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Off-axis low-energy structures in above-threshold ionization
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The velocity map of the above-threshold ionization electron spectrum at long laser wavelength exhibits a
characteristic structure normal to the laser polarization, which has the appearance of a trident or a three-pronged
fork. The forklike structure vanishes for few-cycle laser pulses. It is explained in terms of the classical-electron-
trajectories model of strong-field ionization augmented so as to allow for rescattering. The analysis reveals its
relation to the so-called low-energy structure, which was recently observed for very small transverse momenta.
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An atom exposed to an intense laser field provides one
of the simplest physical realizations of a nonlinearly driven
system. It has revealed various phenomena that have generated
subfields of their own, such as the generation of high harmonics
of the incident laser field, which in turn has brought us
attosecond pulses [1]. In contrast to high-order harmonic
generation, ionization of atoms can be investigated as a pure
single-atom event; macroscopic effects have no significance.
Especially, above-threshold ionization (ATI) has caught the
interest of experimentalists and theorists alike, ever since its
first observation 35 years ago [2,3]. ATI is characterized by
the fact that the atom absorbs more photons than are necessary
for ionization.

In view of the simplicity of the system in question—in
principle, as simple as hydrogen [4]—it is remarkable that
novel features of ATI have continued to emerge. Recent
examples include frustrated tunneling ionization (FTT) [5] and
a carpetlike pattern in the ionization velocity map at about
right angle to the laser polarization [6] and, for comparatively
long laser wavelengths, the so-called low-energy structure
(LES) [7] and spiderlike interference structures (SPIDER) that
were interpreted as holograms [9—11]. The most recent such
examples include a structure with an energy below the LES,
the very-low-energy structure [12] and a strong enhancement
at practically zero energy [13]. The latter two are assumed to be
Coulomb-related effects, but there is no consensus as to their
detailed origin. ATI is also the basis of various applications:
For example, analysis of the velocity map at high energy
allows one to extract the electron-ion scattering potential [14]
while the details of the spider structure are sensitive to the
atomic potential [11]. It also has been used to measure the
carrier-envelope phase of few-cycle pulses [15,16].

In this letter, strong-field ionization into states with low
electron energy by a long-wavelength laser field is investigated
experimentally and modeled theoretically. We compare the
velocity map of the electron spectrum which is generated by a
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long laser pulse with the one generated by a few-cycle pulse.
Besides retrieving the LES and the SPIDER, we observe a
third—so far unadressed—fork-like structure which has a shape
reminiscent of a trident or three-pronged fork (from here on,
we will refer to it by the fork). The fork appears at close to
right angle to the laser polarization axis, gets more pronounced
if the laser wavelength is increased, and is very sensitive to the
pulse duration.

While seeking a theoretical explanation for the fork, we
find that the low-energy features mentioned can be explained
qualitatively in terms of classical electron trajectories in the
presence of the laser field only [17]. The model is augmented
by two features: one single act of rescattering into arbitrary
angles is included as well as trajectories that are substantially
longer than one optical cycle [18]. This puts the LES and
the fork on the same footing as high-energy features such as,
e.g., the plateau. There is, however, one important difference:
high electron energies, which form the plateau, can only be
reached by rescattering while low-energy rescattering features
have to compete with the smooth contribution of the direct
electrons, which do not rescatter at all. It is here where the
Coulomb potential comes in: The divergent Coulomb forward
scattering cross section enhances the LES and the fork so
that they become visible in the total spectrum. Since the
quantum-mechanical strong-field approximation (SFA) builds
on the aforementioned electron orbits [19], the SFA describes
the low-energy features very well as we will demonstrate.

In contrast to previous analyses [20-24], which identify
the Coulomb potential as the sole origin of the LES, we
conclude that the LES exists, in principle, for any potential.
For a qualitative understanding of rescattering at low energies,
inclusion of a scattering potential is needed only in the sense
that it is required to act as scattering center for rescattering
electrons. This intuitive and surprisingly simple insight is of
central importance for self-probing approaches in imaging
of ultrafast dynamics such as, e.g., laser-induced electron
diffraction [8] where differential scattering cross sections
are extracted from the velocity map of the above-threshold
ionization electron spectrum [14].
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FIG. 1. (Color online) The logarithm of the photoelectron mo-
mentum distribution of the ionization of Xe by a 75-fs (12.5 cycles)
laser pulse with 1.8-um center wavelength. The structure of interest is
around p, ~ %0.5 a.u. The labels with arrows mark the characteristic
features that are observed at long wavelength, i.e., the LES, the
spiderlike structure, and the fork. Panels (c) and (d) show the same as
(a) and (b) but for an 11-fs (2 cycles) laser pulse. In (b) and (d), the
color scale is clipped from the side with the high count rate for better
visibility of the fork. The carrier-envelope phase is not fixed and the
peak intensity was around 8 x 10" W/cm? for both.

Although the fork has gone unaddressed until now, reex-
amination also reveals the fork structure in some previous
experiments [9-11,25-27]. In the current work, the fork is
observed by ionizing Xe atoms using the output of an optical
parametric amplifier with a center wavelength of 1.4-2.2 pm.
Photoelectron momentum distributions are measured using a
velocity-map imaging (VMI) spectrometer [28]. Employing
spectral broadening in a hollow-core fiber and bulk compres-
sion [29,30] allows studying the momentum distributions for
both long laser pulses consisting of roughly 13 optical cycles
and for few-cycle pulses with a duration down to less than two
cycles [full width at half maximum (FWHM) of the intensity
[31]]. For the latter, only 1.8-pum center wavelength is available
to which we restrict the discussion.

Figures 1(a) and 1(b) show typical momentum distributions
obtained for a long pulse duration of 75 fs (12.5 cycles)
at (8 +3) x 10"® W/cm? peak intensity. The fork structure
is identified as the prominent prongs with large transverse
momenta that appear symmetrically around zero parallel
momentum. The prongs are more clearly pronounced the
longer the wavelength. A closer look reveals that the middle
prongisin fact a twin prong. Beside the fork, the measurements
show the typical LES [7] and the spiderlike structures [11].
For few-cycle pulses, the fork structure is washed out beyond
recognition [see Figs. 1(c) and 1(d)].

We will present an explanation of the fork in the context
of the model of classical orbits and its quantum-mechanical
version, the strong-field approximation (SFA) [32], both
augmented to allow for rescattering [33,34]. In the classical
model, the electron enters the continuum at the ionization
time #y. An electron liberated at this time may either directly
go to the detector without any interaction with its parent ion
(a so-called “direct electron™) or it may be driven by the field
into a recollision with its parent ion and elastically scatter. The
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FIG. 2. (Color online) The return energy E. [thin solid (black)
line, scale on the left], the back-scattering energy E [thick solid
(blue/green) line, scale on the left], and the forward scattering energy
E¢ [dotted (blue) line, logarithmic scale on the right] as given by
Eq. (1) in units of U}, as functions of the travel time t. The various
maxima are labeled as defined in the text. The horizontal dashed (red)
line at 8 U, marks the border between the energies Ey, , and E . The
orange dots emphasize the two LES energies (also marked in Fig. 3).
The extremal energies E , of the second (“—") family are identically
0 as the respective trajectories start and return at the extrema of the
field with 7, = nw(n = 1,2, ...). Note [by calculation from Eq. (1)
or by inspection] that at the times 7 = rfS , wehave Eo =0, Ep =
Ey,, and Ej; assumes a maximum, which is given by E;
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time #; of the recollision is a (multivalued) function of #y. In
the recollision, the electron may scatter in any direction; the
limiting cases are back scattering (when the electron changes
its direction of motion by 180°), which may generate high final
energy, and forward scattering (when the electron maintains
its momentum), which implies low final energy.

For a monochromatic plane wave with the electric field
E(t) = XwA( cos(wt + ¢), the energy of the returning recol-
liding electron E; and the final energies of back scattering Ey,
and forward scattering E can be calculated from the classical
model as functions of their “travel time” 7 = w(t, — fp)

[35,36]:
Eet = 2Up(2 — 2cos T — Tsin7)* (1), (1a)
Eps = 2Up(3 — 3cos T — 2T sin7)* (1), (1b)
Egs = 2Up(1 — cos 1) f (1), (1c)
with f(r) = 2+ 2 —2cost — 2t sint)~' and the pondero-

motive potential U, = A% /4. These energies are plotted in
Fig. 2. The back-scattered energy displays a series of maxima,
starting with the well-known high-energy ATI cutoff at Ebs 0=

10 01 U, and followed by lower maxima at E,_ = < 8 U, and
bb 2> 8Up, (n=1,2,...). The forward scattering energy
also shows a series of maxima at the energies EfS,Z (n=
..) starting with Eff | =0.094U, at T = | =8.99,

E:gz =0.033U, at 7, = 15.5, etc. These are the energies
of the LES [7] and the values given here agree with the
soft-recollision model of Refs. [23,24].

bs,n
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Now, maxima of Eys and Eg correspond to cutoffs in
the electron energy spectrum in the direction of the laser
polarization. In reality and in a quantum description such
as the SFA, the cutoffs are smoothed. The highest cutoff of
10.01 U, marks the end of the rescattering plateau, while the
lower cutoffs may or may not be visible as they are competing
with other (noncutoff) contributions. In this respect, it is of
decisive importance to note that, for a Coulomb potential, the
forward-scattering cross section is large (actually, divergent),
and this divergence is especially strong for E. = 0. This
allows the LES to rise above the contribution of the direct
electrons. As mentioned, the respective electron energies are
given by the forward-scattering cutoffs £ .

For rescattering in an arbitrary direction characterized by
the angle 0 in the laboratory frame [p = p(6)(cos 6, sin 6)] the
energies are given by [35,36]

Erin(0) = Ere [g(t)cos@ + /1= 2(v) sin? 9]2, )

with g(t) = (1 —cost — 7sint)/(2 —2cost — tsint). For
6 = 0 and 6 = 7 they reduce to Egs. (1c) and (1b). For fixed
angle 6, the corresponding cutoff energies that arise upon
variation of the travel time, i.e., the maxima of E\y;,(0), are
plotted in Fig. 3 in the (p,, p,) plane.

For large |p,|, on the p, axis we recognize the maximal
classical momenta coming from back scattering to the energies
Ef ,=10.01U, and E, and E , (n =1,2,...) (corre-
sponding to the maxima of Eys in Fig. 2). Near the center of
the figure, for positive and for negative momenta p, and for
py = 0, we retrieve the LES energies E; ,, which are marked
by orange dots. The various curves connect the cutoffs of the
back-scattering energy Ey,s with those of the forward-scattering
energy Ef, thus justifying the notation of two distinct families
of cutoffs introduced above.

It should be noted that the cutoff energies do not form exact
circles as reported in [37], where the dependence of the t,
on the scattering angle 6 was neglected. Rather, they assume
dropletlike shapes. We shall refer to the curves that intersect
the p, axis at the energies E;;,n > 8U, (Ey, <8Up) as
the >8 U, (<8 Up) droplets. As explained above, the >8 U,
droplets connect with the LES energies while the <8 U,
droplets all pass through the origin. The two sets are separated
by two limit curves (dotted in Fig. 3), one with p, > 0 and the
other with p, < 0, which are exact circles. The intersections of
the >8 U, droplets form a pattern of nested diamonds (rhombi).
The outermost diamond (with its corner points on the p, axis
at +A) reproduces the diamondlike structure observed in
calculations presented in Figs. 3(b) and 3(c) of [9]. In the
present context, however, the 10 U, droplets do not play a
role. For p, = Ay, p, =0, e.g., the corresponding trajectory
starts at a zero transition of the field and has zero travel time.

The fork and the LES relate to the central part of Fig. 3,
which is enclosed by the orange ellipse. The just mentioned
two limit curves separate a region outside the figure “8,” which
is formed by the limit curves, from two disk-shaped regions
inside the figure “8.” The first contains the middle prong of
the fork while the outer prongs are located in the disk-shaped
regions. We shall return to this below when we compare Fig. 3
with the SFA simulations.
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FIG. 3. (Color online) Angle-dependent cutoffs of the electron
drift energy E\in(8) = p>(9)/2, Eq. (2). On the p, axis, we see
the cutoffs corresponding to 10.01 U, and then to 8.77 U,,8.48 U,,,
etc. (blue curves, labeled m* =0,1,2,...) above 8U,, and to
7.03U,,7.45 Uy, etc. (green curves, labeled m™ = 1,2, ...) below
8 Up,. The two sets converge to two “limit circles,” one for p, > 0
and the other for p, < 0, which intersect the vertical axis at p, =
£,/2 x 8U, = 2A, and are represented by the dashed (red) curves.
They are exact circles and are tangential to the horizontal axis at
the origin. Near the origin, for p, = 0, we see the LES energies at
0.094 U,,0.033 Uy, ... marked by solid circles (orange). The two
insets show several longitudinal electron trajectories. For details see
the text. The orange ellipse at the center of the figure identifies the
region relevant for the fork.

The two insets in Fig. 3 present projections of some relevant
electron trajectories on the x axis (the x axis is up, the ¢ axis is
horizontal). The electron starts at the position (x,t) = (0,0)
which is given by “+” or “x” and rescatters at times f;
at the position indicated by the same symbol. The arrows
identify the final drift momentum (p,, p,) of each trajectory.
We start with the dashed (green) trajectory in the upper inset,
which represents an example of the familiar case of back
scattering. For the present example, the final drift momentum
is located on the inner circle (E' = E | = 7.03 U, for exact
back scattering) and makes the angle § = 10° with respect to
the x axis. The other three trajectories are forward scattered.
The second trajectory in the upper inset corresponds to the
LES with the energy Ef':.l = 0.094 U,,. The two trajectories in
the lower inset also belong to the family of trajectories with
maximum back-scattering energies >8 U,. The trajectories
displayed are located on the off-axis extension of the LES
with n = 1 (thick curve) and n = 2 (longer thin curve) and
contribute to the middle prong of the fork.
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FIG. 4. (Color online) The logarithm of the differential ioniza-
tion yield (in arb. units) of Xe presented in false colors in the electron
momentum plane for ionization by a linearly polarized laser pulse
having the wavelength 1.8 xm and the intensity 5 x 10'> W/cm?.
The left panel is calculated for an infinitely extended monochromatic
plane wave (CW); the right panel is for a finite pulse of five optical
cycles total duration (11 fs FWHM) with a cos? envelope and averaged
over the carrier-envelope phase. Focal averaged results are obtained
using the improved SFA (with both direct and rescattered electrons).
Note that the fork is washed out for the short pulse while it is clearly
visible for the cw pulse.

To calculate the velocity map for ionization of Xe shown
in Fig. 4 we use focal-averaged SFA [38]. First, it is important
to note that the most intense ellipsoid-shaped central region,
which is elongated in the x direction of the plot, is due to
the direct electrons. Near the origin, the direct electrons cover
the structures predicted by Fig. 3 completely, including the
LES [39]. Scattering can only be identified outside this region,
for about |p,| 2 0.3 a.u. There, we see two arcs emanating
from the direct-electron region, which intersect each other at
Ipyl ~ 0.7 a.u. They correspond to the >8 U, droplets and
define the end of the diamond-shaped region. They are due to
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the off-axis extension of the LES and form the middle prong of
the fork. We also see, on either side, two additional arcs, which
are due to the <8 U,, droplets. These form the two outer prongs
of the fork. This interpretation of the fork is further supported
by the experimental observation that the fork structure is absent
for few-cycle pulses that naturally do not support trajectories
with extended travel time. The same conclusion was already
drawn for the LES from the soft-recollision model [24].

In conclusion, we presented experimental velocity maps of
ATI of xenon by an infrared laser. We observed a pronounced
three-pronged forklike structure in the transverse direction
and traced it to rescattering. We identified the electron orbits
responsible for this structure and confirmed this interpretation
by simulations using the strong-field approximation. We found
that the fork structure is intimately related to the low-energy
structure: The former constitutes the off-axis extension (to
nonzero transverse momenta) of the latter.

Especially, we made the case that both the fork and the LES
are not primarily caused by the Coulomb field [40]. They exist
already on the level of classical laser-field-only trajectories,
regardless of the binding potential. For short-range potentials,
rescattering and its pertinent structures have a low yield so that
they are not visible on the background of the direct electrons.
The Coulomb potential, owing to its large (divergent) forward-
scattering cross section, acts as a magnifier, which enhances
these structures to the extent that they dominate the direct-
electron contributions [41]. We conjecture that the fork and
the LES are universal structures in the sense that they depend
only weakly on the details of the binding potential. We thus
present a unified picture of ATI at all electron energies in
the context of the well-established classical trajectories and
the strong-field approximation. This may also set the stage
for the origin of the very-low-energy structure [12] and the
zero-energy structure [13].
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