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Intensity-Dependent Scattering Rings in High Order Above-Threshold Ionization
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Angular distributions of high energy photoelectrons from Xe and Kr, excited by a 50 ps, 1.05 um
laser, are presented. In Xe, strong, narrow rings ~ 45° off the polarization axis appear in a limited
energy range centered around 9U,, where Uy, is the ponderomotive energy. This effect is much weaker
in Kr. Single active electron calculations agree well with these observations. We conclude that the
rings result from single-electron ionization dynamics, most likely involving rescattering from the ion
core of the tunneling component of the continuum wave function.

PACS numbers: 32.80.Rm, 31.90.+s, 32.80.Fb

Much of our knowledge about strong field, multipho-
ton ionization processes comes from studies of the mo-
mentum characteristics of photoelectrons. In this regime
electron energy distributions are observed to be a series of
peaks separated by the photon energy [1] indicating the
absorption of S photons in excess of N, the minimum
number required to overcome the field-free ionization po-
tential. This process, called above-threshold ionization
(ATTI), is described at low intensities perturbatively as a
one-step multiphoton transition between initial and con-
tinuum states. For a laser linearly polarized along the
z axis, the angular distributions (ADs) of the ejected
electrons are expected to become more strongly peaked
along this axis as S increases, due to the propensity rule
that favors increasingly higher angular momentum states
as additional photons are absorbed. In the long wave-
length, high intensity limit, ionization is dominated by
the tunneling of electrons into the continuum during a
short time around the peak of the electric field. Several
authors have used a quasistatic model to describe this
limit [2]. This model predicts that after the electron is
freed from the atom, it is accelerated along the z axis by
the laser’s electric field. The faster electrons are emitted
before or after the peak of the field and are more likely
to emerge close to the z axis. Therefore we expect that
the ADs become more elongated along the polarization
axis as S increases in both these limits. In this Letter we
demonstrate that these simple pictures are incomplete.

We have measured the ADs of very high order ATI
peaks (up to S = 30th order) from both xenon and kryp-
ton for laser intensities above 102 W/cm?. We observe
unexpected structure in the ADs, which show the emis-
sion of high energy electrons at ~ 45° off the z axis.
These electrons appear as pronounced side lobes on po-
lar plots, or as “rings” in the full angular distribution
due to the azimuthal symmetry about the z axis. Their
energies are surprisingly large, near 9U,, where U, is the
intensity-dependent ponderomotive energy [3]. We have
also calculated photoelectron ADs for xenon and kryp-

ton using the single active electron (SAE) approximation
[4] to the time-dependent Schrédinger equation and find
very good agreement with the measurements. The rings
we find are clearly inconsistent with the simple behavior
discussed above. Their existence and surprisingly strong
intensity scaling challenge our understanding of the dy-
namics of strong field ionization.

From an experimental perspective, the detection and
resolution of high order ATI electrons have been lim-
ited by a combination of space charge effects and low
repetition rate laser sources (< 10 Hz). Recently, we
have increased our detection sensitivity by several orders
of magnitude in dynamic range [5] by utilizing kilohertz
repetition rate, gigawatt lasers. Consequently, it is now
possible to explore the physics associated with very high
order, strong-field processes while keeping the measure-
ment time within reasonable limits.

Our experimental apparatus has been described in de-
tail elsewhere [6]. We use a 1.05 pm, Nd:YLF laser
system based on cw pumped regenerative amplification,
which produces 4 mJ, 50 ps pulses at a repetition rate of
> 1 kHz. The TEMg¢ mode energy output is stable to +
2% and has been well characterized [7]. The light is fo-
cused by f/4 optics into a UHV system which consists of
an electron and mass time-of-flight spectrometer viewing
the interaction region 180° apart. The acceptance an-
gle of the electron spectrometer is ~ 4°. The electron
ADs were collected by rotating the polarization direction
of the laser relative to the space fixed spectrometer axis
with a A/2 waveplate. The A\/2 plate was optically char-
acterized for phase distortions and the purity of the linear
polarized light after the waveplate is measured to exceed
99%. The polar angle § was varied over > = radians
to facilitate the detection of any asymmetries caused by
imperfect alignment of the optics. Target pressures were
maintained such that the count rate never exceeded 0.25
electron/shot (1225 ions/shot), thus minimizing the ef-
fects of space charge. A data set (specific intensity or
atom) was collected by randomizing the angular collec-
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FIG. 1. The photoelectron energy spectrum of xenon with
50 ps, 1.05 um excitation at (a) 3 x 10> W/cm? and (b)
1.9 x 10%3 W/cmz. The spectra are an average of 7.2 x 10°
laser shots. The insets are polar plots of the ADs for the
S = 5,10,15,... ATI peaks. The solid line results from the
Legendre fit and the raw data are shown as crosses.

tion sequence at fixed target density and normalization
was achieved by referencing the 0° electron spectrum af-
ter every data point (angle). The reproducibility of each
data set was checked in at least three independent runs.

Ionization of xenon into the P3/; continuum requires a
minimum of N = 11, 1.05 um photons, which produces
an electron with ~ 0.8 eV kinetic energy. The energies
of higher order peaks are given by (Shw + 0.8) eV, where
S = 1,2,... is the ATI order. In Fig. 1(a) we show a
xenon electron energy spectrum recorded at the satura-
tion intensity (~ 3 x 10!® W/cm?). The S = 0 and 1
peaks are suppressed due to ponderomotive channel clo-
sure [8], which provides an independent calibration of
the laser intensity. The spectrum shows nicely resolved
ATT out to the 21st order (~ 25 eV). The electron peaks
beyond 25 eV are instrumentally broadened but applica-
tion of a retarding field reveals a resolvable series out to
40 eV. The dynamic counting range covers 7 orders of
magnitude.

Also shown in Fig. 1(a) are representative ADs for
different ATI orders (S = 5,10,15,...). The data are
fitted by a sum of even Legendre polynomials, f(f) =
> -0 B2ePae(cos ). The ADs for the first several peaks
(E <15 €V) are consistent with the expectations of our
earlier discussion. The ionization is highly collimated
along the z axis with a slight narrowing with increas-
ing S. However, as the order increases further the ADs
for several peaks (E > 15 eV) exhibit unanticipated off-
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FIG. 2. Xenon half-angles as functions of (a) ATI order and
(b) E/Up, the electron energy over the ponderomotive energy,
at 19 (circles), 25 (diamonds), and 30 (triangles) TW /cm?.
The value of U, used for each curve is defined by the laser’s
peak intensity.

axis structure (rings). For example, nearly one-half of
the ionization signal in the S = 20 peak appears around
45° from the laser polarization axis [9]. Beyond these
“structured” peaks the ADs of the highest ATI orders
observed (e.g., S = 25 and 30) abruptly return to the
strongly aligned shape. In Fig. 1(b), which is recorded
at a lower intensity (~ 1.9 x 103 W/cm?), the appear-
ance energy of the rings has shifted to a lower ATI or-
der (around S = 15). This energy shift is much larger
than the corresponding 1.1 eV change in ponderomotive
energy between these intensities. Although the detailed
shapes of the rings and their directions of emission vary
somewhat with intensity, their general appearance is rel-
atively constant.

We find that the structured ADs always fall within a
well defined, intensity-dependent energy window. The
intensity dependence of this window is illustrated in Fig.
2(a). Here we show the half-angle of the polar distribu-
tion 6,5, defined by

Jz f0)ds
I f6)do

for each ATI peak. There is a region of rapid narrowing
in the ADs for the lowest-order ATI peaks (S < 5) due
to the ponderomotive scattering of low energy electrons
in the long pulse limit (7, > 1 ps). This well known (8],
intensity-dependent macroscopic field effect is negligibly
small for the higher energy ADs. The presence of rings
causes a large increase in 6;,5. It is clear the position
and width of the peak in the half-angle distribution is

0.5 (1)
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FIG. 3. Half-angles as functions of E/U, for krypton at
intensities of 23 (circles), 29 (diamonds), and 40 (triangles)
TW/cm?. The insets are polar plots of the ADs for the
S = 5,12,19,26,33 ATI peaks at 40 TW /cm?.

strongly intensity dependent. As the laser intensity is
increased the rings move rapidly to higher ATI orders.

A more revealing analysis of the intensity scaling is
provided by plotting 6/, versus E/U,, the electron en-
ergy scaled by the ponderomotive energy. Figure 2(b)
shows the clear and dramatic “rephasing” of the peaks
in the AD half-angles within a narrow energy range cen-
tered around 9U,. The 9U}, scaling signifies that the rings
cannot be due simply to a mechanism associated with the
1U,, shift of the ionization threshold.

In Fig. 3 we present the half-angle distributions for
krypton. The broadening associated with the rings found
in xenon is conspicuously absent at all intensities stud-
ied. The plot shows only the initial ponderomotive nar-
rowing referred to above, followed by an almost constant
half-angle out to and beyond 10U,. The polar plots of
representative ADs included as insets in Fig. 3 indicate
some off-axis structure is present, but it is clearly much
weaker in this atom.

We turn now to a discussion of possible physical expla-
nations for the rings. We note that they appear on ATI
peaks with energies large enough that either doubly ex-
cited states of the atom or excited states of the ion core
could be involved. However, excited states of the ion
core (which could conceivably play a role via resonant
scattering) are expected to shift approximately pondero-
motively, while doubly excited states should shift with
intensity by at most 2Up,, not the 8-10U,, observed in the
experiment. From this we conclude that the effect is due
to single-electron ionization dynamics. In addition, the
fact that the results for Xe and Kr differ indicates that
atomic structure plays a crucial role in determining the
degree of manifestation of this effect.

A relatively simple one-electron model that incorpo-
rates effects beyond both perturbation theory and the
quasistatic tunneling picture is based upon the theory
of Keldysh [10]. Ionization is described in this model as
a one-step quantum transition from the initial ground
state to a final (Volkov) state dressed by the laser field,
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neglecting any interaction with the ion core in the final
state. Although it often underestimates the total ioniza-
tion rate [11], it has shown some success in predicting
low order ATI spectra [12]. ADs calculated in this model
are known to show structure due to the interference of fi-
nal state amplitudes. Using the experimental parameters
and a xenon ground state constructed from a scaled hy-
drogenic 5p orbital, we calculated ATI spectra and ADs
within this model for orders from 1 to 35 at various in-
tensities. Though some features of the experiment are
present, e.g., prominent lobes in the ADs for certain or-
ders, there are many discrepancies: the overall shape of
the ATI spectrum is wrong, dropping much too steeply
at high energy; structures appear on isolated peaks, not
a range of peaks and not at the energies seen in the ex-
periment; and there is no scaling with intensity akin to
the 9U, scaling seen experimentally. Furthermore, the
dependence upon the initial state (the only atomic pa-
rameter in the theory) can be expected to be very weak,
in contrast to the dramatic difference between xenon and
krypton illustrated in Figs. 1-3.

A more sophisticated model which contains all of the
physics of the tunneling and Keldysh models and which
can allow for the interaction of the electron with both the
laser field and the ion core on an equal footing is the SAE
approximation [4]. Within the SAE we determine the
response of each valence electron to a laser pulse in the
effective field of the remaining atomic electrons, frozen in
their ground state orbitals. The SAE has been shown to
provide accurate ionization rates, and in particular ATI
spectra, for rare gases in the strong-field regime [5]. We
have calculated the ADs for xenon and krypton at 1.05
pm and intensities > 10'3 W/cm? using this model. In
the same manner as the experiments we calculate half-
angles for the ADs. These are shown for xenon in Fig.
4 for three different intensities as a function of E/U,.
The qualitative behavior of the theoretical results is in
excellent agreement with the experiments. In particular,
the broadening of the ADs is confined to peaks near 9U,
[13]. We also include several polar plots of the ADs for
xenon at the saturation intensity. The ADs show strong
alignment along the z axis except for a few orders near
9U, which show large, narrow side lobes near ~ 45°.
A similar calculation for krypton shows no well defined
rings, only a weak broadening of the ADs near 9U,,.

The appearance of the observed rings in the SAE cal-
culations leads us to conclude that they are linked to the
interaction of the ionizing electron with the ion core (as
distinct from excitation of the core). Hence we refer to
them as “scattering rings.” Indeed, examination of the
evolution of the time-dependent wave function reveals
that electrons promoted to the continuum do interact
strongly with the ion core before they leave the vicin-
ity of the atom [14]. The experimental wavelength and
intensities lie in a regime that is intermediate between
multiphoton and tunneling ionization. We observe two
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FIG. 4. Calculated Xe half-angles as functions of E/U, for
15 (circles), 20 (diamonds), and 30 (triangles) TW/cm?2. The
insets are polar plots of the calculated ADs for the indicated
ATI peaks at 30 TW/cm?.

fairly distinct pieces to the ionizing wave function: one
which acquires energy while still close to the ion core (as
in a multiphoton transition), and another, representing
the contribution from tunneling, which enters the contin-
uum far from the nucleus during a short time around the
peak of the electric field. Both can contribute to high or-
der ATI via interaction with the ion core. Although there
is no obvious reason why the rings cannot come from the
multiphoton component, we observe that the rings re-
main prominent in the calculations as the intensity is
increased (more tunneling) and are strongly suppressed
when shorter wavelengths are used (less tunneling). We
also find that in the experimental intensity range the tun-
neling portion of the krypton wave function is greatly
reduced and broadened by comparison with xenon. The
maximum drift energy of the tunneling component is lim-
ited within the quasiclassical model [2] to energies less
than 3U, in the long pulse limit. Additional drift energy
(5] can only be gained when the tunneling wave packet
returns to the ion core and rescatters. Simple classical
estimates show that the resulting drift (cycle-averaged)
energies can be as high as 11U, if the electron is substan-
tially backscattered. Because rescattering from the ion
core depends sensitively on the short range part of the
potential, it is not surprising that the shape and strength
of the rings vary with atomic species. On the basis of the
evidence we have presented, we conclude that the rings
are caused by backscattering of the tunneling component
of the ionizing wave function.

In summary, we have presented angular distributions
for very high order ATI peaks that show unexpected off-
axis stucture or “rings” at energies that scale as ~ 9U,.
We have identified these rings with the rescattering of
electrons by the ion core during ionization. The high sen-
sitivity of our measurment techniques has allowed us to
study details of the ionization dynamics at much higher

energies, on the scale of U, than any previously reported.
Further experiments and calculations for other atomic
systems are under way to more strongly establish this
proposed mechanism.
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