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Strong-field photoionization revisited

C. 1. Blaga'?, F. Catoire', P. Colosimo’, G. G. Paulus®*, H. G. Muller®, P. Agostini' and L. F. DiMauro'*

Over the past thirty years, extensive studies of strong-field
photoionization of atoms have revealed both quantum and clas-
sical aspects including above-threshold ionization', electron
wave-packet drift, quiver and rescattering motions. Increas-
ingly sophisticated spectroscopic techniques®? and sculpted
laser pulses® coupled with theoretical advances have led to
a seemingly complete picture of this fundamental laser-atom
interaction. Here, we describe an effect that seems to have
escaped observation: the photoelectron energy distribution
manifests an unexpected characteristic spike-like structure
at low energy, which becomes prominent using mid-infrared
laser wavelengths (A > 1.0 um). The low-energy structure is
observed in all atoms and molecules investigated and thus
seems to be universal. The structure is qualitatively reproduced
by numerical solutions of the time-dependent Schrédinger
equation but its physical origin is not yet identified.

Atomic photoionization under intense laser irradiation is
considered a well-understood process. In the low-intensity/short-
wavelength limit, it is described quantum mechanically as
multiphoton absorption: above-threshold ionization (ATI) is the
absorption of photons beyond the minimum required for ioniza-
tion. In the high-intensity/long-wavelength limit, the photoelectron
energy distribution can be understood classically according to the
Simpleman theory*, as the drift kinetic energy of an electron as a
function of the phase at which it was released in the laser cycle.
Inclusion of the d.c.-tunnelling rate to describe the ionization
probability completes a semi-classical theory. A corresponding
quantum approach is provided by the Keldysh-Faisal-Reiss>”’
(KFR) strong-field approximation. The KFR theory incorporates
the effect of the external field on the continuum state but
neglects the influence of the core potential and ignores the atom’s
excited states. Keldysh linked these two limits in terms of a
single dimensionless parameter y = /(IP/2 U,), where IP is the
ionization potential and U, is the cycle-averaged kinetic energy of
an electron quivering in the field. In the limit defined by y < 1,
the electric field of the wave can be considered quasi-static and the
total ionization rate approximated by d.c.-tunnelling in accordance
with the semi-classical picture. The photoelectron distribution in
this case has a classical cutoff energy at 2U,,. A more elusive feature,
discovered in the mid-nineties®’, is the plateau in the photoelectron
distribution extending to 10U,. Understanding the origin of this
plateau requires a straightforward extension of the Simpleman
theory that enables a returning electron to elastically scatter off
the core. As illustrated in the inset of Fig. 1, the photoelectron
spectrum exhibits both of these features, ‘direct’ and ‘rescattered’.
The amplitude of the plateau can be described by the scattering
cross-section and the spread of the electron wave packet'’. More
detailed features associated with rescattering, such as the plateau’s
angular distributions, can be understood by the semi-classical
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Figure 1| Typical photoelectron energy distributions in the tunnelling
regime. The low-energy region of the spectra for argon, molecular nitrogen
and molecular hydrogen produced by 150 TW cm~2, 2.0 um pulses. The
intensity-averaged KFR calculation using Volkov states shows a strong
deviation from the measured distributions in the shaded region. The
dashed line labelled Ey defines the high-energy limit of the LES used in the
analysis. Inset: The entire photoelectron energy distribution exhibits the
well-documented behaviour of the ‘direct’ and ‘rescattered’ electrons. The
first-order KFR calculation neglects rescattering and consequently is not
expected to reproduce the rescattered plateau. For comparison, the
theoretical result is adjusted to match the normalized experimental
distributions at 15eV.

t"1% and structural information can be retrieved from the

11,12

treatmen
electron momenta

The high-dynamic-range experiments presented here probe
the electron distributions deeper into the tunnelling regime
(y approaching 0.1) than previously reported. Consequently, the
semi-classical and KFR models are expected to become more
valid. The main observation reported here is at variance with
this expectation: as shown in Fig. 1, a low-energy structure (LES)
prominent in the experiment is conspicuously absent in the theory.
As the LES is observed to become more visible with decreasing y,
the long wavelengths used in the experiments are a key element in
revealing this previously undetected feature.

The experiment has been described previously®: the electron
energy spectrum is produced by irradiating atoms or molecules
by intense (10'*~10" W cm™?), ultrashort (50-120 fs), mid-infrared
(0.8-3.6 um) laser pulses. The photoelectrons are detected in a
£6° angle around the laser polarization direction by a time-of-
flight spectrometer.
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Figure 2 | Evolution of the photoelectron distributions in the LES region. a, The emergence of the LES as a function of wavelength for xenon at the
saturation intensity (80 TW cm™~2). b, The progression of the LES in argon at 2.0 um as a function of intensity. ¢, The LES in xenon for constant
ponderomotive energy (Up ~ 19 eV) or constant Keldysh parameter (y ~ 0.56). d, The LES region in xenon for linearly (LP) and circularly (CP) polarized

2.0 um pulses for a peak vector potential of 1.8 atomic units.

The LES spectra shown in Fig.1 are typical of all inert
gas atoms (He, Ne, Ar, Kr, Xe) and diatomic molecules (N,
H,, D,) studied at long wavelength (A > 1um) and thus seem
universal. The LES details depend on the laser characteristics and
the atom/molecule under investigation but its structure can be
characterized by a peak energy (1-5eV) and high energy limit
(Ey ~ 2-20eV) defined by the break in slope that approximately
coincides with the divergence from the semi-classical prediction.
As will be discussed, a necessary condition for the appearance of
this feature is y << 1 or tunnel ionization. Furthermore, the LES
width is much greater than the photon energy and its integrated
yield can contain up to half of the electron emission. All of the
above observations are valid for linear polarized excitation. Most
importantly, the observation points to an obvious breakdown in
our understanding.

The reason why the LES has so far eluded observation is revealed
in Fig. 2a, a plot of photoelectron energy distribution for xenon
atoms ionized at constant intensity (80 TW cm™2) for three different
wavelengths. The 0.8 um distribution has been well documented
and shows an ATI series' with resonant Rydberg substructure'®,
characteristic of the multiphoton regime (y > 1) and dynamics.
However, as the wavelength increases in Fig. 2a, the LES feature
becomes progressively visible and broadens in width. Excluding
this low-energy portion, the remaining spectrum is consistent with
the tunnelling limit and the semi-classical behaviour (see Fig. 1,
inset). Consequently, the remainder of the analysis will focus on the
low-energy spectral region.

Perceptive views of the LES feature are presented in Fig. 2b—d.
As the intensity rises towards saturation at constant wavelength,
the normalized LES distributions in Fig. 2b change in width and
peak energy. In contrast, Fig. 2c shows three nearly identical xenon
electron distributions recorded at a constant value of U, ~ 19eV.
Remarkably, this corresponds to widely different conditions varying
from 1.7 um pulses near the saturation intensity to 2.3 um pulses
at half this intensity. Thus, the LES feature seems invariant
with respect to the field parameters if U, is constant. However,
preliminary results presented in Fig. 2d show a suppression of the
LES feature for circular polarization.
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Figure 3 | LES mapping for various atoms and wavelengths. The
dependence of Ey versus the Keldysh parameter (y) for argon (filled
square: experiment, open square: TDSE), helium (filled circle: experiment,
open circle: TDSE) and xenon (filled diamond). The solid line is a fit to all of
our LES data and suggests a simple scaling law, Ej >~y ~% with
a=1.78+£0.1. The abscissa error bars are due to a 20% accuracy in
estimating the laser intensity and the ordinate error bars account for the
spectrometer calibration and the uncertainty determining the extent of the
LES region.

An equivalent interpretation of the invariant condition in Fig. 2¢
is that y is also fixed (=~ 0.56). Moreover, the similarity of the three
different LES distributions shown in Fig. 1 for Ar, H, and N, with
approximately constant y ~ 0.4 (binding energies equal within 3%
and constant intensity and wavelength) supports a correlation with
the Keldysh picture. To investigate this connection, Fig. 3 shows
the LES high-energy limit, Ey, versus the Keldysh parameter, y,
for three different targets (He, Ar and Xe) at various wavelengths
(0.8,1.7,2.0,2.3 and 3.6 um). Over the entire range, the logarithmic
plot suggests the LES obeys a simple scaling law Ey ~ y ~* with
a~1.840.1. For y <0.5, deep in the tunnelling regime, the scaling
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Figure 4 | Comparison of calculated and measured LES distributions for
argon ionized by 150 TW cm—2, 2 um pulses. The experiment is remar-
kably well reproduced by the three-dimensional TDSE. For comparison, the
KFR using Volkov states fails in this region. The calculated distributions are
obtained using intensity averaged, 10-cycle flat-top pulses (see the
Methods section).

is excellent despite the strikingly different experimental conditions;
for example, xenon at 3.6 pum scales identically with helium or argon
at 2.0 um. For y > 0.5, the data is more scattered, probably because
of the gradual passage from tunnelling to multiphoton, but the
scaling is still a reasonable fit.

The above discussion establishes the existence of the LES as
a feature manifested in the tunnelling regime but its origin is
not obvious. Numerical solutions of the three-dimensional time-
dependent Schrédinger equation (TDSE) within the single-active-
electron approximation have been shown to yield essentially exact
results in argon'® or helium'® at a wavelength of 0.8 um. At
2 um, the same numerical method also successfully reproduces the
measured LES whereas the KFR result does not (see Fig. 4 in argon
at 150 TW cm™2). This provides an opportunity for theoretical
deconstruction of the LES for identifying the physics present in
TDSE but neglected in KFR and semi-classical approaches. First, the
role of excited states is investigated because this is absent from both
the KFR theory and the tunnel ansatz of the semi-classical theory.
This contribution can be tested by replacing the realistic argon
potential in the TDSE calculation by a modified one supporting
a single bound state (argon ground level). The result is essentially
unchanged; thus, the LES seems to be independent of excited state
structure. Second, the Coulomb distortion of the final state is
examined by using the well-known Coulomb—Volkov wavefunction
in the KFR calculation'’. Again, the LES is not reproduced, similar
to the pure Volkov state. By simple deduction, this suggests
that some form of rescattering is involved. Briefly, rescattering
is the interaction of a field-driven continuum electron wave
packet with its core after ~(1/2)-cycle of ‘free’ propagation. This
process is responsible for the production of both plateau electrons
and high-harmonic radiation. The persistence of the LES in our
TDSE numerical analysis using pulse durations down to one cycle
supports the interpretation as a rescattering event, not a multi-cycle
interference. The rescattering hypothesis is also consistent with the
observed polarization dependence. In contradiction, rescattering
also implies a reduced LES yield with increasing wavelength due
to the energy-dependent elastic cross-section (the plateau electron
yield drops as 1/A%; ref. 13), whereas the measured LES has constant
amplitude as long as the tunnelling condition is satisfied.

The observations reported here point to a lack of completeness
in our understanding of strong-field physics. Of course, under the
conditions of the experiment, it is obvious that the non-relativistic
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Figure 5 | The first ATl peak in argon at 120 TW cm—2, 0.8 um. The
Rydberg series substructure is clearly visible in the multiphoton regime
(y >~ 1.1). The spectrometer’s low-energy roll-off occurs below 0.3 eV,
whereas the LES spans the region up to 20 eV.

Schrédinger equation is the correct framework and indeed it
seems to be numerically correct. However, the LES does not
fit in the well-established picture that provides a clear classical
foundation to strong-field atomic ionization. The corrections that
its eventual understanding will necessarily impose on the KFR
and semi-classical approaches should shed new light on this
fundamental process in the tunnel limit and suggest new directions
of research. Clearly, more investigations are needed to understand
this effect discovered forty years after Keldysh’s seminal paper.
In addition, experimentalists will have another opportunity to
push the limits of strong-field physics with the advent of hard
X-ray free-electron lasers.

Methods

The details of the three laser systems used in these experiments can be
found in ref. 13.

Electron spectrometer. The time-of-flight electron energy spectrometer was
previously described'”. Here, we provide some details on the special precautions
required for the detection of the low-energy electrons of the LES as they are sensitive
to stray fields and contact potentials. Efficient shielding of the time-of-flight region
against both magnetic and electric external fields is achieved with gold plated, p-
metal and a graphite coating (Aerodag G) minimizes patch effects. Besides applying
the usual precautions to prevent space charge effects (the target density for a given
laser intensity is adjusted to limit the count rate to <0.5 electron per laser shot for
a detection efficiency estimated to be around 1-3%), the drop of the spectrometer
transmission for very low-kinetic-energy electrons must be taken into account.
To establish the low-energy transmission, we studied the well-known argon ATI
spectrum at 0.8 um, presented in Fig. 5. The figure shows the well-resolved Rydberg
resonance structure of the first ATI peak followed by a rapid decrease below 0.3 eV
due to the electron spectrometer’s transfer function. This portion is small compared
with the region of interest for the LES and therefore its effect is negligible. As a large
fraction of electrons is emitted within the LES, relatively short runs (10% s at 1 kHz
repetition rate) were required to achieve good counting statistics below 3%.

Numerical simulations. The KFR theory uses the first-order Born approximation
to calculate the ionization process. Within this approximation the rescattering
process is neglected. In the length gauge, the transition amplitude is written as
Sy (k,r,t) |E(t)r| i(r,1)) dt, where Wy (k,r,t) is the final state, E(t) is the
electric field and W;(r,t) is the initial ground state. The integral over space is
carried out analytically, whereas the integral over time is carried out numerically
using the saddle point method'®. We use short-range or Hartree—Fock'? initial
wavefunctions and Volkov or Coulomb-Volkov'” final states. The Volkov state is
the exact solution of the Schrodinger equation for an electric charge interacting
with a laser field, whereas the Coulomb—Volkov wavefunction is an approximation
to account for the interaction of a charge particle with a laser field and a Coulomb
potential. This last wavefunction does not include multiple collisions but only a
distortion of the wavefunction when the electron is ionized.

The TDSE method is the numerical solution of the Schrodinger equation on a
spatio-temporal grid. Calculations were carried out within the single-active-electron
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approximation in the velocity gauge. The numerical procedure has been described
in detail elsewhere!***!. Different model potentials were used for argon and
helium, as well as a Yukawa potential supporting a single bound state.

For comparison to the experimental electron distributions, all of the calculated
spectra are weighted over the spatial profile of a Gaussian laser focus.

All theoretical distributions represent the quantity (dW /dE92)|p—p—0,
meaning the wavefunction of the photoelectron is analysed along the direction
of the laser polarization.

The computational accuracy of the KFR simulation, spatially averaged, is
achieved within 1%. The saddle point method accurately reproduces the discrete
numerical time integration of the amplitude provided that the short-range
wavefunction is used. The TDSE calculation is carried out for different grid sizes
and angular momenta to assure numerical convergence of the photoelectron
spectrum within 1-3%. The TDSE calculation is computationally intensive at
long wavelengths and high intensities; thus, the spatial averaging is the main
limitation on the accuracy. Nonetheless, the averaging is carried out such
that three consecutive intensities produce a shift of the ATI peak that is less
than a photon energy. This procedure assures a global convergence of the
calculation within 10%.
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