=–0.16 and F=680 V/cm. From the 

plot one can distinguish between two classes of trajectories: (a) Those which never intersect the z axis (hereafter 
called direct trajectories) and are almost parabolic (solid lines). The existence of these trajectories is possible solely 
above a critical energy εdir≈–0.755 [14,16]. (b) Those trajectories which intersect at least once the z axis (dashed 
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lines). These indirect trajectories are quite complex, due to the fact that the electron is multiply re-scattered by the 
residual ion before it finally escapes to infinity. 

Each ejection angle β is associated with a given trajectory and a given point of impact M at distance ρ from the 
detector’s center. This generalized classical scattering deflection function ρ(β) [14,19] generally exhibits several 
maxima and several zeros. The maxima are denoted as ρΙ, ρΙΙ, … etc, where ρΙ is entirely related to the direct 
trajectories. All other maxima are related to indirect trajectories but in practice they are all indistinguishable from ρΙΙ 
and can be approximated by the classical maximum radius cl

max  which is given by a simple analytical expression 

[14]. It also holds that ρΙ < ρΙΙ <…< cl
max . Further, all these maximum radii progressively merge together for high 

positive energies. Figure 1(b) presents a Mg experimental PM image, recorded at ε≈–0.16. The indirect trajectories 
contribution spans the range 0 ≤ ρ ≤ ρΙΙ and forms the outer bright ring at ρ≈ρΙΙ while the radii of the direct 
trajectories extend over the 0 ≤ ρ ≤ ρΙ range. Finally, the several zeros of ρ(β) give rise to an intense peak at the 
center of the image which is typically referred as the glory signal [19]. 

As it is evident in Figure 1(a) there are numerous trajectories connecting the electron’s origin with a given 
detector point. This fact implies the emergence of quantum interference effects that can be taken into account 
semiclassically [1,16]. Within such an approach, the phase accumulated along a given pathway is calculated by 
integrating the electron momentum over the full trajectory. The final interferogram is proportional to the squared 
modulus of the coherent sum of the participating electron waves which are associated with a given detector point. 
The interference is controlled by the phase differences of these waves, reflecting the respective path length 
differences. The ρΙ ≤ ρ ≤ ρΙΙ detector zone may be reached by indirect trajectories only and the associated fringe 
system reflects interferences attributed exclusively to this type of trajectories (see point Mʹ of Figure 1(a)). This 
fringe system is not visible in the Mg image of Figure 1(b) due to its weak magnitude and the small successive 
fringe spacing corresponding to this energy (ε= –0.16), which is incompatible with the spatial resolution of the 
detector. On the other hand, the 0 < ρ < ρΙ zone is characterized by the presence of both direct and indirect 
contributions (see point M of Figure 1(a)). The main contribution stems from the much more intense direct fringe 
system. Nevertheless, the existence of indirect trajectories affects the interferogram, giving notably rise to important 
beating effects. These effects persist at least up to ε≈+1 [13] and they are more easily observed in the radial 
distribution R(ρ), obtained by angularly integrating the image with respect to its center (see Figure 1(c)). 

 

EXPERIMENTAL SET-UP AND PROCEDURE 
 

The experimental set-up used for the magnesium measurements has been recently exposed in some detail [13] so 
here we provide just a brief description. Coherent radiation is produced by a dye laser pumped by the second 
harmonic (532 nm) of a Nd:YAG laser, operating at a repetition rate of 10 Hz. The dye laser operates within the 
610–670 nm wavelength range and its linewidth is 0.2 cm−1, while its pulses have 5 ns duration, and 10 mJ 
energy. For the excitation of Mg we frequency-double the dye laser radiation by means of a KDP crystal. The pulse 
energy of the frequency-doubled pulses is 1 mJ. The fundamental (ω, VIS) and frequency-doubled (2ω, UV) 
beams are separated by an appropriate filter, reflecting the ω-beam and transmitting the 2ω-one. The ω-beam is 
guided to a wavelength calibration system. The latter consists of a Ne optogalvanic lamp providing absolute 
calibration via the one-photon spectrum of Ne and a Fabry-Perot interferometer (free spectral range 0.4729(2)cm−1) 
that allows for relative calibration. The linear polarization of the UV beam is controlled by means of a linear 
polarizer and a double Fresnel rhomb, acting as an achromatic λ/2 retarder. 

The Mg atomic vapor is produced in an electrically heated stainless-steel oven. A 1 mm hole separates the oven 
from a main chamber into which the atoms expand and a thermal atomic beam is formed. The main chamber is 
pumped by a turbo-molecular-pump/rotary-pump system and a liquid nitrogen cryo-trap.  The achieved background 
pressure under working conditions is 10−7 mbar. The UV-laser beam is focused with a 20 cm focal length lens in 
the main chamber where it crosses perpendicularly the Mg beam. The photoionization of Mg atoms takes place in 
between the first two electrodes of a three-electrode velocity-map imaging (VMI) spectrometer [20]. These 
electrodes are the Repeller (applied voltage VR) and the Extractor one (applied voltage VE). The Repeller is solid, 
while the Extractor has a hole at its center. They are followed by a third grounded electrode whose design is 
identical to that of the Extractor. This geometry produces an inhomogeneous electric field, which, however, may be 
considered as nearly constant within the limited laser/atom interaction region. The fulfillment of the VMI condition 
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is achieved for a specific VE/VR ratio, characteristic of a given geometry [21]. The field accelerates the electrons 
towards the detector. They travel along a field-free drift tube and an electrostatic magnifying Einzel lens placed 
approximately midway this tube [21,22]. The role of this lens is to magnify the recorded images and it consists of 
three identical and equally-spaced electrodes with holes at their centers. The middle electrode is biased to the 
voltage VL and the two outer electrodes are grounded. 

The two-dimensional position-sensitive detector is placed at the end of the field-free drift tube. It consists of a 
two-microchannel plate assembly followed by a phosphor screen. A CCD camera records the bright spots on this 
screen and the recorded images are transferred to a PC. After accumulating over several thousand laser shots the 2D 
distribution of electron impacts is obtained. 

Typically, in our experiments the applied electric field strengths range between 500 and 1000 V/cm, while a 
20-fold image magnification is achieved. For 20 meV electrons such a magnification leads to typical image sizes 

of 20 mm, i.e. well above the resolution of our camera. The entire spectrometer is shielded, especially near the first 
three electrodes, by a double μ-metal layer, resulting to a residual magnetic field <1 μT in its interior. 

RESULTS AND DISCUSION 
 

In the present work we focus on PM radial distributions near the zero-field ionization threshold of magnesium 
atom. Specifically, ground state (3s2 1S0) Mg atoms are excited to the final 3sEk Stark states after absorbing two-
UV-photons. The laser beam linear polarization is parallel to the static electric field axis. Therefore, due to the 
relevant Δm=0 selection rule only m=0 final states are excited and the recorded images (like the one in Figure 1(b)) 
show no angular distribution. The radial distributions R(ρ) are obtained by angularly integrating each image with 
respect to its center. 

 The images were recorded using an energy step of ΔΕ 0.4 cm-1. The full set of obtained radial distributions is 
presented as a contour map in Figure 2(a), where the horizontal axis is the electron energy with respect to the zero-
field 3s1/2 threshold and the vertical axis refers to the radius of impact. In fact, all radii are scaled to the maximum 
classical radius at the zero-field threshold, 0cl

max E . Note that at E≈0 Ecl
max  is practically indistinguishable 

from the maximum indirect contribution radius ρΙI(E). The measurement lasted for several days and the laser output 
gradually drifted towards to somewhat lower pulse energies. This drift was imprinted on the electron signal and for 
avoiding misinterpretations of the data caused by this effect Figure 2(a) actually presents the experimental radial 
distribution divided by the total electron signal (proportional to the total ionization cross section σtot(E)) of each 
image. We have verified that, in the absence of sharp resonances, occurring in Mg solely near the saddle point 
energy Esp, this procedure does not alter the characteristics of the map. 

The map exhibits rich interference fringe structures, the gross features of which can afford a simple semiclassical 
description [16,17]. For the discussion of the fine details of the map, however, a quantum treatment of the problem 
is required. To this purpose we present in Figure 2(b) a fully quantum calculation for the hydrogen atom and for the 
same field strength and energy range. The framework of the calculation has been described in detail in [13]. The 
experimental and theoretical maps present a great number of similarities, despite the fact that they refer to different 
atoms as well as to different excitation schemes. Specifically, each map can be separated in three zones whose 
borders are roughly predicted by the maximum indirect radius ρΙΙ cl

max  and the maximum direct radius ρΙ: (i) The 
zone comprising the upper part of the maps (ρ>ρΙI) where there is practically no signal at all, (ii) the zone within the 
ρΙ < ρ < ρΙΙ range, which is of moderate magnitude (seen with red colors on the logarithmic scale of the contour 
maps), and (iii) the small radius (0 < ρ < ρΙ), most intense zone showing quite complex interferences. Our quantum 
calculations predict the absence of sharp direct-indirect boarder, a feature that is also verified experimentally. 
However, this border becomes sharper as energy increases and it gradually becomes indistinguishable from ρΙ, 
which, in turn, progressively approaches ρΙΙ. 

Let us first discuss the ρΙ < ρ < ρΙΙ zone. Within this zone only indirect trajectories contribute and this is expected 
to lead to a simple radial fringe pattern (i.e. fringes along the radius ρ, showing little or no beating effects). This is 
quite evident in the theoretical calculation (Figure 2(b)) but it is absent from the experimental data (Figure 2(a)). The 
latter can be partially explained by the limited spatial resolution of our position sensitive detector. However, spatial 
resolution limitations cannot explain the observed absence of radial fringes also at lower energy (ε~ –1) [13], which 
appears to be a characteristic of two-photon excitation of Mg ground state. On the other hand, a common feature of 
the experimental and the theoretical map is the signal magnitude modulation along the energy axis, resulting to 
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clearly visible quasi-vertical fringes. The modulation “frequency” 1/ΔΕ of these fringes is expected to be field 
dependent, a fact that may have implications for fairly accurate estimations of the field strength. Finally, particularly 
interesting is the practically complete suppression of the indirect signal strength, occurring in both the experimental 
and the theoretical map but at different energy locations: At ε –0.35 in Figure 2(a) and at ε –0.15 in Figure 2(b). 
This effect is not yet fully understood and it is still under study. It nevertheless appears to be strongly dependent 
upon the particular target atom, initial state and excitation scheme. 
 

 
  

(a) (b) 

FIGURE 2. (a) Experimental radial distribution contour map for two-photon excitation of the Mg ground state (m=0 final Stark 
states). The map magnitude is scaled to the total electron signal, σtot, and the radius is scaled to 0cl

max E . The experimental 
field strength of F=680±10 V/cm is estimated as explained in [13]. The graph at the bottom of the map shows the linear scale 
magnitude profile R(ε,0.3)/σtot(ε). (b) Calculated radial distribution contour map for single-photon excitation of H out of the |–
>=[|2s> – |2pm=0>]/√2 (m=0 final Stark states). The graph at the bottom of the map shows the linear scale magnitude profile 
R(ε,0.3), exactly on the first radius of strong magnitude modulation. Both contour plots are in logarithmic scale, spanning three 
orders of magnitude. 
 

We now deal with the more interesting 0 < ρ < ρΙ zone, where both, direct and indirect, classes of trajectories and 
consequently fringe systems contribute with appreciable amplitude. In fact, it is expected that the direct contribution 
will form a strong fringe system that will be modulated by the indirect one. Indeed, this modulation was 
experimentally observed recently in hydrogen atom [17] and the modulated beating pattern is found to have the form 
of a checkerboard structure. This structure is also evident in both maps of Figure 2, for the energy range, –0.5<ε<–
0.1. Furthermore, in the experimental map of Figure 2(a) the checkerboard structure evolves at higher energies to a 
strong beating effect, in the form of curved quasi-vertical lines superimposed to the direct fine fringe system. The 
visual effect of this beating can be also noticed in the single image in Figure 1(b). 

The above mentioned beating effects seem to be connected to another striking oscillating feature, i.e. the 
magnitude modulation observed as a function of energy at zero radius (ρ=0). In terms of scattering terminology [19] 
this so-called glory signal is a consequence of a focusing effect experienced by the electrons due to the presence of 
the Coulomb center. Since the glory signal is typically the brightest part of the image at this energy range, the 
modulation can be easily recorded even with experimental set-ups of lower resolution than the present one [15]. The 
glory signal is evident in both the experimental and the theoretical data of Figure 2 and suggests the study of beating 
structures in the maps at constant, possibly non-zero, radii. As an example, the graphs at the bottom of the maps of 
Figure 2 show the magnitude profiles for cl

max/ =0.3. The oscillations are evident in both Mg and H. There are 
energy ranges where they exhibit a purely sinusoidal behavior, while there are other energy ranges showing a more 
complex structure (as for example in Mg near the checkerboard range). Recently these magnitude oscillations were 
connected to time delays between pairs of electron trajectories, by using the Eisenbud-Wigner time delay definition 
[23]. Our Mg results imply that the time delay extraction along the lines suggested in [17] may be applicable to the 
multielectron case as well  
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CONCLUSION 
 

We have presented a photoionization microscopy study on the Mg atom, focusing on the evolution of the 
recorded radial distributions with excitation energy. The experimentally obtained R(E,ρ) map exhibits rich 
interference structures, including important beating effects. An attempt was made to reveal the map features of 
“universal” character. To this purpose the experimental map has been compared with the results of a fully quantum 
mechanical calculation, referring to hydrogen atom and particularly to its single-photon excitation to the final m=0 
Stark states out of its excited [|2s> – |2pm=0>]/√2 initial state. In general the R(E,ρ) embodies much richer 
information than the total ionization cross section, as for example time information between electron trajectories. It 
also reveals distinct patterns that are not visible at individual images. Each of these patterns may provide different 
pieces of information about the system under study or the excitation process. It, therefore, appears that further 
experimental and theoretical studies to other multi-electron atoms are in order. This way important phenomena 
which are specific to a given complex target atom may be revealed. We are currently working along these lines. 
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