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Angular distributions of atomic photoelectrons produced in the uv and xuv regimes
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We present angular distributions of photoelectrons of atomic model systems excited by intense linearly
polarized laser pulses in the vuv and xuv regimes. We solve the multidimensional time-dependent Schrédinger
equation for one particle on large spatial grids and investigate the direction dependence of the emitted electrons
for isotropic s states as well as p states. Although the ponderomotive potential is small compared to the binding
energy of the initially bound electron and the photon energy of the exciting laser field, richly structured
photoelectron angular distributions are found which sensitively depend on the laser frequency and intensity as
well as on the number of absorbed photons. The occurring shapes are explained in terms of scattering

mechanisms.
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I. INTRODUCTION

Photoemission experiments are an important tool for the
investigation of electronic properties of matter from single
atoms and molecules to condensed matter systems; see, e.g.,
[1] for an overview.

The first experimental investigation of photoelectron an-
gular distributions (PADs) from atoms in the gas phase using
ultraviolet light was published in 1930 [2]. The shape of the
PAD followed the cos? dipolelike shape predicted by early
quantum mechanics [3], which stated that the most favorable
direction of emitted electrons is along the field polarization
axis.

The technical development of new light sources, in the
first place the invention of the laser [4], with the ability of
creating high-intensity and monochromatic pulses gave addi-
tional momentum to this topic, giving access to nonlinear
processes. An (ionization) process is called nonlinear if the
photon energy % is smaller than the ionization potential 7,
of the atomic state considered. According to the classification
by Keldysh [5] two main processes can be distinguished.
Depending on the parameter y=v1[,/2U, (where U,
=e(2,ES/4mew2 is the ponderomotive energy of the electron in
the changing electric field of the laser with amplitude E) the
electron is freed into a continuum state by tunnel ionization
(y<1) or by multiphoton (MP) ionization (y>1).

After its ionization the electron can absorb additional pho-
tons if the intensity of the laser is sufficiently high. The first
experimental evidence of such above-threshold ionization
(ATI) by one additional photon in intense infrared (ir) laser
pulses was observed in the late 1970s [6]. In this case, the
photoelectron is ionized by a MP or tunneling process and
absorbs additional photons from the light field to increase its
kinetic energy, leading to a peaklike structure in the electron
spectra, where each peak is separated by the photon energy
fiw of the exciting laser. Soon, better laser systems and
higher accuracy in experiments showed the expected se-
quence of peaks in the continuum [7,8] which form well-
known plateau structures. The quasistatic or two-step model
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[9-11] explains the underlying dynamics. First, the electron
is ejected into a continuum state via tunneling or MP pro-
cesses with nearly no kinetic energy, being subsequently ac-
celerated by the electrical field of the laser. The main struc-
tures of ATI spectra can be explained by rescattering
processes where parts of the electronic wave function are
driven back to the parent ion. This effect is the origin of such
famous and actively studied processes as high harmonics
generation (HHG), nonsequential double (or multiple) ion-
ization, and the formation of the characteristic cutoffs in the
energy distribution of ATI electrons.

A large amount of information regarding electron dynam-
ics in atoms and ionization processes is obtained by analyz-
ing the corresponding angular distributions of electrons. First
investigations of multiphoton PADs revealed intensity-
dependent structures [12]. According to the simple quasi-
static model the general thought was that the PADs are more
and more peaked along the polarization axis of the laser field
with increasing photon order of the process, which leads to
occupation of final states with higher angular momentum.
But the experimental situation soon changed with the ap-
pearence of additional structures referred to as side lobes
[13], jets, and wings [14], which appear at characteristic re-
gions in the ATI photoelectron spectra, depending on the
ponderomotive energy. The angular distributions have been
widely used to identify the involved high-lying Rydberg
states (“channel switching”) whose angular momentum sig-
nificantly affects the final angular momentum state of the
photoelectron and, as such, the PAD [15].

Much work has been performed in the regime of intense
(=105 W/cm?) ir pulses. A recent comparison between ex-
periment and theory showed perfect agreement [16]. On the
other hand, multiphoton ionization of rare gas atoms in the
regime of high photon energies, which allows for direct ion-
ization of one electron by a single photon, has been investi-
gated at the free electron laser (FEL) facility at DESY in
Hamburg which gave the first experimental evidence of a
multiphoton process in the high-photon-energy regime
[17,18]. Up to now, there still exist discrepancies between
theory and experiment [19] which may also be attributed to
still-limited experimental work in the field since the high-
intensity vuv and xuv sources are presently under construc-
tion. Many predictions for further investigations already ex-
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ist [20-28], but no information on the expected ADs of the
photoelectrons is available. Since the ponderomotive poten-
tial is of the order of meV in this regime, ponderomotive
scattering should play only a minor role. Additionally, the
ionization happens directly into the continuum—no channel
switching due to ponderomotive shifting of resonant Rydberg
states affects the final electron state. Hence, the ADs should
be dominated by the initial state of the atom and, with in-
creasing laser intensity (and therefore higher electrical field
strength), by rescattering effects with the parent ion.

The aim of this paper is the investigation of (multiphoton)
PADSs at high photon energies. It is organized as follows: In
Sec. II we explain our general theoretical approach to obtain
angular distributions of photoelectrons, which is followed by
an explanation of the chosen model system in Sec. III. Our
results are presented in Sec. IV in detail for various laser
parameters. The work ends with a discussion of the effects
which contribute to the PADs and gives a physical explana-
tion of the structures in terms of scattering processes by uti-
lizing a simple analytical fit formula.

II. METHOD

We solve the two-dimensional
Schrddinger equation (TDSE) [29]

time-dependent

J s
l;t‘lf(x,y,l‘) = <— ol 2—[?)]2 + V(x,y,t))\I’(x,y,t) (1)
for one particle on large spatial grids by means of an imple-
mentation of the Crank-Nicolson procedure in combination
with the operator-splitting technique, which gives access to
the solution of the two-dimensional problem. The potential
term V=V, n+ Vi, is given by a time-independent part
Vaom(¥,¥) and a time-dependent interaction part Vi, (x,y,?),
which describes the external laser field.

The electromagnetic field is treated classically within the
dipole approximation. Then, the interacting part of the
Hamiltonian for a linearly polarized laser field along the x
direction reads in length gauge

— 2
Vint(x,y,l‘) = eXp(— (tz;())

)on coslw(t—1)], (2)

where the envelope is assumed to be of Gaussian shape. 7
characterizes the pulse duration (standard deviation of
Gaussian pulse form), £, the time of maximum electrical field
strength E, and w the photon energy.

In order to minimize the computational grid sizes a dissi-
pative absorbing potential with an imaginary part is included
at the boundary of the grid. The decrease of normalization of
the wave function due to absorption gives then an estimate of
the total ionization rate. Special attention is paid to the cal-
culation of energy spectra of the emitted electrons. We
implemented a realistic detectorlike setup (cf. Fig. 1) which
allows for the calculation of energy- and angle-resolved pho-
toemission spectra. The two-dimensional (2D) wave function
W(t,r=vx>+y?) is saved at the fixed radius r, where r has to
be chosen large enough to avoid near-field effects; for all
time steps and hence the energy spectrum on the detector can
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FIG. 1. Schematic drawing of the used detector implementation.
The wave function is saved at a large fixed radius r after which it is
damped by an imaginary absorbing potential. Typical detector pa-
rameters are r=25.0 a.u. and more than 1500 detector points. The
atom is located in the center region at r=0.

be obtained by a Fourier transform with respect to the time z.
After its detection the wave function is damped by the imagi-
nary part of the potential (cf. Fig. 1). We used r=25.0 a.u.
and approximately 1500 detector points allowing for a high
angular resolution. During the data processing, the resolution
is reduced to an angle element of Ap=27/256.

As initial conditions the eigenstates of the considered po-
tential are used. They are obtained via propagation of the
TDSE in the imaginary time direction (time step iAr) [30],
which is a procedure similar to self-consistent Hartree-Fock
calculations. Higher-lying states (above the ground state) are
constructed by an additional orthogonalization procedure at
each imaginary time step.

III. MODEL SYSTEM

The binding potential of the atom is represented by a two-
dimensional regularized Coulomb potential

Z
Vatom(X:Y) \’m (3)
in our simulations. « is a small cutoff parameter preventing
the singularity at x=y=0. This is necessary for the numerical
treatment on the chosen Cartesian grid. Further on, we inves-
tigate a hydrogenlike atom (Z=-1.0 a.u.) with a chosen
regularization of k=0.1. Throughout this paper the ionization
process of the 2s and the 2p,-like and 2p,-like states (cf. Fig.
2) will be investigated [31]. These chosen orbitals are typical
for all s and p states. The orientation of the states with re-
spect to the laser polarization is generated by the imaginary
time propagation and is, in some sense, arbitrary. The ex-
plicit alignment of the states will be discussed later on; see
Sec. IV B.
The introduced artificial screening by the parameter « lifts
the degeneracy of the 2p states and the 2s state, as can be

043403-2



ANGULAR DISTRIBUTIONS OF ATOMIC ...

2s 2D, 2p,

o N s

—0.194

—0.221 —0.221

FIG. 2. (Color online) Density of the initial states of the regu-
larized Coulomb potential, Eq. (3), with x=0.1, in the x-y plane
calculated via TDSE propagation in the imaginary time direction.
The lower numbers give the energy eigenvalue of the state. The
nomenclature of the states is chosen in analogy to the orbitals of the
hydrogen atom.

seen in the printed eigenenergies in Fig. 2. In analogy to the
full hydrogen atom we will call the constructed states with
[=1, for simplicity, the p, state and p, state, although they
are not aligned along the corresponding axis. In Sec. IV B
the dependence of the angular distribution of photoelectrons
on the explicit alignment of these states with respect to the
laser polarization axis will be investigated in detail.

IV. RESULTS
A. Angular dependence of different photon lines for s states

We consider pulses of duration 7=30 fs to closely repro-
duce typical experimental situations with different photon
energies and intensities. Since we use uv photon energies w
in our calculations, the chosen duration should not affect the
results significantly as many oscillations of the electrical
field are present and we are far off the regime of few-cycle
pulses.

Figures 3 and 4 show typical angle- and energy-resolved
photoelectron spectra for the s and p,/p, states. One clearly
recognizes, for all cases, the formation of the ATI spectra
with distinct photon peaks separated by the photon energy .
The isolated photon lines can be identified for more than five
orders of magnitude above the numerical noise level. In the
case of the s state two different photon energies are plotted
for illustration: Fig. 3(b) shows the angular distribution for
excitation with an energy of 27.2 eV and Fig. 3(a) the distri-
bution of photoelectrons excited with 13.6 eV radiation. The
energetic cutoff in both spectra is approximately the same,
which can be attributed to the corresponding small pondero-
motive potential in both cases. This corresponds for the case
(a) of smaller photon energy, =0.5 a.u., to twice as many
photon peaks, compared to (b).

A first inspection reveals that the photoelectron is ejected
from the s state predominantly along the polarization axis of
the exciting field with a perfect angular symmetry around
¢=0 and ¢@=m. In the case of both p states one finds a small
deviation from this symmetry, best seen in Figs. 4(a) and
4(b) at high photon orders, whereas the main distribution, at
least for high photon orders, is also ejected in directions near
to the polarization axis of the electrical field.

For further investigation of the processes involved, it is
useful to construct the angular dependence of each separate
photon line from the full spectrum obtained numerically. For
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FIG. 3. (Color online) Angle- and energy-resolved spectra of the
ionization of the 2s state for two photon energies: (a) w=0.5 a.u.
and (b) w=1.0 a.u. The electrical field strength is fixed at E,
=0.1 a.u. corresponding to a laser intensity of [=3.5
X 10" W/cm?. The direction of the linearly polarized laser field is
indicated by the (red) dashed line.

this purpose we integrate the energy-resolved spectrum over
an energy interval E---E+AE where AE is chosen according
to the width of the photon line considered. Since no channel
switching or high-lying Rydberg resonances are accessed
(due to the direct ionization with one single photon in the
lowest photon order), the substructures in the photon peaks
are not of importance in our case and are integrated out. This
procedure is performed separately for each photon energy
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FIG. 4. (Color online) The same as Fig. 3, but for the (a) p, and
(b) p, states, excited with a laser frequency of w=0.5 a.u.
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FIG. 5. Angular dependence of photoelectrons for different photon orders Np;, (columns) and different photon energies w (rows, given in
atomic units) for the 2s state at an intensity of /=3.5X 10'* W/cm?. The laser field is polarized in the x direction (horizontally).

and intensity for every occurring photon peak in the spec-
trum.

The angular dependence of photoelectrons initially bound
in the isotropic 2s state is shown in Fig. 5 (p-states: cf. Fig.
6) for different photon energies and photon orders. The col-
umns correspond to the absorption of a fixed number of pho-
tons, Npj,, whereas the photon energy is varied for each row
from w=2.5 a.u. (top row) to w=0.3 a.u. Each chosen en-
ergy is sufficient to ionize the electron directly by absorption
of one single photon (cf. Fig. 2). One clearly sees the in-
creased absorption of additional photons in the continuum
with decrease of photon energy, as discussed above. For the
case of w=2.5 a.u. only four photon peaks can be identified
in the spectrum, whereas for w=0.3 a.u. more than n=15
single-photon peaks are found. The intensity of the laser
pulse was chosen to be I=3.5X 10'* W/cm? for all photon
energies. Therefore the ponderomotive potential U,
=E3/4w2 increases from top (U,=0.0004 a.u.) to bottom
(U,=0.028 a.u.), but it is small compared to the binding en-
ergy and the photon energy of the laser field. Therefore, all
higher-order ionization processes (Np,> 1) are due to multi-
photon absorption. Tunneling effects are expected to play
only a negligible role.

B. Angular dependence of different photon lines for p states

To investigate states with different angular momentum,
such as, e.g., the 2p states with /=1, one has to keep in mind
the orientation of the orbital with respect to the laser polar-
ization axis. To construct the angular dependence of the pho-
toelectrons for randomly aligned states it is necessary to ad-
dress the specific orientational effects a single orbital shows
in its PADs. In order to use the methods developed above we
combine the photoelectron spectra of different states—i.e.,
for our special case (of the p subspace) both 2p, and 2p,
states. Since the imaginary time stepping method constructs
an orthogonal set of eigenstates, which are arbitrarily aligned
with respect to the laser field, the dependence of the PAD on
the explicit orientation of the 2p, and 2p, states has to be
investigated. For this purpose we consider, in addition, two
rotated, orthogonal states 2p, and 2p; (cf. Fig. 6). Techni-
cally, the rotation of the states obtained numerically is per-
formed by superposition of both original states, 2p, and 2p,,
in such a way that the final orientation of the new states is
rotated by 45° compared to the original orientation.

The obtained PADs for both cases are given in Fig. 6. The
combined intensity of both states, /(p;)+1(p;), shows exactly
the same behavior as the intensity of the nonrotated states,
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FIG. 6. (Color) Angular dependence of different photon orders Np;, (columns) for different photon energies w (rows, given in atomic
units) investigated for the 2p states at a laser intensity of /=3.5X 10'* W/cm?. The colored lines indicate the angular distribution of
photoelectrons of the single 2p, (red lines) and 2p, (blue lines) states. The laser field is polarized in the x direction (horizontally).

I(p,)+1(p,). Therefore, special orientation-dependent fea-
tures in the total angular distribution of photoelectrons can
be excluded. This is also a good test of the numerical meth-
ods used within this work.

Knowing this, it is sufficient to calculate the PADs of the
Py and p, states. Since for atoms in the gas phase the orbitals
occur randomly oriented, for every given state its orthogonal
complement can also be found. We assume here that the
electrical field of the exciting laser is changing rapidly
enough (high photon energies), such that the dipole moment
of the atomic orbital does not play an important role and the
atom is not aligned in some special way with respect to the
laser polarization axis. Because the total PAD of each pair
has the same shape, it is only necessary to know the ioniza-
tion behavior of one single pair. In the following, we will
therefore consider only two orthogonal states for the inves-
tigation of the total angular distributions of photoelectrons
for p states.

Figure 7 shows the obtained PADs from our TDSE simu-
lation in dependence on the photon energy (rows) and the
photon order (columns) for the 2p state, similar to the case of

the 2s state (Fig. 5). But for this case, as discussed above,
each angular distribution contains three different graphs: the
oriented p, state (blue line), the oriented p, state (red line),
and the total intensity, plotted as an envelope (black line). As
in the 2s case, one easily recognizes the emergence of addi-
tional photon lines with decreasing photon energy and the
occurrence of richly structured PADs.

Additionally, the appearance of three regimes correspond-
ing to different orientations of the PADs with respect to the
laser polarization axis can be pointed out: in the first photon
order (Np,=1) the maximum intensity for ejected photoelec-
trons is oriented perpendicular to the laser polarization axis
(leftmost column in Fig. 7). In the third regime (large num-
bers of absorbed photons) the PAD is aligned along the field
polarization axis (rightmost columns in Fig. 7). Finally, in
the intermediate region, a transitionlike behavior is observed
which is characterized by complex angular modulations.

C. Intensity dependence of PADs

Since scattering effects should become more prominent at
higher intensities, or vice versa, decrease for low intensities,
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FIG. 7. (Color online) Comparison of the photoelectron angular
distributions for different orientations of the initial states. The upper
figures give the densities of the rotated states (a) 2p, and (b) 2p..
The PADs of the nonrotated 2p states (cf. Fig. 2) are shown in (c)
and for the rotated states in (d). The thin lines indicate the data for
each individual orientation, whereas the bold line displays the total
intensity 1(2p,)+I1(2p,) in (c) and I(Zp)'c)+1(2p)',) in (d),
respectively.
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we calculated the PADs for different intensities of the laser
field. The results are shown in Fig. 8 for a fixed photon
energy w=1.69 a.u. The columns again indicate the absorp-
tion of single photons, and the rows mark different intensities
from low (top, 71=3.5X10'"W/cm?) to high (bottom, I
=3.5X10'* W/cm?) [32]. Again, with variation of the inten-
sity, the number of observed photon orders in the spectrum
varies: from linear excitation, by absorption of one single
photon with perfect dipolelike shape (topmost row in Fig. 8)
in the perturbative regime, to the absorption of many photons
with a richly structured angular dependence of the photoelec-
trons for different photon orders (lower rows in Fig, 8), in-
dicating scattering effects of the ejected electron with its par-
ent ion. This trend is typical for all initial states (2s and 2p
states).

D. Physical explanation of the PADs in terms
of scattering processes

First of all, the shapes of the angular distributions have a
qualitatively similar structure as observed in experiments
with ir photon energies [14]. According to [14,33], the struc-
tures in the angular distributions can be found at character-
istic energies in the ATI spectrum, which coincides with the
semiclassical picture of elastically scattered electrons follow-
ing classical trajectories in the laser field.

However, for all cases considered within the present work
(except for very-high-intensity excitations shown in Fig. 8,
lowest row) the ATI plateaus with the characteristic cutoff
energies of 2.5U,,, 4.5U,,, and IOU,, are not observed here.
The reason is that even 10U, is much smaller than the energy
of one uv photon, typically U,<0.03 a.u. And therefore the
classical connection of the richly structured PADs to the en-
ergetical position in the ATI spectrum is not possible.
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FIG. 8. Photoelectron angular dependence for different photon orders Np;, (columns) and different intensities (rows, electrical field
amplitude E, given in atomic units) for the 2s state at a fixed photon energy of w=1.69 a.u. The laser field is polarized along the x direction

(horizontally).
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Nevertheless, scattering mechanisms should play the
dominant role in the formation of the patterns observed. This
we conclude from the fact that the richly structured shapes of
the PADs (Figs. 5, 6, and 8) disappear both for very large
photon energies and for simultaneous absorption of many
photons at low intensities, respectively, where the electron is
lifted high into the continuum and the absorbed field energy
is converted directly into translational motion (kinetic en-
ergy) away from the atom. In this case, it is unlikely that the
electric field, which changes very rapidly, drives the electron
back to undergo a rescattering process. An analogous argu-
ment holds for the case of low intensities. The electrical field
of the laser is not strong enough to modify the path of the
fast-traveling electronic wave packet. In the following we
will examine the obtained PADs more in detail to isolate
traces of such scattering events.

The shape of the PAD for the multiphoton ionization of
order n is often fitted to a sum of even Legendre polynomials
Py [34],

1(6) = ﬁ(l + 2, 5Py (cos 0)) , (4)
=1

to correctly describe the angular momentum the outgoing
electron wave carries where 6 is the angle between the elec-
tron momentum and the field polarization axis. In the case of
the absorption of one single photon Eq. (4) transforms into
the well-known formula of Cooper and Zare [35],

106) = ﬁ[l + BP5(cos )], (5)

with the dipole-anisotropy parameter B and the angle-
integrated ionization cross section ¢. Equation (5) describes
the PAD for the ionization of randomly oriented atomic or
molecular systems by a linearly polarized laser field. Its
shape is, therefore, completely described by the two quanti-
ties B8 and 0.

If we now assume that, in the other regimes, scattering
effects, and therefore changes of the angular momentum of
the electron, influence the PADs, additional terms in Eq. (4)
beyond the first order, Eq. (5), are needed. To this end, we fit
a sum of Legendre polynomials P,; with / up to 4 via a
least-squares fitting routine to our simulation data.

We will concentrate our discussion on the 2s state. In
principle, the same results and arguments hold for the 2p,
and 2p, states. The fitting results—i.e., the first four fit pa-
rameters 3, s—in dependence on the photon energy and
the intensity for the first two photon lines are given in Figs.
9 and 10. Higher-order processes would involve additional
polynomials in Eq. (4), making the fitting procedure less
reliable.

First, we will discuss the behavior for the limit of large
photon energies or low intensities. This is the regime where
scattering effects are expected to play only a minor role in
the angular distributions of photoelectrons. And indeed, the
intensity distribution follows the Cooper-Zare formula, Eq.
(5), in the case of single-photon absorption [Figs. 9(b) and
10(b)] with an anisotropy parameter of 8,=2.0. This corre-
sponds exactly to the theoretical value for dipole radiation.
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FIG. 9. (Color online) Parameters B; of Eq. (4) calculated via a
least-squares fit to our numerical data for the first (b) and second
(a), respectively, photon peaks of the PADs of the 2s state vs the
photon energy w for a fixed intensity of /=3.5X 10! W/cm?.

All higher-order parameters [3;~, vanish. Analogously, the
first two parameters 3, and (B, are required to describe the
distribution in the case of the second photon line, as is ex-
pected from Eq. (4) for n=2.

If the photon energy is decreased, the initial dipole shape
gets lost and the coefficients of higher-order polynomials,
Ba, B, -, increase where the next higher-order contribution
is filled one after another. This behavior becomes most ob-
vious in the case of the first photon line [cf. Fig. 9(b)], where
the B, parameter decreases from its dipole value 8,=2.0 and
the magnitude of the term B, is becoming larger (w
~25-1.5au.). In the following step (w=1.5a.u.), the
third-order parameter B¢ gets involved to describe the PAD
correctly. This behavior can be spotted directly in the shape
of the PADs (cf. Fig. 5, first column Np,=1, where up to a
value of w=~1.5 a.u. the dipole shape dominates and only
small deviations are present). With decreasing photon energy
the PADs become compressed along the x direction and
some parts of the electrons are scattered in different direc-

3 -
—
a
. \H\N\M (a)
g 1tk 62 e i \’\‘\/%—
% /84 7777%7777 e ><><‘ .
= LlE e e
3 B 8 RO g
-1 g

2 — D)
=
£ 1 D IO
&E ¥ foooneet X*-
§ (] Do %:f'j‘%"“‘ﬁ%ﬁ%u[@ ,X% g E

. X PEm

0.01 0.03 0.1 0.3

electrical field strength Fy [a.u.]

FIG. 10. (Color online) Intensity dependence of 3; parameters in
Eq. (4) for the 2s state at a fixed photon energy of w=1.69 a.u.
Again (b) gives the result for the first photon peak (single-photon
absorption) and (a) the data for the second photon line.
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FIG. 11. (Color online) Comparison of PAD fitted according to
Eq. (4) (black solid lines), with the accurate numerical data [(red)
dashed lines] for some selected typical cases of w; see Fig. 5.

tions, emitting low photon energies finally rise to the ob-
served complex structured PADs.

Accordingly, due to the higher kinetic energy of the pho-
toelectrons being emitted by the simultaneous absorption of
two photons and the corresponding smaller possibility of res-
cattering, the occupation of higher-order terms in Eq. (4) sets
in at smaller photon energies as can be seen in direct com-
parison of the (red) lines for B, in Figs. 9(b) and 9(a). For
even lower photon energies, @ <<0.7 a.u., the angular distri-
bution becomes very irregular (cf. Fig. 5 lowest rows) and
the fitting procedure fails.

The same behavior can be observed by increasing the in-
tensity of the laser field (cf. Fig. 10, where also the higher-
order processes are accessed one after another). As in the
previously mentioned case of variation of the photon energy,
the modifications can be directly spotted in the PADs (cf.
Fig. 8). Again, the dipolelike shape at low intensities is, with
increase of the laser intensity, compressed along the polar-
ization axis and parts of higher-order processes become rel-
evant. This observation is condensed in the fact that higher-
order polynomials in Eq. (4) are accessed (B, and B in Fig.
10).

This lets us conclude that scattering processes and, there-
fore, a modification of the angular momentum of the outgo-
ing electron with the corresponding different angular depen-
dencies are dominant and responsible for the complex
photoelectron angular distributions. The richly structured
PADs are, therefore, also in the case of high photon energies
at high intensities (and small ponderomotive forces), a con-
sequence of the scattering processes the electron undergoes
on the ion on its way from its creation by (multi)photon
ionization to the detector.

A final remark shall be made on the success of the fitting
procedure (cf. Fig. 11). Given the complex structure of the
PADs, it is remarkable that the fit of only four Legendre
polynomials is sufficient for resolving the main contributions
to the PAD, at least for photon energies larger than w
=0.5 a.u. For large photon energies (w=2.5 a.u.) the shape
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of the PAD is completely describable by such a series; the
(red) dashed line of the numerical data and the black solid
line of the fitted function show almost no deviations for both
photon orders under investigation. In the transitionlike re-
gion, in Fig. 11 represented by the case of w=1.0 a.u., first
small substructures can be spotted, being not captured by the
fitted polynomial. But the main contributions are still re-
solved within high accuracy. In the last case of w=0.7 a.u.
given, the formation of jetlike structures at angles of ap-
proximately 60° off the polarization axis of the laser plays
against the fitting procedure, but still, the main contributions
are accounted for. For even smaller photon energies, the
strongly peaked, very sharp jetlike structures (cf. Fig. 5) re-
quire one to extend the expansion [Eq. (4)] to orders higher
than [=4.

V. CONCLUSIONS AND OUTLOOK

In this paper we have investigated the angular distribu-
tions of photoelectrons being excited by linearly polarized
laser fields at high photon energies which are (or will soon
be) available at free-electron laser facilities. The observed
PADs are, depending on the photon energy w and the elec-
trical field E of the laser, richly structured, showing promi-
nent side lobes and jets which were observed before in the ir
regime. But since the ponderomotive energy is small in our
case, the connection of the occurrence of these structures
with characteristic classical cutoff energies in the ATI plateau
is not possible. Nevertheless, we have provided clear evi-
dence that these effects are caused by scattering of the out-
going electron on the ion when it is driven back by the laser
field. This has been shown in terms of the analytical fit for-
mula [Eq. (4)], where subsequently higher-order terms are
needed as the possibility of scattering events increases.

While our results were obtained for a 2D model atom, we
expect that the main features will survive in the 3D case. The
present results are of relevance for single atoms and mol-
ecules (see, e.g., [36]). They also apply to atom ensembles
because, as we have shown, the total PAD of electrons emit-
ted from all p states is independent of the orientation of the
atoms relative to the laser field. The high sensitivity of the
PAD to the field strength allows for accurate detection of the
laser intensity at the place of the atoms. Furthermore, the
PAD in the uv and xuv regimes will be of high interest to
pump-probe experiments with femtosecond to subfemtosec-
ond time resolution—e.g., [37,38]. Finally, it will be of high
interest to extend the present analysis to many-electron at-
oms by including correlation effects. This can be done by
using, e.g., quantum kinetic equations or nonequilibrium
Green’s function methods—e.g., [39-42]—which is the sub-
ject of ongoing work.
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