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In kinematically complete studies we explore double ionization (DI) of Ne and Ar in the threshold
regime (I >3 X 10'* W/cm?) for 800 nm, 45 fs pulses. The basic differences are found in the two-
electron momentum distributions—‘“correlation” (CO) for Ne and ‘““‘anticorrelation” (ACO) for Ar—that
can be partially explained theoretically within a 3D classical model including tunneling. Transverse
electron momentum spectra provide insight into “Coulomb focusing’” and point to correlated nonclassical
dynamics. Finally, DI threshold intensities, CO as well as ACO regimes are predicted for both targets.

DOI: 10.1103/PhysRevLett.104.173002

Nonsequential double ionization (NSDI) [1] of atoms
and molecules in strong infrared laser fields is responsible
for the dramatic enhancement of doubly charged ion yields
at moderate intensities (see, e.g., [2]). Thus, NSDI repre-
sents a prominent and outstanding manifestation of the
importance and subtleties of electron-electron correlations
in strong fields and has continued to attract utmost atten-
tion, theoretically as well as experimentally. Still, however,
the issue is not settled and it is the subject of intense debate.
For example, at low intensities below the recollision
threshold, where one enters the multiphoton ionization
(MPI) regime, anticorrelation between the electrons has
been observed recently [3] and new ionization mechanisms
have been suggested [4]. The double ionization (DI)
threshold itself is not established and, moreover, theory
so far has concentrated just on He, leaving experimentally
observed atomic structure dependences widely unexplored.

In this Letter we investigate electron correlation in NSDI
and its target-species dependence for Ne and Ar at the
lowest intensities ever addressed, close to the threshold.
In kinematically complete measurements we find substan-
tially different correlation behavior in the two-electron
momentum distributions along the polarization direction.
For Ar emission into opposite hemispheres dominates
(““anticorrelation,” ACO) whereas for Ne the electrons
predominantly emerge into the same hemisphere (““corre-
lation,” CO). Both can be partly explained within three-
dimensional (3D) classical calculations including quantum
effects, like tunneling of the second electron. Inspecting
the transverse momenta we shed light on the dynamics,
investigate Coulomb focusing effects, find nonclassical
dynamics, and make predictions about threshold inten-
sities, as well as CO- and ACO-dominated regimes.
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PACS numbers: 32.80.Rm, 32.80.Fb

NSDI essentially occurs in the so-called tunneling re-
gime and is usually explained within the quasiclassical
recollision model [5]. Here, the first electron is set free
(tunnels) near the maximum of laser field, accumulates
energy during about half a laser cycle (up to 3.17Up), is
thrown back on its parent ion near a zero crossing of the
laser field and, in a collision, ejects the second electron.
Both emitted electrons prefer to move into the same hemi-
sphere along the laser polarization axis [6—11], dubbed
correlation (CO). Even though this general scenario is
well established, distinct differences do occur for different
target species; i.e., significant structure dependence is ob-
served. Up to now, this is qualitatively explained via target
dependent cross sections for (recolliding) electron-impact
excitation of the ionic core. If this cross section is small,
direct recollision ionization dominates with both electrons
being mainly ejected into the same hemisphere. Is it large,
as, e.g., for Ar 3s to 3p excitation, recollision-induced
excitation with subsequent field ionization [7] becomes
important, with both electrons being equally likely emitted
in the same or opposite hemispheres. However, this dis-
cussion cannot be considered completely settled, since
other ionization mechanisms leading to anticorrelation at
high intensities, close to the over-barrier-ionization re-
gime, have been discussed recently [12].

Even less clear is the situation at lower intensities,
approaching the so-called recollision threshold where, in
a classical picture, the returning electron’s energy is too
small to overcome the field-suppressed ionization or even
excitation potential of the parent ion. Only recently, few
experiments have addressed this fundamental threshold
regime dominated by multiphoton—multielectron interac-
tions [11,13,14]. Penetrating deep into the MPI regime for
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Ar back-to-back emission (so-called “‘anticorrelation’)
was found for the first time ever to dominate strong-field
DI [3]. Comparing with predictions of quantum [15] as
well as classical calculations it was concluded that mul-
tiple, inelastic field-assisted recollisions, resonantly excit-
ing the target ion, were responsible for the observation.
More recently quantum calculations [16] have addressed
this regime. Exclusively considering transition amplitudes
where both electrons are ejected simultaneously, emission
into the same hemisphere was found to dominate for Ar.
Dedicated classical model calculation [17] on the other
hand, considering the contributions from multiple recolli-
sions and, in addition, implementing tunneling of the sec-
ond electron [4], clearly revealed the back-to-back
emission characteristics observed in the experiment.
Whereas in [17], the anticorrelated electrons were found
to be mainly produced via multiple collisions in the first or
second field maximum after recollision, the analysis in [4]
yields a more subtle picture. Here, the contributions to
anticorrelated electron emission due to classical multiple
recollision induced direct-ionization (REDI) can be distin-
guished from those due to recollision induced excitation
plus tunneling (RIET) of the second electron. Whereas the
REDI contribution to correlated emission decreases with
decreasing intensity, the RIET part is expected to increase.
For anticorrelated events, instead, both mechanisms con-
tribute when lowering the intensity causing ACO to domi-
nate over CO deep in the MPI regime in agreement with
experiment. Even though the latter calculations draw a
quite detailed picture, the problem can certainly not be
considered being solved, since quantum theories are
widely lacking and the dependence on the target structure,
expected to be very important for the case of excitation-
tunneling ionization, has not been investigated at all.

Experimentally, the coincident detection of electron and
ions in the MPI regime is challenging due to the exceed-
ingly low DI yield. The major breakthrough enabling such
measurements was the demonstration of a high-power
(peak power ~16 MW), long-cavity femtosecond (46 fs)
laser system reaching a repetition rate of 6 MHz and pulse
intensities up to 2 X 10'* W/cm? [18]. The coincidence
method, the dedicated reaction microscope (REMI), mo-
mentum resolutions achieved as well as the intensity cali-
bration procedure and accuracy are described in detail
elsewhere [19]. In the REMI, ions and electrons were pro-
jected onto two position-sensitive detectors by weak elec-
tric (2 V/cm) and magnetic (4.5 G) fields applied along the
laser polarization axis. All experiments were performed at
an ion rate below 2 X 1073 per laser pulse (target density:
1 X 10'2/cm?) such that all measured electrons and ions
can be safely related to the fragmentation of a single atom
in the focus (diameter ~1 pum). Under present settings,
data collection for each target took several weeks.

We recorded a total of 1780 double coincidence events
(ion and one electron) for Ne?™ with a ratio of
Ne?"/Net ~1.5X 107* at an intensity of 1.5 X
10" W/cm? and 1160 counts for Ar at 3 X 103 W/cm?

with Ar?* /Ar" ~8 X 107*. To possibly even further
penetrate into the MPI regime we continued to decrease
the laser intensity to about 1.5 X 10'* W/cm? (Ar) and
8 X 103 W/cm? (Ne). Here, however, we could not find
any indication of DI events while running the measure-
ments for several weeks for each species. This means that
DI rates decrease by at least 3 orders of magnitude between
1.5 X 103 X 10"%) W/cm? and 8 X 1013(1.5 X
10'3) W/cm? for neon (argon).

In Fig. 1 we present P-correlation plots between both
electrons (left column) and electron transverse momentum
(P ) distributions (right column) at intensities of 3 X
10> W/cm? (Ar, upper row) and 1.5 X 10" W/cm?
(Ne, lower row), i.e., at the lowest intensities ever inves-
tigated. Even though the absolute single ionization count
rate is rather comparable for those targets, both spectra, the
correlation maps as well as P distributions show dis-
tinctly different shapes. Whereas for Ar a substantial
amount of anticorrelated electrons are observed in line
with our previous measurements at slightly higher intensity
[3] correlated emission is found to dominate in case of Ne.
Differences in the dynamics become especially obvious if
one inspects the transverse momenta of electrons coinci-
dent to double ionization (solid curve, right row) with a
cusplike structure for Ar that is substantially broadened in
the case of Ne. Even taking into account an at least 30%
uncertainty in the absolute determination of the intensity
and, thus, thinking we might be deeper in the MPI regime
for Ar than for Ne, we still find similarly distinct differ-
ences if we compare the Ne spectrum to the one for Ar at
7 X 10" W/cm? [dashed line in Fig. 1(b)].
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FIG. 1 (color online). Parallel momentum correlation of two
electrons for argon (a) (3 X 10" W/cm?) and neon
(c) (1.5 X 10" W/cm?). (b) Transverse momentum distributions
of electrons in coincidence with Ar'™ (dotted line) and Ar?™ at
3 X 10" W/cm? (solid line) and at 7 X 10'> W/cm? (dashed
solid line) as well as (d) for Ne!* and Ne?t at 1.5 X
10" W/cm?.
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The striking experimental structure dependence can be
partially explained by our semiclassical model, in which
the RIET effect has been taken into account within the
Wentzel-Kramers-Brillouin (WKB) approach [4]. The en-
ergy level of the first excitation state of Ne™ and the field-
free DI threshold are both significantly higher than those of
Ar™. It is thus much more difficult to resonantly excite the
second electron during recollision in a correct quantum-
mechanical description. To take this effect approximately
into account in our classical model, we have abandoned all
DI trajectories for Ne if the inner electron is excited to an
energy that is lower than the first excited state. Numerical
results are shown in Figs. 2(a) and 2(c) and the correlated
parallel momentum distributions for Ar and Ne are in quite
good qualitative agreement with the observations, exhibit-
ing ACO for Ar and CO for Ne, respectively.

Inspecting the electron transverse momentum distri-
butions for single ionization and DI shown in Figs. 1(b)
and 1(d) for the experiment as well as in Figs. 2(b) and 2(d)
for our model calculations we find in general pronounced
“cusplike” structures as observed before. It has been pro-
posed that Coulomb focusing [20] or the Coulomb singu-
larity [21] are responsible for their formation for single
ionization in accordance with the present data [dotted
curves in Figs. 1(b), 1(d), 2(b), and 2(d)]. Whereas the
experimental momentum distribution of electrons coinci-
dent with Ar** ions (solid line) also shows a clear cusplike
shape, only slightly broader than for single ionization and
in good agreement with theory the respective distribution
for Ne is significantly broader than predicted. In general,
the cusplike shape is obtained as a result of the singularity
in the electron continuum wave function at zero energy in
the presence of a Coulomb potential [20]. Thus, we con-
clude that for Ar double ionization both electrons have very
little energy in the final state. This is expected within the
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FIG. 2 (color online).
calculations (see text).

Same as Fig. 1 but for theoretical

RIET picture, where the second electron tunnels, being
essentially set into the continuum with zero momentum,
independently from the first electron. Accordingly, our
model calculations [Fig. 2(b)] largely reproduce the ex-
perimental data in Fig. 1(b).

On the other hand, electrons emerging coincident to
Ne?" production are observed to receive much larger
transverse momenta and show a more Gaussian-like shape.
This indicates that the recollision mechanism still domi-
nates, where the recolliding electron could be scattered to a
larger angle with its longitudinal momentum being trans-
ferred to the transverse direction. Surprisingly, such a
feature is not found in our model calculations where the
transverse momentum distribution of an electron coinci-
dent to the simulated Ne?" ion, excluding trajectories that
lead to unphysical low excitation energies, is shown in
Fig. 2(d). Obviously such a model does not capture the
full quantum dynamics of the system in all of its aspects
correctly, underlining the quest for quantum calculations.

Finally, we investigate and predict the threshold behav-
ior which has been previously addressed theoretically only
for DI of He [22,23]. When considering the full 3D
Schrédinger equation of a one-electron atom in a uniform
field in the framework of parabolic coordinates [24], the
3D problem can be reduced to 1D with an effective poten-
tial of U(n) = —1/2n — 1/879> — gym/8. Here, n = r-z
is the parabolic coordinate representing the distance r of
the electron to core minus its coordinate in the field direc-
tion z, and g is the field strength. There exists a potential
barrier along the 7 coordinate for ionization of the electron
with z — +00, corresponding to its passage into the region
of large 7. Ignoring the slight influence from the second
term in the above effective potential, we can readily esti-
mate the maximum of the barrier as —, /g, /2. On the other
side, the maximum effective total energy that will be
shared by the two electrons after recollision close to a
zero crossing of the field is (—|7p,(7)| + 3.17U ) /4 [where
Ip, (1) is the ionization potential of inner electron and the
factor 1/4 arises from the transformation from Cartesian to
parabolic coordinates]. DI as a result of a single recollision
event becomes possible only when both electrons can pass
over the suppressed barrier, with the solution depending on
the energy be sharing between the electrons after recolli-
sion. By making an average on two limiting cases that
correspond to equal and most unequal energy partition,
we can estimate the boundary for the transition to ACO to
be around 3.17U, — |Ipy(1)| = —3,/8; (see [4] for de-
tails). Above that limit, the DI events are mainly induced
by single recollision and, therefore, CO dominates.

In the same spirit, we estimate a criterion 3.17U, —
[7,(t)] = —2.,/e; where DI cutoff should occur, where I,
is the first excitation energy of the parent ion. Below that
threshold, the maximum recollision energy is not enough
to excite the bounded electron to at least the first excited
state while the returning electron keeps just the minimum
energy to escape. Therefore, DI is expected to decrease
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FIG. 3 (color online). Predicted areas where correlated or
anticorrelated electron emission dominates as well as the bound-
ary below which DI should be forbidden at all. Points indicate
the present measurement where correlation (circle), anticorrela-
tion (square), and no DI (triangle) have been observed, respec-
tively.

sharply. The results are plotted in Fig. 3 for both, Ar and Ne
together with the experimental data finding overall agree-
ment. Especially, the ACO zone predicted by our theory for
Ne is extremely narrow and, thus, might hardly be observ-
able in experiments.

In conclusion, we have presented kinematically com-
plete measurements and model calculations for single and
double ionization of Ar and Ne in infrared laser fields in the
DI threshold regime, at the lowest intensities ever inves-
tigated. Whereas for Ar anticorrelation in the longitudinal
two-electron momentum spectra is observed in agreement
with previous measurements at slightly higher intensity,
correlation dominates for the Ne target similarly close to
the threshold. Further lowering the intensity led to the
complete absence of any double ionization event over
weeks of data taking time. We can reproduce that salient
feature in the correlation plot with 3D classical calcula-
tions including tunneling for the second electron if, for the
Ne target, all trajectories are rejected with recollision en-
ergies below the first excitation level of Ne™. This provides
strong evidence that the target structure, i.e., the low-lying
excited levels in Ar* along with the large electron-impact
excitation cross section are the reason for this observation.
We have further made predictions on the regimes where
one would expect correlation and anticorrelation behavior
for both targets and provide a classical threshold below
which DI should not occur in good agreement with the
experimental results. From that it might be concluded
(i) that we have really approached the DI threshold and
(i1) that it might be impossible, at least very difficult to
observe ACO for the Ne target since the allowed intensity
range is very small.

Inspecting the transverse momentum distribution of
electrons coincident with singly and doubly charged Ne
and Ar ions, we shed light on the dynamics and provide
clear evidence that our essentially classical calculations do
not capture all of the dynamics: Whereas the cusplike

behavior for single ionization is in good agreement with
the experimental data, the experimental transverse electron
momentum distribution for Ne?" is significantly broader as
predicted pointing to the existence of correlated quantum
motion not taken into account by the classical model and
underlining the quest for many-particle quantum
approaches.
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