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Molecular above-threshold-ionization angular distributions with intense circularly polarized
attosecond XUYV laser pulses
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Photoionization of aligned and fixed nuclei three-dimensional H,™ and two-dimensional H, by intense
circularly polarized attosecond extreme ultraviolet laser pulses is investigated from numerical solutions of
the time-dependent Schrodinger equation. Molecular above-threshold-ionization angular distributions are found
to be rotated with respect to the two laser perpendicular polarizations or, equivalently the symmetry axes of
the molecule. The angle of rotation is critically sensitive to laser wavelength A, photoelectron energy E.,, and
molecular internuclear distance R. The correlated interaction of the two electrons in H, is shown to also influence
such angular distribution rotations in different electronic states.
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I. INTRODUCTION

Rapid developments in laser pulse technology [1-3] provide
the tools necessary for investigating electron dynamics on
the attosecond (1 as = 10~'8 s) time scale. Such ultrashort
laser pulses now offer the possibility of creating coherent
electron wave packets inside molecules on the attosecond
time scale and subnanometer size [4-6] and of probing the
time-resolved transient structure of molecules, materials, and
even biological systems via ultrafast electron diffraction [7,8].
“Illuminating” molecules from within with modern ultrafast
attosecond lasers will allow the use of laser-induced electron
diffraction (LIED) [9,10] for structural information which is
encoded in interference patterns that result from the intrinsic
wave nature of the electron and its laser-assisted scattering
[11]. Such interference phenomena in diatomics have been
predicted earlier by Cohen and Fano [12] and Kaplan and
Markin [13] in direct perturbative single-photon ionization.
This has been extended to nonperturbative photoionization
with few-cycle intense laser pulses in LIED [9,14]. In these
schemes, a laser-induced rescattering mechanism occurs at low
frequency through recombination with the parent ion [15,16]
or with neighboring ions for both linear [17] and circular
polarizations [18] with electron wavelengths controlled by the
laser intensity through laser-induced ponderomotive energies.
The effects of orbital geometry on tunneling-rescattering
ionization and the resulting interference have also been
investigated in angular-resolved high-order molecular above-
threshold-ionization (MATI) spectra [19]. This has been
extended to circularly polarized pulses illustrating MATI
angular distributions [20] and molecular high-order-harmonic
generation [21] both at equilibrium and at large internuclear
distance R.

Attosecond extreme ultraviolet (XUV) laser pulses have
been used to compare the interference effects of the molecular
orbital configurations of H and H, ™ in two-dimensional (2D)
LIED for both linear and circular polarizations [22]. Ionization
by attosecond XUV laser pulses produces a strong dependence
on both the internuclear distance and the molecular orientation
angle [23]. Most recently, Odenweller et al. [24] found

*andre.bandrauk @usherbrooke.ca

1050-2947/2012/85(5)/053419(8)

053419-1

PACS number(s): 33.80.Rv, 42.65.Ky

that in tunneling ionizations of Hy* with 800-nm circularly
polarized laser pulses, the photoelectron momentum angular
distributions exhibited tilted (rotated) angles with respect
to simple quasistatic model predictions. They attributed the
unexpected momentum distributions to a complex electronic
motion inside molecules at critical distances R. [25,26],
where enhanced ionization has previously been predicted
to occur [27,28]. In atomic multiphoton ionization angular
distributions, such asymmetry has also been observed with
elliptically polarized 532- and 1064-nm laser pulses [29]. As
pointed out by this work in atoms, asymmetry in ATI angular
distributions is forbidden for circular polarization. The angular
distributions were shown to be strongly dependent on the laser
intensity, polarization, and electron energy contrary to atoms.
Circularly polarized XUV laser pulse photoelectron angular
distributions of H, were shown to exhibit slight rotations of
angular distributions with respect to polarizations due to the
helicity of the light [30,31].

In this paper we present numerical results which show that
the rotation of three-dimensional (3D) H,* and 2D H, angular
distributions in photoionization with circularly polarized
attosecond XUV laser pulses is a general phenomenon and
is critically sensitive to the laser wavelength, photoelectron
energy, internuclear distance, and symmetry of molecular
orbitals. Simulations are performed for aligned H, ™ by solving
numerically the corresponding fixed nuclei time-dependent
Schrodinger equation (TDSE). Attosecond photoionization
processes in the weak-field regime can also be treated by
perturbation theory methods [32]. For H, we use a reduced
2D model, restricting the electron motion in a plane with
static nuclei, thus enabling to go beyond perturbation theory
and independent of gauge transformations [33]. Such a fixed
nuclei approach is appropriate due to the longer femtosecond
time scale of nuclear motions. The attosecond XUV ultrashort
laser pulses with frequency w > I, (I, ionization potential),
duration T < 1.2 fs, and intensity Io = 1.0 x 10'* W/cm?
(3 x 107% a.u.) are adopted. Throughout this paper, atomic
units (a.u.) e =h = m, = 1 are used unless otherwise stated.

II. NUMERICAL METHODS

The TDSE for a fixed nuclei prealigned molecular ion Hy™
is appropriately written with respect to the center of mass of
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two protons at position =R /2 as
.0 I,
s ¥y =1 =2V +Vea(®) + Vilr0) | Y1), (1)

where v/ is the Laplacian on the right-hand side of Eq. (1). The
3D TDSE is described using cylindrical coordinates (p,6,z)
with (x = pcosf, y = psin@), where the radial and angular
variables are easily separated. (x,y) is the molecular plane
with the x axis along the internuclear distance. We can also
reduce the 3D problem to 2D by separating the perpendicular
z coordinate. 2D calculations are also well suited for circularly
polarized laser pulses which confine electrons in the plane of
molecules.

The laser-electron radiative coupling is described by the
time-dependent potential

Vi(p,0,t) =é,pcosOE(t) L é,psin0E () ()
in the length gauge for a one-color laser pulse,
E(t) = é,Eo f(t) cos(wt) £ &, Ey f(¢) sin(wt), 3)

where é,, is the polarization direction for left-hand (+ ) and
right-hand (—) circular polarizations. A smooth pulse envelope
f(t) = sin®*(zwt/T) with time duration T = 67 (1t = 27/w,
1 optical cycle) and maximum amplitude E; for intensity
Iy = %ceoES is adopted. The TDSE is solved numerically
by a second-order split-operator method in the time step
8t combined with a fifth-order finite difference method and
Fourier transform technique in the spatial steps 8p, 66, and
6z [34,35]. The time step is taken to be 6z = 0.01 a.u. = 0.24
as, the spatial discretization is §p = 8z = 0.25 a.u. for radial
grid ranges 0 < p < 128 au., |z] < 64 a.u., and the angle
grid size 860 = 0.025 radian. To prevent unphysical effects
due to the reflection of the wave packet from the boundary, we
multiply ¥(p,0,z,t) by a “mask function” or absorber in the
radial coordinate with the form cos!/3[ (o — pa)/20abs] [36].
For all results reported here we set the absorber domain
Pa = Pmax — Pabs = 104 a.u. with pups = 24 a.u., exceeding
well the field-induced electron oscillation agy = Ey/w? of the
electron.

An energy analysis of the ionization probabilities is em-
ployed based on a Fourier analysis of the associated flux [elec-
tron current density 7 (6,¢)] to describe photoelectron angular
distributions [22] after integrating out z perpendicular to the
(x,y)molecular plane, i.e., averaged over z. The corresponding
time-independent energy-resolved angular differential yield
(photoelectron spectra) is obtained by a Fourier transform:

J@O,E) ~ / e Bt 7(9,0)dt, 4)

where E = p?/2 is the kinetic energy of an ionized electron
with wave vectork = p = 2w /A, (ina.u.), p is the momentum,
and A, is wavelength. The angular distributions 7% (9) at
photoelectron kinetic energies E., = nw — I, corresponding
to n-order multiphoton ionizations are obtained by integrating
over energy in Eq. (4),

Eentw/2

JE(9) = / dEJ(9,E). (3)
Een—w/2
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III. RESULTS AND DISCUSSIONS

WEe first consider photoionization of H,*. Figures 1 through
4 show the results of MATI angular distributions 7% (6)
at particular photoelectron kinetic energies E., for the Hp™
ground 1so, electronic state at different internuclear distance
R in ultrashort intense left-hand and right-hand circularly
polarized XUV laser pulses with varying wavelengths A
(angular frequency w = 2mc/)). The corresponding electron
wavelengths A, (in a.u.) obtained from nw = I, + 27%/A? are
displayed in Table I. The Keldysh parameter y = \/1,/2U, >
20 > 1 indicating multiphoton ionization processes [1]. From
Figs. 1 through 4 we see that the structure of the angular
distributions is critically sensitive to the photon angular
frequency w, photoelectron kinetic energy E., (MATI peaks),
and internuclear distance R. We also illustrate in Fig. 5 the
corresponding electron density Pex(t) = |I//ex(l‘)|2 attime t =
47 of the total excited-ionized wave function defined as [37]

Vex(t) = Y (1) = (Yt = O)|[Y (€)Y (r = 0). (6)

For comparison, in Fig. 2 we also display, the equilibrium H, ™
results using a reduced 2D model [22]. It is found that both the
3D (Fig. 1) and 2D (Fig. 2) models show essentially identical
results, thus indicating that the reduced 2D calculations can
give an adequate description of the XUV photoionization
processes at high intensities. Therefore as shown in Fig. 6
for the two-electron system H, we use reduced 2D models to
describe the photoionization processes in circularly polarized
XUV laser fields.

For the photoionization of equilibrium H," in Fig. 1, we
note that the MATI angular distributions at photoelectron
wavelengths A, > R, =2 a.u. (low photoelectron energy
Een < 27%/R?) rotate anticlockwise and clockwise, for left-
hand and right-hand circularly polarized laser pulses, i.e.,
following the direction of field polarizations. This is mainly
due to the helicity of the ionizing photons [30,31]. The
rotation angle of the angular distributions decreases as the laser
wavelength A decreases since higher-energy electrons with
shorter wavelengths are created, thus diminishing the effects
of Coulomb potentials. For example, as shown in Fig. 1(a), the
rotation angle for the one-photon A = 40 nm ionization at E,
is approximately 15° with respect to the polarization direction
perpendicular to the molecular axis. In the case of A = 20 nm
in Fig. 1(d), the angle decreases to 7.5° and for A = 10 nm,
the angle nodes nearly lie along the perpendicular polarization
axis. Similar results occur for the two-photon ionization at E,;.
At A = 40 nm the rotation angle from the molecular axis is
about 25° in Fig. 1(b) and 15° at A = 20 nmin Fig. 1(e). For the
photoelectron angular distribution at energies Ee, > 272/ R?
(ke < R.), more nodes are produced and the rotation of angular
distributions gradually disappears. In Figs. 1(f), 1(h), and
1(i), the angular distributions are essentially identical for
left-hand and right-hand circular polarizations. Moreover, we
note that the intensity of the parallel (to the molecular axis)
ionization relative to the perpendicular case also increases
with laser wavelength A, i.e., with lower ionized electron
energies, thus reflecting the increasing role of the Coulomb
potential.

We adopt a §(¢) pulse ultrafast ionization model of two-
center problems to understand the sensitivity of the rotation of
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FIG. 1. (Color online) MATI angular distributions 7 % (9) at photoelectron energies E., for 3D H, " at R, = 2 a.u. in left-hand (solid line)
and right-hand (dashed line) circularly polarized XUV laser pulses with wavelengths A = 40 nm [upper row, (a)—(c)], 20 nm [middle row,
(d)—~(H)], and 10 nm [bottom row, (g)—(i)], and intensity Iy = 1.0 x 10'* W/cm? (3.0 x 1073 a.u.).

the MATI angular distributions to photoelectron energies E.y,.
The corresponding angular distribution amplitude of the photo-
electron ionization is given by Fourier transform of the molec-
ular wave function v (r = 07), and can be expressed as [9]

£(p) = V2cos[(F + p) - R/2]y(IF + p), (7

where p and F are the momentum vector of the photoelectron
and the pulse field amplitude, respectively. The electron wave
function after the interaction with the §(¢) pulse is given by
Yt =0") = exp(—iF - r)¥ 1., with the initial electron state of
H,* at internuclear distance R before the interaction Yo, =

[V1,(—R/2) + I/fls(R/Z)]/\/i, i.e., a linear combination of
hydrogenic 1s orbitals located at £R/2. One sees that the
effect of an ultrashort pulse, approaching a §(¢) function pulse,
will be to shift simply the total momentum distributions of
the constituent atomic orbitals of molecular orbitals by the
field amplitude F and this is multiplied by the two center
interference phase function. In the present model, F ~ 0
in Eq. (7) since at laser intensity Ip =1 x 10'* W/cm?
(3.0 x 1073 a.u.) and field amplitude Ey = 0.053 a.u. the

ponderomotive energies U, = E}/40* < I, and the Stark
potential energy £ F R/2 is negligible compared to the phase
PR/2.

In Fig. 1 we see that for the case A, > R,, since cos(p -
R/2) = cos(pR cos ©//2), then pR/2 = 7 R/A. < 7w, where

TABLEI. Wavelengths A, (a.u.) of the ionized electron at specific
MATI energies E., for H, at different R in circularly polarized XUV
laser pulses with varying wavelengths X.

R (a.u.) E., A =10 nm 20 nm 40 nm 60 nm
E. 2.39 4.09 22.2

R. =2 E, 1.57 2.39 4.09
E 1.25 1.85 2.92
E. 2.28 39.0

R. =7 E, 1.54 5.06
E 1.24 3.59
E. 2.25 14.0
E 1.23 3.49
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FIG. 2. (Color online) MATT angular distributions 7 £ (9) at photoelectron energies E., for reduced 2D H," at R, = 2 a.u. in left-hand
(solid line) and right-hand (dashed line) circularly polarized XUV laser pulses with wavelengths & = 40 nm [upper row, (a)—(c)], 20 nm [middle
row, (d)—(f)], and 10 nm [bottom row, (g)—(i)], and intensity Iy = 1.0 x 10" W/cm? (3.0 x 1073 a.u.).

¥ is the angle between the momentum of the ejected electron
and the molecular axis, no diffraction is possible. The circular
polarization angular distributions are simply superpositions of
the linear parallel and perpendicular polarizations [22,38]. As
shown in Fig. 5(a), under such a condition most of the electron
wave packet with classical momentum p = ,/2(nw — 1,)
drifts away from the nuclei at an angle with respect to the laser
polarizations, and then rapidly ionizes. Therefore, rotation
occurs in the final angular distributions due to the two-center
nonspherical Coulomb potential. The departure angle depends
on the rotation of the circularly polarized XUV laser fields.
For left-hand and right-hand circular polarizations, the angular
distributions show complete up-down symmetry, indicating the
effects of helicity of the light on the rotation. Of note is that
due to effects of the proton Coulomb potential and scattering
of electron wave packets, the rotation angles of parallel and
perpendicular electron distributions are not the same.

As laser wavelengths A decrease, energies E., = p*/2 =
nw — I, (in a.u.) increase and the corresponding electron

wavelengths A, = 27 /p decrease. The two-center interfer-
ence is enhanced gradually. At A, < R,, the final angular
distributions mainly result from double-slit electron diffrac-
tion of the continuum electron wave packet. As shown in
Fig. 5(b) striking classical Young double-slit interference
stripes are observed. This has been previously assigned to the
contributions of large / > 3 angular momentum states [39,40]
due to strong deviation from spherical symmetry of the electron
continuum wave functions. Thus as seen in Figs. 5(d)-5(f),
diffraction patterns increase with increasing R. As a result the
multiple “wings” as predicted in Eq. (7) appear in the angular
distribution, and the rotation due to helicity of the circularly
polarized XUV laser pulses vanishes, as confirmed from the
identical angular distributions for left-hand and right-hand
circular polarizations in Figs. 1(f), 1(h), and 1(i). At high
photoelectron energy E., and shorter electron wavelengths
Ae < R., the effects of molecular geometry and orientation on
the ionization rate [23] become weaker, thus the intensity of
the parallel nodes increases, as shown in Fig, 1.
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FIG. 3. (Color online) MATI angular distributions 7 % (@) at photoelectron energies E., for 3D H, " at R, = 7 a.u. in left-hand (solid line)
and right-hand (dashed line) circularly polarized XUV laser pulses with wavelengths A = 60 nm (upper row) and 10 nm (bottom row), and
intensity /y = 1.0 x 10" W/cm? (3.0 x 1073 a.u.).

At large internuclear distance R, the rotation of the MATI resonance enhanced ionization (CREI) internuclear distance
angular distribution can also be observed at A, < R. In Figs. 3 R, =7 au. [27,28] and at the large dissociation distance
and 4 we, respectively, display the results of H, " at the charge R; = 15 a.u. The photoelectron angular distributions of the
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FIG. 4. (Color online) MATI angular distributions 7% (@) at photoelectron energies E., for 3D H,* at R; = 15 a.u. in left-hand (solid
line) and right-hand (dashed line) circularly polarized XUV laser pulses with wavelengths A = 60 nm (upper row) and 10 nm (bottom row),
and intensity Ip = 1.0 x 10'* W/cm? (3.0 x 1073 a.u.).
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FIG. 5. (Color online) Ionized probability P, (x,y) distributions for 3D H,* at time r = 47 at different internuclear distances R, = 2 a.u.
[(a) and (b)], R, = 7 a.u. [(c) and (d)], and R, = 15 a.u. [(e) and (f)], for left-hand circularly polarized XUV laser pulses with wavelengths
A =40nm (a), A = 60 nm [(c) and (e)], and A = 10 nm [(b), (d), and (f)], and intensity Iy = 1.0 x 10'* W/cm? (3.0 x 1073 a.u.).

first three MATT peaks are illustrated for circularly polarized
XUV laser pulses with long A = 60 nm and short 10 nm
photon wavelengths. However, we note that in Figs. 3(b), 3(c),
and 4(a)-4(c) at A, < R, with striking diffraction “wings,”
the rotation of the angular distributions in parallel and
perpendicular polarizations is also observed. As illustrated
in Figs. 5(c) and 5(e), an increase of internuclear distance
R decreases the ionization potential I, and the amplitude
of the two-center interference, leading to increase of direct
ionizations and decrease of LIED effects. As a consequence,
the angular distribution rotation appears as well. Comparing
with Fig. 3 at the CREI distance R. = 7 a.u., Fig. 4 at large
dissociation distance R; = 15 a.u. shows small rotation of
angular distributions due to weaker Coulomb potentials. At
larger R in Figs. 3(d), 3(e), 4(b), and 4(c) the major angular
distribution does not follow the laser polarization due to
molecular Coulomb potential altering the relative intensity of
the nodes as a result of LIED. At high photoelectron energy
E 3, angular distribution rotation vanishes for both internuclear
distances R, = 7 a.u. and R; = 15 a.u., reflecting the decrease
of Coulomb potential. As shown in Figs. 3(f), 4(f), 5(d),
and 5(f), clear double-slit interference and LIED patterns are
produced with R cos 6 ~ ..

Similar results of angular distribution rotations have also
been obtained for Ho* in tunneling ionization, where the
Keldysh parameter y ~ 1. As we have shown previously [20]
with A = 400 nm and [, = 2 x 10" W/cm2 (6.0 x 1073 a.u.)
circularly polarized laser pulses, equilibrium MATI angular
distributions at the cutoff energies E, = 8U, exhibit a rotation
with respect to polarizations directions. However, at extended
large internuclear distance R = 22 a.u. where collisions of
the ionized electron with neighboring ions occur resulting in
LIED patterns with multiple “wings,” such angular distribution

rotation with respect to laser polarization directions nearly
disappears due to weaker effects of Coulomb potentials.
At the critical internuclear distance R, = 7 a.u., rotations
are also obtained due to enhanced ionization resulting in
intramolecular electron motions [24]. Recent experiments in
H, circularly polarized 800-nm laser ionization also show
anomalous angular distributions [41]. Therefore we see that
the rotation of angular distributions with respect to circular
polarization axes is a general phenomenon and is sensitive to
the photoelectron kinetic energy.

Finally, in Fig. 6 we show photoelectron angular distribu-
tions at energies E,; = @ — I, inthe 2D Hp X 12;, A3EF, and
B 'S electronic states [22] at equilibrium R, by left-hand
circularly polarized attosecond XUV laser pulses, as used
for Hy™ but with different wavelengths A. We only show
the results of photoelectron wavelengths R, < A, < 2R,. The
laser wavelengths are A = 15 nm (upper row), 10 nm (middle
row), and 7.5 nm (bottom row). Again the laser wavelength
A dependent rotation of angular distributions is obtained. The
similar results of angular distribution rotations should occur
as Hp™ in Figs. 1 through 5 for higher-order MATI spectra.
However, we note that such rotations are also sensitive to
molecular orbital configurations. The correlated interaction
of the two electrons in H, clearly influences the rotations.
For the ground X '% ; electronic states with molecular orbital
configuration lo,(1)10,(2) in Figs. 6(a), 6(d), and 6(g) no
rotations of angular distributions with respect to the perpendic-
ular polarization occurs for both wavelengths, whereas for the
excited A 32; [Figs. 6(b), 6(e), and 6(h)] and B IE;F [Fig. 6(c),
6(f), and 6(i)] states with 1o,(1)10,(2) — 10,(2)10,(1) and
log(1)10,(2) + 1og(2)10,(1) orbital configurations, the ro-
tation angle decreases as laser wavelength A decreases.
Moreover, the rotation angle in the B IE;F state is larger than
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FIG. 6. (Color online) Angular distributions at kinetic energies E,, for the 2D H, X 'S}, A °Z, and B 'S electronic states at R, in
left-hand circularly polarized XUV laser pulses with wavelengths A = 15 nm (upper row), 10 nm (middle row), and 7.5 nm (bottom row), and

intensity /y = 1.0 x 10'* W/cm? (3.0 x 1073 a.u.).

that in the A 32];[ state, reflecting the effects of the symmetry
of molecular orbitals.

From Fig. 6 we also see that relative intensities of parallel
and perpendicular (to the molecular axis) angular distributions
are critically sensitive to laser and photoelectron wavelengths
for the three H; electronic states. At . = 15 nm, the perpendic-
ular distributions dominate. As photon energies w increase, i.e.,
photoelectron wavelengths X, decrease, the parallel distribu-
tions in intensity increase as well. At A = 7.5 nm, the parallel
and perpendicular distributions are comparable. The laser
wavelength and photoelectron kinetic energy dependence of
parallel and perpendicular distribution intensities mainly result
from the effects of the electronic charge clouds associated
with each scattering center in the photoelectron ionization
processes. Thus such nonspherical Coulomb potential leads
to orientation-dependent ionization rates [33], which allow for
tomographic imaging of molecular orbitals [10]. Of note is that
at A = 7.5 nm, the parallel and perpendicular distributions for
the X 'S} and B 'S} states are nearly equivalent, whereas

for the A 32; state the perpendicular distributions are still
dominant. This can be attributed to the effects of the elec-
tron configurations on the orientation-dependent ionization
rate.

IV. CONCLUSIONS

MATI angular distributions are reported for H, ™ at different
internuclear distance R produced by attosecond intense XUV
laser pulses. Such ultrashort laser pulses allow for measure-
ment of multiphoton processes for fixed nuclei molecular
configurations. Numerical solutions of the appropriate TDSE’s
for MATI processes allow for obtaining gauge invariant,
nonperturbative angular distributions for different photon
wavelengths A and internuclear distance R. It is found that
MATT angular distributions from circularly polarized XUV
laser pulses exhibit asymmetries characterized by rotations of
angular distributions with respect to the symmetry axes of the
H, " molecular ion. These molecular asymmetries which are

053419-7



KAI-JUN YUAN AND ANDRE D. BANDRAUK

absent in atomic ATI spectra generated by circularly polarized
laser pulses [29] reflect the angular dependent ionization rates.
These are presented for ultrashort intense laser pulse ionization
at long wavelength, 400 nm [20], and are shown to be
present also for short wavelength XUV multiphoton ionization.
XUV wavelengths offer also the possibility of observing
LIED [9,10] as photoelectron wavelengths become shorter
than the internuclear distance R. MATI angular distributions
remain rotated in the presence of LIED effects. 2D simulations
for the two-electron H, molecule confirm that rotation of

PHYSICAL REVIEW A 85, 053419 (2012)

MATI angular distributions are also sensitive to electron
configurations and XUV ionization wavelengths.
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