PRL 99, 263003 (2007)

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2007

Correlated Two-Electron Momentum Spectra for Strong-Field Nonsequential Double Ionization
of He at 800 nm
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We report on a kinematically complete experiment on nonsequential double ionization of He by 25 fs
800 nm laser pulses at 1.5 PW/cm?. The suppression of the recollision-induced excitation at this high
intensity allows us to address in a clean way direct (e, 2¢) ionization by the recolliding electron. In
contrast with earlier experimental results, but in agreement with various theoretical predictions, the two-
electron momentum distributions along the laser polarization axis exhibit a pronounced V-shaped
structure, which can be explained by the role of Coulomb repulsion and typical (e, 2¢) kinematics.
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Nonsequential double ionization (NSDI) of atoms by
intense linearly polarized laser fields has remained in the
focus of strong-field physics as one of the central and
most controversial topics despite intensive experimental
and theoretical research for more than two decades (see [1]
for a recent review). Its attractiveness mainly originates
from the fact that this phenomenon represents a uniquely
clean example of electron-electron correlation enforced
by the external field, while at the same time enhancing
the coupling efficiency between the laser light and two
electrons by many orders of magnitude. Though most of
the experimental findings are in good overall agreement
with a semiclassical “recollision’” model [2,3], where the
first electron is set free close to the maximum of the
oscillating laser field, is driven back to its parent ion
when the field changes its sign, and either ionizes or excites
the second electron, the current theoretical understanding
of NSDI is far from being complete. While the most
advanced semianalytical quantum-mechanical approaches
based on the so-called “strong-field approximation,”
known also as ““S-matrix theory” [4] achieve reasonable
agreement with the measured double-ionization yields [5]
and account for the major features of the existing differ-
ential data (e.g., a characteristic double-hump structure in
the recoil-ion momentum distribution) [6,7], they ex-
perience severe difficulties trying to account for the real-
istic atomic structure (role of the Coulomb potential,
structure of the bound excited states, etc.), which was
experimentally found to play an important role [8,9].
Recent classical models (see [10] and references therein),
though providing an intuitive insight into the two-electron
dynamics within the recollision scenario, suffer from a
similar problem, and, in addition, fail to predict the ion-
ization rates due to their neglect of the quantum nature of
the first ionization step.

The most accurate and reliable theoretical description
of NSDI can be achieved by numerically solving the
time-dependent Schrodinger equation (TDSE). However,
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fully dimensional calculations for two active electrons at
optical or near-infrared wavelengths, where most of the
experiments have been performed, are still computation-
ally challenging [11], and single-active electron models,
which can reliably predict fully differential rates for single
ionization (see, e.g., [12]), fail severely for the case of
NSDI. As a consequence, numerical solutions of the
TDSE are often performed within reduced dimensionality
(see [13] for one-, [14] for two-, and [15] for *“‘one-plus-
one’’-dimensional approximations). At shorter wave-
lengths one can solve the full-dimensional two-electron
TDSE, since here the smaller spatial excursion of the freed
electrons allows one to reduce the numerical grid size and,
thus, computational demands [11,16].

All numerical calculations mentioned above were per-
formed for the He atom. The explicit numerical solution of
the two-electron TDSE for larger systems seems to be far
beyond present capabilities. Therefore, NSDI of He repre-
sents the prototype two-electron strong-field-induced reac-
tion and, thus, the only possible ‘“meeting point” between
theory and experiment. Unfortunately, helium being the
“simplest” atom for the theoretical description is, at the
same time, the most challenging one for experimental
investigations. This is due to its huge two-electron ioniza-
tion potential resulting in low double-ionization rates and
setting severe vacuum requirements for coincidence stud-
ies. Therefore, compared to the heavier rare gases, where
even fully differential data including correlated two-
electron momentum distributions are currently available
(see [17,18] for Ne and [19,20] for Ar) over a broad
intensity range, the experimental situation for He is much
more obscure. Until now intensity-dependent ion yields
[21], recoil-ion momentum distributions [8,9,22], and total
electron energy spectra [16,23] have been measured. The
only set of fully differential data for strong-field He double
ionization reported until now [9] has suffered from rather
low statistical significance and a complicated background
subtraction procedure.
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In this Letter we present the results of a kinematically
complete experiment on NSDI of He at an intensity of
1.5 X 10" W/cm?. Choosing this rather high intensity, we
were able to observe this prototype reaction in a regime,
where the most often discussed mechanism of NSDI, direct
(e, 2e)-like ionization by the rescattering electron, be-
comes the dominant pathway. We observe a clear signature
of Coulomb effects in the correlated two-electron longitu-
dinal momentum pattern, settling a long-standing contro-
versy in the theoretical models of NSDI, and provide
benchmark data for theory.

Measurements were performed using a “‘reaction micro-
scope” described in detail in [9]. We used linearly polar-
ized 795 nm 25 fs (FWHM) laser pulses at 3 kHz repetition
rate. The laser beam was focused to a spot size of ~5 um
onto the supersonic gas jet in the ultrahigh vacuum cham-
ber (2 X 107! mbar). Created ions and electrons were
guided to two position-sensitive channel plate detectors
by weak electric (2 V/cm) and magnetic (7 G) fields
applied along the laser polarization axis. From the time-
of-flight and position on the detector the full momentum
vectors of the recoil ions and electrons were calculated.
The total ionization count rate was kept below 1/3 per laser
shot, in order to avoid false coincidences. Superior mo-
mentum resolution along the laser polarization (longitudi-
nal) axis was achieved reaching AP < 0.02 a.u. for both
ions and electrons. Along the transverse directions (i.e., in
the plane perpendicular to the laser polarization), the ion-
momentum resolution varied from ~0.5 a.u. along the gas-
jet direction to less than 0.1 a.u. in the direction perpen-
dicular to the jet. The transverse momentum resolution for
electrons was on a level of AP ~ 0.05 a.u. (see [9] for
details). Electrons with longitudinal momenta larger than
1.7 a.u. pointing towards the ion detector can overcome the
extraction field and, thus, were not recorded.

Figure 1 displays the measured longitudinal momentum
distribution of He?>" ions. A clear double-hump structure
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FIG. 1. Longitudinal momentum distribution of He?' ions.
Arrows indicate the upper limits for the kinematically favorable
ion momenta of i4\/7p_ [25]. Inset: Sum momentum of He?*
ion and two electrons detected in coincidence. Broad back-
ground below the narrow line is due to false coincidences.

characteristic for the recollision process can be observed in
the spectrum. Compared to earlier measurements on He
[8,9,22] this feature appears to be much more pronounced.
This difference is due to the higher intensity used in the
present experiment and can be understood within the semi-
classical recollision model. In [8,24] it was shown that ions
emerging with small longitudinal momenta and, thus, ““fill-
ing the valley” in between the two maxima, mainly origi-
nate from the recollision-induced excitation with subse-
quent field ionization, whereas those obtaining large mo-
menta are created most likely by a direct (e, 2¢)-like re-
scattering event, where the relative contribution of the
latter process increases with increasing intensity. The dis-
tribution extends up to the upper limits for the kinemati-
cally favorable ion momenta of +4,/U,, (indicated by the
arrows in Fig. 1; see [25] for details) as expected within the
recollison scenario (where U, ﬁ is the so-called pon-
deromotive potential, I the light intensity, and  its
frequency).

Figure 2 illustrates the correlated dynamics of both
emitted electrons along the laser polarization direction.
Here, we have used the directly measured momentum of
one electron and have recalculated the momentum of the
second one from P{* = P{™ — Pj! exploiting momentum

conservation and the fact that the momentum transfer from
the absorbed photons is negligible. Even though all three
particles (the He’' ion and two electrons) have been
detected, this method was used in order to (i) increase
the statistical significance of the data (the detection effi-
ciency of about 60% for the second electron does not enter)
and (ii) avoid possible ambiguities due to the dead time of
the detector when both electrons arrive within less than
10 ns. As can be seen from the inset in Fig. 1, where the
momentum sum of all three detected particles is shown, the
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FIG. 2 (color). Longitudinal momentum of electron one (Pﬁl)
versus that of electron two (Pﬁz). Electrons with momenta P <

—1.7 a.u. are not detected (see text).
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contribution of false coincidences is rather small and does
not seriously disturb the spectra.

Similar to earlier results for Ne [17,18] and Ar
[19,20,24] the two-electron momentum distribution shown
in Fig. 2 exhibits overall maxima in the 1st and 3rd quad-
rants, meaning that both electrons are emitted into the same
hemisphere with similar longitudinal momenta. Since the
final-state electron momenta are to a large extent defined
by the drift momentum acquired from the laser field, this
also indicates that the electrons are emitted nearly at the
same time. However, in striking contrast to all previous
measurements, a clear splitting of the distribution mani-
fests itself for helium at large P) where distinct off-
diagonal structures can be observed. This feature indicates
that the electrons are no longer emitted with the same
momentum. Though never observed in any experiment,
such a behavior has been predicted by several theoretical
models based on the strong-field approximation [7,26,27]
as well as on the numerical solution of the TDSE for
800 nm [13,15] and 390 nm [16] laser radiation.
Especially clearly it was found in an early one-dimensional
numerical calculation [13], where a characteristic butter-
flylike structure has been observed. However, physical
reality of this feature was questioned: the intuitive expla-
nation suggests that it originates from the Coulomb repul-
sion between the electrons in the final state [20], and since
in a one-dimensional model the electrons cannot make way
for each other by moving into the second or third spatial
dimensions, the electron-electron repulsion is strongly
overestimated, prohibiting emission with the same P
(events on the main diagonal in Fig. 2).

The latter situation can to some extent be simulated if
the transverse momenta (in the plane perpendicular to the
polarization direction) of the electrons are small.
Exploiting the availability of fully differential data, we
plot in Fig. 3 the distribution of Fig. 2 with additional
conditions on the transverse momentum P¢ for each of
the electrons. In Fig. 3(a) only events with P‘il’z =0.2 au.
are shown, whereas in Fig. 3(b) only those with Pj_l’z =
1.2 a.u. are presented. Even though the uncertainty due to
the ion transverse momentum resolution to some extent
smears out these conditions for the recalculated momen-
tum of the second electron, clear overall differences be-
tween both panels can be observed. Whereas in Fig. 3(b)
the maximum of the distribution lies on the diagonal and
no noticeable splitting can be traced, Fig. 3(a) exhibits
distinct off-diagonal features, which can be even distin-
guished in the 3rd quadrant where the events with |P)| >
1.7. a.u. are missing. Thus, in good agreement with the
intuitive expectations, the effect of Coulomb repulsion is
strongly enhanced if electrons with negligible transverse
momenta are selected.

A similar dependence of the two-electron longitudi-
nal momentum distributions on the transverse momen-
tum has been observed in [19,20] for Ar, where the

FIG. 3 (color). Same as Fig. 1 but for the transverse momen-
tum of each electron restricted to P‘f’ez = 0.2 au. (a) and
P42 = 1.2 au (b).

transverse component of only one electron was restricted.
Surprisingly, however, the spectra integrated over all trans-
verse momenta did not exhibit any noticeable splitting.
Overall, the absence of clear Coulomb effects on the
correlated longitudinal momentum spectra [28] caused a
controversial situation for the current theoretical descrip-
tion of NSDI: within the S-matrix-based models a reason-
able agreement with the existing experimental data could
be achieved only if the rather unphysical contact-type
electron-electron interaction has been used, while the im-
plementation of the much more realistic Coulomb interac-
tion resulted in the appearance of the “‘butterfly”” structure
and clear deviations from all previous experimental results
[7,26,27].

The situation was extensively analyzed in [29], where
the authors not only tested the role of specific types of
electron-electron interactions, but also pointed out the
importance of the shape of the ionic potential and differ-
ences between p and s initial electronic states. It was
concluded that (i) the off-diagonal contributions due to
the electron-electron repulsion are suppressed if the
Coulomb potential of the ion is replaced by the contact
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potential and (ii) for the latter case the round shape of the
two-electron momentum distribution maximum is obtained
for a p electron, whereas for an s electron a V-like shape is
expected (see Fig. 11 of [29]). These predictions are in a
good qualitative agreement with the findings of the present
work: for He the rescattered electron (i) sees an ion poten-
tial which is closer to a pure Coulombic one than for Ne or
Ar and (ii) the second emitted electron emerges from an s
state. Correspondingly, in contrast to earlier Ne and Ar
data, we observe a pronounced V shape of the two-electron
momentum spectrum (see Fig. 2). Furthermore, in accor-
dance with the explicit statement made in [26,27], the
simultaneous restriction of the transverse momenta of
both electrons to a very small value allowed us to observe
a distribution very similar to the theoretical predictions for
the Coulomb-type interaction.

An additional insight in the dynamics illustrated by
Figs. 2 and 3 can be obtained considering the typical
kinematics of a (e, 2¢) recollision reaction. The S-matrix
methods discussed above essentially describe this process
within the lowest-order Born approximation [7,26,27] fa-
voring unequal electron energy sharing after the collision.
This difference, though smeared by the large drift momen-
tum equal for both electrons, would push the correlated
two-electron distribution off the Py L= Pﬁ2 diagonal.

Restricting transverse momentum of both electrons to
zero [Fig. 3(a)] enhances this effect since then the momen-
tum transfer in the collision occurs along the laser field.
Enforcing large transverse momenta for both electrons
ensures that the final-state longitudinal component is
mostly due to the drift momentum induced by the field
which is similar for both electrons [Fig. 3(b)].

In summary, we have presented the results of a kine-
matically complete experiment on the prototype two-
electron strong-field reaction, NSDI of He, at high inten-
sity where the direct (e, 2¢)-like ionization by the rescat-
tering electron becomes the dominant reaction pathway.
For the first time we observe a pronounced V-like shape of
the correlated two-electron longitudinal momentum dis-
tribution, which can be interpreted as a consequence of
Coulomb repulsion and typical (e, 2¢) kinematics [30].
The essential difference between the present findings for
He and earlier data on Ar and Ne can be understood in lines
of recent S-matrix calculations [29]. Our results are in
good qualitative agreement with the recent ‘“‘one-plus-
one”’-dimensional quantum calculation (compare Fig. 2
with Fig. 6(d) of [15]), and provide benchmark data for a
long-sought theoretical goal, the full three-dimensional
numerical solution of the TDSE at 800 nm, which will
likely become feasible in the very near future.
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