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The ion momentum spectra for nonsequential double ionization of rare gases (He, Ne,
and Ar) in 23 fs 795-nm laser pulses were measured in the intensity range between 0.075
and 1.25 PW/cm®. Confusing differences in the shape of so far published momentum
distributions between the different targets are consistently explained within a recollision
scenario: Excitation during recollision plus subsequent field ionization, not implemented
in most theoretical approaches, is provided evidence to play a decisive role for He and Ar

nonsequential double ionization whereas it plays only a minor role for Ne.
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Many-electron dynamics in intense laser fields has been the subject of a large number of
theoretical and experimental investigations. In particular, strong field double ionization is
a fundamental process and, at the same time, one of the most challenging problems in
atomic and optical physics, theoretically as well as experimentally. Whereas single

ionization is well understood within the &ingle active electroni (SAE) model, the



observed yields of double ionization in linearly polarized laser pulses exceed those
predicted by the SAE model assuming a sequence of individual single ionization events
by many orders of magnitude. Although the wunderlying mechanism of this
énonsequentiali (NS) double ionization remained unclear over many years, it was agreed
that the NS double ionization has to incorporate the correlated two-electron dynamics in
intense laser fields (for reviews see ' ).

Experiments using circularly polarized light as well as recent results exploiting
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advanced experimental imaging techniques ° * in agreement with most quantum as

11 brovided widely accepted evidence that the so-called

well as classical calculations
&rescatteringi or &ecollisioni scenario '* is the dominating mechanism for NS double
ionization. Here, the first (tunnel-)ionized electron is driven back by the oscillating laser
field to its parent ion causing the ionization of a second electron in an (e,2¢e)-like process.
It was shown that the kinematics of this dynamical process is the only one that can
explain the &ouble-humpi structure of ion momentum distributions along the laser
polarization direction ', clearly observed exclusively for Ne*" and Ne®™ ions in the NS
intensity regime *. However, summarizing the results of published experimental data as
well as theoretical predictions for NS double ionization of He, Ne and Ar atoms, one
finds a quite confusing situation indicating that the underlying mechanisms are by far not
understood.

Singly differential momentum spectra for He*" ions have been measured so far in
the intensity range between 0.29 and 0.66 PW/cm®. Here, indications of a double-hump

structure have only been observed at the highest intensity. Compared to Ne this

characteristic feature is much less pronounced and hardly visible at all. In contrast, as



summarized in Fig. 9 of > most of the theoretical models predict a very clear double-
hump shape with a deep minimum at zero momentum not consistent with the experiment.
Moreover, and even more surprising the apparently most complete approach, numerical
solution of the time-dependent Schr”dinger equation for two correlated electrons in a
one-dimensional model ” just predicts the opposite behavior, a single maximum at zero
momentum, which also does not agree with the experimental findings! Recent
calculations by van der Hart revealed '* that excitation of He" during recollision followed
by subsequent field ionization of the excited electron contributes decisively to double
ionization. This mechanism is not considered by anyone of the theoretical models, which
actually predict the double-hump behavior. Some of them even correctly reproduce the
total rates for multiple ionization without taking this mechanism into account. Finally, a
systematic study on the intensity dependence of the ion momentum spectra for Ar** did
not reveal a double-hump structure at all for any intensity '°! Such a behavior for Ar was
recently explained by the recollision-excitation mechanism mentioned above via
inspecting correlated electron spectra where the momenta of both emitted electrons are
measured in coincidence '°. In contrast to Ne '/, the majority of the correlated events
violate the kinematical constraints set by conservation of energy and momentum in the
recollision-ionization scenario 16, whereas these data were found to be consistent with the
kinematics of recollision-excitation with subsequent field ionization. Due to its sequential
nature, this mechanism leads to small drift momenta of one of the electrons, and, thus
fills the évalleyi in the ion momentum distribution as observed for He > and Ar "° '°,

Consequently, inspecting all available data, severe questions arise, whether the

atomic structure can influence the dynamics of NS double ionization, whether such a



potential structure dependence can explain the experimental results for different targets
and what really is then the dominant NS double ionization mechanism for the various
atomic species. These questions become even more pressing since it is frequently
doubted that at such high intensities the atomic structure plays any role at all.

In order to clarify this situation we present a first comprehensive experimental
study on the ion momentum distributions of He*", Ne*", and Ar*" ions using a novel
method for the &n situi calibration of the intensity in the range between 0.075 and 1.25
PW/cm”. Based on a consistent model calculation for the relative contributions of direct
(e,2e) ionization and excitation during recollision followed by subsequent field ionization
we demonstrate a strong target structure dependence of NS double ionization as well a
decisive importance of recollision-excitation: Indeed, we provide convincing evidence
that for He and Ar this is the dominant NS ionization mechanism over a wide intensity
range. Atomic units are used in the following except indicated otherwise.

For our experiment, we use a Kerr-lens mode locked Ti:sapphire laser at 795 nm
wavelength amplified to pulse energies up to 350 uJ at 3 kHz repetition rate. The width
of the amplified pulses is 23 fs. After compensation of the astigmatism by means of a
spherical mirror telescope the laser beam is focused by a spherical on-axis mirror (f= 100
mm) to a spot size of 6.5(8) um on a supersonic gas jet target in an ultra-high vacuum
chamber (8 x 107" mbar). The focus diameter has been determined from measured
optical parameters of the laser beam. Vector momenta of recoil ions emerging from the
source volume are recorded using a ireaction microscopei which has been described in
detail before '®. The polarization direction of the laser is parallel to the time-of-flight axis

of the spectrometer. Along this axis (which is perpendicular to the jet axis) an ion



momentum resolution of 0.1 a.u. is achieved due to collimation of the gas jet. In addition
to the conventional method, we determined the laser intensity €n situi by simultaneously
measuring the electron kinetic energy spectra along the laser polarization axis for single
ionization. Figure 1 shows such a longitudinal (i.e. parallel to the laser polarization
direction) kinetic energy spectrum (log. scale) of the electron for single ionization of Ne
along with a Gaussian according to the tunneling theory '° fitted to the distribution in the
region of direct electrons. Since the width of the electron spectrum sensitively depends on
the intensity, the fit yields in indirect, online and accurate determination of /= 0.40(5)
PW/cm® for the spectrum in Fig. 1. Moreover, as it is well-known, the spectrum shows a
distinct change in slope occurring close to the kinetic energy of 2U, (ponderomotive
potential U, = I/40Y) indicating the transition from direct and rescattered electrons
dominating electron production. At higher energies a &lateaui of rescattered electrons
extends up to ~10U, % The intensity derived from the fit results in a focus diameter of
5.5(5) um, which agrees well with the value given above. We estimate the accuracy of
this method for absolute intensity calibration to be better than 15 %. The relative
intensities are derived from the pulse energies measured with < 5 % accuracy, which is i
at the same time 11 the stability of the laser.

Figure 2 summarizes the measured longitudinal ion momentum spectra for He*",
Ne®’, and Ar*". We compare the three species at intensities corresponding to the same
maximum recollision energy in units of the ionization potential /, of the singly charged
ion 3.17U,/ I,. Whereas the shape of the spectra for Ne only shows a weak intensity
dependence with a clear double-hump structure everywhere, a distinct transition from a

single maximum to a broad structure is observed for Ar and He. At the highest intensity



(1.25 PW/cm®) for He we find for the first time a pronounced minimum at zero
momentum at all. For Ar such a behavior cannot be observed at all presumably since the
regime of sequential double ionization is already reached at 0.7 PW/cm®. The shaded
areas indicate the kinematically favored regions based on the recollision (e,2e) model
(see Eq. (9) from ). Obviously, for He and Ar another mechanism besides (e,2¢) fi most
likely a sequential excitation tunneling process i plays a crucial role in the doubly
charged ion formation.

In order to calculate the relative contributions of direct ionization and excitation
tunneling, we use the following semiclassical model within the recollision scenario. In a
first step one electron is field-ionized via tunneling at a phase a¥, of the oscillating,
linearly polarized electric field F(f) = Fy sin(a¥). Depending on the initial phase the
electron may be driven back to its parent ion at a phase wt; with a classical recollision
energy Eye. = 0.5 Fy’ w” [cos (wiy) i cos(wt;)]>. Here, in a second step electron impact
ionization or excitation takes place. In the first case, the second electron is directly
ionized in an (e,2e) process, whereas the excitation is followed by subsequent tunneling
of the excited electron. In the intensity range considered here this tunneling occurs with
almost 100% probability. Thus, for the calculation of the relative contribution of these
two mechanisms we only need to calculate the ratio of the effective (phase averaged)

yields Yipnexe for ionization and excitation

m

o H Yion,exc = IWADK (tO) Uion,exc(Erec(tO)) d(aIO) (1)

exc ]T/ 2




Here, W(ay) is the Ammosov-Delone-Krainov (ADK) ' static-field tunneling rate. The
electron impact cross sections G, .. are derived using general, simplified (field-free)
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expressions. In the case of ionization we use the following formula
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The coefficients C,, & can be found in *'. & is the number of equivalent electrons in the
initial subshell ¢ and b, the branching ratio for ionization into a specific term k of the

final state. For Ne" (Ar') we included ionization from the 2p (3p) and 2s (3s) subshells.
In order to take into account the effect of barrier suppression due to a finite field at the

recollision time #, we introduce the suppressed ionization potential of the ion *

I =1,-22F(1).

The 1s — 2/ excitation cross sections for He" are taken from a convergent close
coupling calculation *. We extrapolate the cross sections for higher-lying He™ levels by
scaling with known transition strengths **. Since comprehensive data on excitation cross
section for Ne™ and Ar™ are not available, we use the Van Regemorter formula *° for

transitions i — k

ik 277-2 ik G
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0o (x) = Zaéii’( ). (3b)

X =Erec/Eik 4 (33)

with the Gaunt factor G(x) = 0.349 Inx + 0.0988 + 0.455x"" », the excitation energy Ej,

and the absorption oscillator strength f; (values from >*). Figure 3 shows the total cross



sections for He', Ne” and Ar" as function of the electron impact energy in units of I,. As
expected from the atomic structure (3p-3d transitions) excitation is much stronger in Ar"
than in Ne". The structure of He" is hydrogen-like which results in a reduced ionization
cross section compared to excitation since the latter consumes a large amount of the total
oscillator strength. The result for the phase-integrated ratio R as a function of the laser
intensity is shown in Figure 4. Again, we find a much stronger excitation contribution for
He and Ar compared to Ne. This qualitatively explains the different shape of the ion
momentum spectra for NS double ionization. For Ar, we can directly compare the
calculated ratio R.y=0.37 at 0.25 PW/cm’ with the experimental result from 16
Rexp = 0.37(6) at 0.25(5) PW/cm® which is found to be well reproduced by our model.

To conclude, we presented a first comprehensive study on nonsequential double
ionization of the noble gases He, Ne and Ar. We used a novel technique for intensity
calibration based on the well-established ADK tunneling theory for single ionization
electron spectra the result of which agrees well with the intensity derived from the laser
beam parameters. A qualitative difference in shape and intensity dependence of the
longitudinal momentum spectra of the doubly charged ions is observed for Ne compared
to He and Ar, which behave similarly. For the first time a clear double-hump structure in
the He’™ momentum distribution is observed. We developed a consistent model
calculation within the recollision scenario including both (e,2e) and excitation tunneling
mechanisms which can fi at least qualitatively fi explain the substantially different
behavior of He/Ar vs. Ne due to differences in the excitation cross sections, caused by the
atomic structure. This might be quite surprising considering the fact that we used field-

free cross sections; the atomic structure seems be well preserved even in considerably



perturbed systems. However, at the phases where recollision occurs, the laser field
strength is typically small '>. In order get more insight into the mechanisms of
nonsequential double ionization more kinematically complete studies are planned, in
particular for He since this is the only case where an ab initio theoretical description
might become available in the future.
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FIG. 1. Longitudinal electron kinetic energy spectrum for single ionization of Ne.
The spectrum shows a change in slope close to the kinetic energy of 2U, indicating
the transition from direct to rescattered electrons. A Gaussian fit (dashed curve)
according to the tunneling theory can, in an indirect way, determine the laser

intensity (see text for details).
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FIG. 2. Ton longitudinal momentum spectra for He®", Ne** and Ar**. The spectra are
shown in four columns comparing the three species at intensities (numbers on the
left) corresponding to approximately the same maximum recollision energy in units
of the ionization potential 1,” of the singly charged ion 3.17U,/I," (italic numbers on
the right). The shaded areas indicate the kinematically favored regions based on the
recollision (e,2e) model (see Eq. (9) from 13). Note that at the last spectrum for Ar

(0.7 PW/cm’®) the sequential regime is already achieved.
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FIG. 3. Total excitation (solid lines) and ionization (dashed lines) cross sections for
He', Ne" and Ar" as function of the electron impact energy in units of ionization

potential I,".
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FIG. 4. Ratio of the double ionization yield for ionization and excitation according

to Equation (1) based on the cross sections shown in Fig. 3 as function of the laser

intensity. At 0.58 PW/cm’ the suppressed I," is zero for Ar and, thus, beyond this

value the calculation is not valid anymore. The experimental result for Ar from '°

Rexp = 0.37(6) at 0.25(5) PW/cm® (the Ar’" spectra are depicted on the top) is also

shown in the picture.
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