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Photoelectron holography is studied experimentally and computationally using the
ionization of ground state xenon atoms by intense near-infrared radiation. A strong
dependence of the occurrence of the holographic pattern on the laser wavelength and
intensity is observed, and it is shown that the observation of the hologram requires that
the ponderomotive energy U, is substantially larger than the photon energy. The
holographic interference is therefore favored by longer wavelengths and higher laser
intensities. Our results indicate that the tunneling regime is not a necessary condition for
the observation of the holographic pattern, which can be observed under the conditions

formally attributed to the multi-photon regime.

L. INTRODUCTION
Ionization of atoms or molecules in a strong laser field leads to the emission of coherent
electron wave packets that propagate in the combined Coulomb and laser field. Electrons that are
ionized at different times within the laser pulse and that eventually acquire the same final momentum,
give rise to interference. The first observation of photoelectron interference was in the well-known
phenomenon of above-threshold ionization (ATI) [1]. In the time domain, ATI originates from the
interference of electron wave packets emitted from the atom at time intervals separated by the optical
period of the laser. In the energy domain ATI is commonly considered as a result of the absorption by
the atom of a number of photons in excess of the minimum required to reach the ionization threshold,
with a corresponding photoelectron spectrum containing peaks separated by the energy of a single
photon.
Another type of photoelectron interference was observed with few-cycle carrier-envelope

phase stabilized laser pulses [2, 3]. The propagation of electron wave packets launched in adjacent
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half-cycles at the same, but opposite value of the laser electric field (and, hence, at the same value of
the vector potential (A(t) = | E(t)dt) leads to the emergence of pairs of electron trajectories that start
on opposite sides of the ion and that either go to the detector directly or after turning around under the
influence of the laser field. This interference can be considered as a time double-slit interference [4],
which produces structures in the photoelectron energy spectrum that are qualitatively different from
the regular ATI peaks observed with longer pulses. Ionization at the positive or negative peak of the
laser electric field (where the ionization rate is maximal, and where the A(t)=0) leads to the creation of
electrons that acquire only a very small momentum under the influence of the laser field. Influenced
by the long-range Coulomb interaction, the interference of these electron wave packets, which are
ionized at time-intervals corresponding to half the optical period of the laser, leads to a radial pattern
in the electron momentum distribution below the first ATI order [5, 6, 7], which persists also for long
pulses containing many cycles.

Recently, a new type of photoelectron interference was reported, which originates from the
interference of electron wave packets born within the same quarter cycle of the laser pulse [8]. In this
case the interference arises from two trajectories that start on the same side of the ion and that interact
with the ionic potential, however in a quantitatively drastically different way. One trajectory
undergoes strong Coulomb focusing and passes close to the ion, whereas the other trajectory is only
weakly affected by the Coulomb field and makes a wide turn around the ion. The resulting
interference pattern contains fringes in the electron angular distributions and can be considered as a
hologram of the scattering potential. The first results reported on the observation of these holographic
patterns in photoelectron imaging spectroscopy were obtained under very specific conditions. The
experiment was performed on metastable (6s) xenon atoms that were ionized with 7 um mid-infrared
free-electron laser (FEL) radiation. The combination of long-wavelength radiation with the low
binding energy of the ionized atom provided very favorable conditions for the observation of the
hologram. Furthermore, the importance of ionization in the tunneling regime for the appearance of the
holographic pattern was assumed. The required and sufficient conditions for the observation of a
photoelectron hologram were not yet investigated in this work.

Here we explore photoelectron holography over a broad range of laser parameters, by varying
the laser intensity and wavelength and thereby encompassing both the tunneling and multi-photon
regimes of ionization. We present experimental observations for the strong-field ionization of xenon
atoms in the ground state with near-infrared radiation in the wavelength range between 600 and 800
nm and between 1200 and 1600 nm. These experimental results are quantitatively compared with the
results of calculations solving the time-dependent Schrodinger Equation (TDSE), with a full
integration over the laser focal volume. Extending our calculations over a significantly broader range
of parameters than available in the experiments, we explore the dependence of the holographic pattern
on the laser wavelength and intensity, and show that the possibility to observe the hologram exists
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both in the tunneling and the multi-photon regimes. An empirical criterion for the laser parameters that

allow the observation of a hologram is established.

II. EXPERIMENTAL AND THEORETICAL METHODS

In the experiment, a commercial laser system consisting of an optical parametric amplifier
(OPA, Coherent Opera) pumped by 1 mJ from a 1 kHz Ti:Sapphire amplifier system (800 nm, 50 fs)
was used. The OPA signal output provided pulses with a wavelength in the range from 1200 to 1600
nm with a FWHM of 10-15 nm. Frequency doubling of the OPA output using a BBO crystal provided
pulses with a wavelength in the range from 600 to 800 nm. The central wavelength was determined
with an accuracy of 2 nm using a spectrometer. The linearly polarized laser beam was focused onto a
pulsed atomic beam (25 Hz) using a spherical normal-incidence silver mirror (f=75 mm). The ejected
electrons were detected using a Velocity Map Imaging (VMI) spectrometer [9], consisting of a set of
acceleration electrodes, a flight tube, a dual MCP and a phosphor screen. Images were recorded using
a computer-controlled CCD camera. Retrieval of the velocity and angular distribution of the measured
photoelectrons was performed by using an iterative inverse Abel transform procedure of [10]. Slices
through the 3D velocity and angular distribution of the ionized electrons are referred to in the
following as momentum maps.

Experimental images were obtained by summing the electron yield over five minutes of
acquisition time. In order to explore the evolution of the momentum maps with the laser wavelength,
photoelectron momentum maps were recorded in xenon over a range of wavelengths from 1200 —
1600 nm, and from 600 — 800 nm, while attempting to keep the laser intensity constant using the
observation of the ratio of double-to-single ionization in an ion time-of-flight measurement as a rough
indicator. In the analysis the experimental intensities were deduced by comparing the measured results
to numerical solutions of the 3D TDSE within the single-active electron (SAE) approximation [11],
i.e. considering only the response of the outermost valence electron to the laser field. In order to solve
the TDSE for xenon we used a code based on the method outlined in [12, 13] with a pseudo-potential
described in [14]. The code provides energy-resolved electron angular distributions [15], which can be
converted into a 2D momentum map that allows comparison with the experimentally recorded images.
For an adequate comparison to the experiment, the results of the TDSE calculations were integrated
over the laser focal volume with the assumption of a Gaussian beam profile and a width of the target
beam much smaller than the Rayleigh range [16]. The temporal profile of the laser pulse was modeled
with a sine-squared envelope typically containing 20 optical cycles. In our discussion, atomic units

(e=m.=h=1) will be used throughout, unless mentioned otherwise.
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FIG. 1 and FIG. 2 show a series of momentum maps at wavelengths from 1200 - 1600 nm and
from 600 - 800 nm, where experimental images presented on the left are compared to TDSE results on
the right. The peak laser intensity used in the calculations was chosen to provide the best agreement
with the experimental data (based on visual inspection) and remained on average around 3-6x10"
W/em® with an estimated error of less than 5% in the individual intensities. These experimental
conditions are in the multi-photon regime for the 600-800 nm results and correspond to the transition
region between the multi-photon and the tunneling regime for the 1200-1600 nm results, where we

make use of the convention to define the transition between the multi-photon and tunneling regimes as

the point where the Keldysh parameter y = (IP/ 2U » )l/ 2~ , where IP is the ionization potential and

U,= F; / 4@’ is the electron ponderomotive energy in a laser field with the amplitude F, and

frequency w. The dominant contribution peaking along the laser polarization axis in the momentum
maps presented in FIG. 1 and FIG. 2 corresponds to ATI [1]. Away from the laser polarization axis the
photoelectron momentum maps in FIG. 1 and FIG. 2 show a significant qualitative difference. At the
infrared wavelengths between 1200 and 1600 nm (FIG. 1), the momentum maps are dominated by
cross-like sidelobes extending from the center of the image and marked with a black dashed line in
Fig. 1 (a). These sidelobes are qualitatively similar to the holographic patterns observed in [8] and can
be attributed to the interference of electron wave packets originating from the same quarter-cycle of
the laser pulse. In contrast, the holographic pattern is absent in the momentum maps at the visible
wavelengths between 600 and 800 nm (FIG. 2). The qualitative difference between the photoelectron
momentum maps at the visible and the infrared wavelengths raises the question what the criteria are
for the observation of strong-field photoelectron holography. In order to explore this question the
evolution of the holographic pattern with the laser wavelength and intensity will be analyzed on the
basis of computational results that are in good agreement with the experiment, but that can be studied
over a wider range of parameters than is accessible in the experiment.

Extending the experimentally available wavelength range, FIG. 3 shows a series of calculated
momentum maps at various laser wavelengths between 4560 and 400 nm and at a constant value of the
ponderomotive energy U,=0.2 a.u. (5.44 eV), corresponding to a Keldysh parameter y=1. In order to

quantify the visibility of the holographic pattern, we introduce a parameter R=1,,,/I,., Where I, and

Lyyqx are the first minimum and maximum encountered in the p momentum distribution when going

o 1 : ,
away from the laser polarization at a constant p = 5 Dy cuop» With P o =2,JU , being the

momentum corresponding to the 2U, cut-off in energy. In the following a holographic pattern is
considered visible when R<0.85. The holographic pattern is clearly visible at the long laser

wavelengths (FIG. 3(a), (b)) and gradually washes out towards the shorter wavelengths. In this



intensity regime a hint of the holographic pattern can still be identified at wavelengths as short as 650
nm.

Our results indicate that the appearance of the holographic interference is strongly dependent
on the laser wavelength range considered. On the other hand, the range of wavelengths where the
holographic interference can be observed depends on the intensity regime. This is demonstrated in
FIG. 4, which shows a series of calculated photoelectron momentum maps at a fixed wavelength of
1840 nm and at various peak intensities spanning the range of the Keldysh parameter 0.8<y<3. The
holographic pattern is not present in the momentum maps at the lowest intensity of 0.2x10" W/cm®
(FIG. 4 (a)), but dominates the spectra at the higher intensities (FIG. 4 (b)-(d)). The appearance of the
holographic pattern at reduced laser intensities (or at reduced ponderomotive energies) requires the
involvement of increasingly longer wavelengths. Note that the holographic interference reported in [8]
was observed at laser intensities of 10'' — 10'> W/cm? and a wavelength of 7pum.

Interestingly, the onset of the holographic pattern in FIG. 4 occurs at a peak laser intensity of
1.1x10" W/cm®, where the Keldysh parameter y=1.3, i.e. at an intensity that would typically still be
considered to be part of the multi-photon regime. The transition to the tunneling regime (y=1) at the
intensity of 1.9x10" W/cm?, does not cause any qualitative change to the holographic pattern. These
calculations show that the holographic interference can be clearly observed in the multi-photon
regime, before the formal transition to the tunneling regime. The coexistence of multi-photon and
tunneling ionization mechanisms in the parameter region near y=1 has been discussed by Ivanov et al.
[17]. Near y=1 the barrier in the combined Coulomb and laser field potential through which the
electron tunnels, changes significantly during tunneling. Therefore one cannot determine
unambiguously, whether multi-photon or tunneling ionization is responsible for the holographic
pattern at the region where y~1.

A diagram in FIG.5 provides an overview of the laser parameters explored in our present
experimental and computational study including computational data not shown in Figures 1-4. The
filled symbols in the diagram correspond to photoelectron momentum maps where the holographic
pattern can be observed, whereas open symbols indicate the absence of the pattern. A solid horizontal
line at U,= 6 eV marks the formal transition from the multi-photon to the tunneling regime, when the
Keldysh parameter goes through unity. One can observe that the holographic pattern can be
predominantly observed at long wavelengths in the near- to mid-infrared range (filled symbols in
FIG.5). In this wavelength range the observation of the holographic interference requires moderate
laser intensities (and moderate ponderomotive electron energies) close to the transition from the multi-
photon to the tunneling regime. However, shortening of the laser wavelength leads to a gradual
vanishing of the holographic pattern from the momentum maps (empty symbols).

As indicated earlier in [8] and demonstrated in the diagram in FIG.5 a large ponderomotive

energy of the ionized electron with respect to the photon energy (i.e. Uy/® >>1) is a crucial
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requirement for the holographic interference. Consequently, the laser parameters favorable for the
observation of the holographic interference tend favorably towards longer wavelengths and higher
intensities. Our results confirm that generally a hologram can be clearly observed when U,/ >4. On
one hand the dimensionless parameter Uy/o defines the applicability of perturbation theory [18], i.e.
the holograms are not observed under perturbative conditions. On the other hand Uy/® is the number
of photons required to allow an electron to be a free particle in the presence of a strong laser field [19].
Both aspects point towards the important role of the strong laser field in establishing the conditions for
the observation of the hologram, which is, after all, caused by the interference between electrons that
re-scatter (under the influence of the laser field) and electrons that do not re-scatter but that are also

turned around by the laser field.

Iv. CONCLUSION

In conclusion, we have experimentally demonstrated photoelectron holography in ground state
xenon ionized by intense near-infrared radiation. Our calculations demonstrate a strong dependence of
the holographic pattern on the laser wavelength and intensity and show that the condition U,/® >>1 is
crucial for the holographic interference, which therefore can be favorably observed at longer
wavelengths and higher laser intensities. Our results indicate that the tunneling regime is not a
necessary condition for the observation of the holographic pattern. The signature of the holographic

interference can be observed under the conditions formally attributed to the multi-photon regime

(r>1).
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FIG. 1. (Color online) Experimental (left column) and calculated (right column) momentum maps for
ionization of xenon at various wavelengths and intensities: (a) 1200 nm, 4.3x10" W/cm?, y=1.03; (b)
1300 nm, 4.2x10" W/ecm?, y=0.96; (c¢) 1375 nm, 3.1x10" W/cm?, y=1.05; (d) 1475 nm, 3.3x10"
W/em?, y=0.94; (e) 1575 nm, 3.4x10" W/cm?, y=0.87. The logarithmic false-color scale covers three

orders of magnitude. The holographic pattern is marked in (a) with a black dashed line.
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FIG. 2. (Color online) Experimental (left column) and calculated (right column) momentum maps for
ionization of xenon at various wavelengths and intensities: (a) 600 nm, 5.7x10" W/ecm?, y=1.78; (b)
650 nm, 4.6x10"* W/em?, y=1.83; (c) 700 nm, 4.5x10"> W/cm?, y=1.72; (d) 740 nm, 6.4x10" W/cm?,

y=1.36; (e) 800 nm, 6.7x10"> W/cm?, y=1.23. The logarithmic false-color scale covers four orders of

magnitude.



FIG. 3. (Color online) Calculated momentum maps for ionization of xenon at U,=5.44 eV and various
wavelengths: (a) 4560 nm, 0.3x10" W/ecm?® R=0.78; (b) 1140 nm, 4.5x10"* W/cm?, R=0.76; (c) 650
nm, 1.4x10" W/cm?, R=0.86; (d) 460 nm, 2.8x10'* W/cm?, R=0.91. The logarithmic false-color scale
covers three orders of magnitude. The horizontal white lines mark the momentum p, where the

parameter R is calculated.
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FIG. 4. (Color online) Calculated momentum maps for ionization of xenon at A=1840 nm and various
intensities: (a) 0.2x10"” W/em?, y=3.1, R=0.89; (b) 1.1x10"” W/cm’, y=1.3, R=0.71; (c) 1.9x10"
W/em?, v=1, R=0.63; (d) 2.8x10"° W/em?, v=0.8, R=0.51. The logarithmic false-color scale covers
three orders of magnitude. The horizontal white lines mark the momentum p, where the parameter R is

calculated.
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FIG.5. (Color online) A diagram showing the range of laser parameters explored in this paper. The
filled and empty symbols correspond respectively to the presence and absence of the holographic
pattern in the momentum maps, shown in the previous figures. A solid horizontal line at U= 6 eV
marks the formal transition from the multi-photon to the tunneling regime, when the Keldysh
parameter goes through unity. Note that care must be taken with the interpretation of the results at
short wavelengths and high intensity, since enhancement of intensity above the saturation of singly-
charged xenon ion yield may lead to depletion of the ground state before the tunneling regime can be

reached.
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