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Abstract. We demonstrate experimentally the difference between a sequential interaction of
a femtosecond laser field with two electrons and a nonsequential process of double ionization
mediated by electron–electron correlation. This is possible by observing the momentum distribution
of doubly charged argon ions created in the laser field. In the regime of laser intensities where the
nonsequential process dominates, an increase in laser power leads to an increase in the observed
ion momenta. At the onset of the sequential process, however, a higher laser power leads to colder
ions. The momentum distributions of the ions from the sequential process can be modelled by
convolving the single-ionization distribution with itself.

Coupling of a time-dependent field to a quantum mechanical many-body Coulomb system
can lead to two-body transitions in at least two ways. One way is an independent coupling
of the external field to each of the two particles that are to be excited. The other way is the
interaction of a single particle, which then excites the second particle by correlation within the
composed system. Prominent examples for such behaviour can be found in atomic physics if
two electrons in an atom are ejected by time-dependent fields, for example, from an intense
laser or a traversing charged particle. Generally, the contribution due to two interactions
with the field decreases much faster with decreasing perturbation strength than the process
involving internal correlation. For double ionization by a short (femtosecond) intense laser
(1014–1016 W cm−2), the process involving two interactions with the field is referred to as
sequential double ionization (see, e.g., [1, 2] and [3] for a recent review), while for charged
particle impact it is commonly called TS2 (two step two) (see, e.g., [4, 5] and [6] for a recent
review).

For laser impact, the distinction of the sequential and nonsequential double-ionization
mechanisms is so far based solely on the experimental observation of a stepwise increase of
the ratio (R) of the rates of doubly-to-singly charged ions with increasing perturbation strength
and its theoretical interpretation (see [1, 2] for experiments on helium and [7, 8] for experiments
on argon and other noble gas targets (cf also [9]). Theoretically, a clear cut distinction between
the sequential and nonsequential process can be made in terms of Feynman diagrams [9, 10].
Recently, Dundas and co-workers have analysed sequential and nonsequential contributions
in an elaborate three-dimensional time-dependent calculation [11]. The main finding of an
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intermediate regime where double ionization is dominantly mediated by electron–electron
correlation, has been confirmed by numerous model calculations (see, e.g., [12–19] and [3]
for a recent review).

In this letter we show experimentally that the nonsequential process leads to a different
momentum distribution for the doubly charged ions if compared with the sequential process.
Recently Moshammer and co-workers and our collaboration have reported such an ionic
momentum distribution for an Ne target [20] and He targets [21]. Both studies, however,
were performed at too low laser intensities where the sequential process is negligible. For
this letter we choose argon as a target, since here the sequential process sets in at intensities
accessible to our laser system.

We employed the well established technique of COLTRIMS (cold-target recoil-ion
momentum spectroscopy) (see [22, 23] for recent reviews). A supersonic gas jet provided
sufficiently cold target atoms to allow for a measurement of the rather small (subthermal)
ionic momenta. The linearly polarized light of a Ti:sapphire laser at 800 nm (Spectra-Physics
Spitfire) with a pulse width of 220 fs, and a repetition rate of 1 kHz was focused by a 5 cm
lens onto the gas jet. The focal diameter was about 7µm. The ions created at the focus are
accelerated by a homogeneous electric field of 4 V cm−1 followed by a field-free drift region
onto a position-sensitive channel-plate detector. A figure depicting our set-up can be found in
[24]. From the time of flight and the position of impact on the detector the charge state and
momentum vector of the ion can be determined. The resolution is mainly restricted by the
temperature of the gas jet. From an electron–ion coincidence detection for single ionization
we found a resolution of about 0.3 au for the ion momentum in the direction of polarization,
which coincides with the direction of the extraction field of the spectrometer. The peak laser
power was determined by fitting our He+ ion yields, measured over five orders of magnitude
as a function of the integral laser power to ion yield calculations of Becker (adapted to the
present conditions from [9]). We estimate the accuracy of this calibration to be approximately
15%.

The ratio of the Ar2+ and Ar+ rates as a function of the laser peak power (figure 1)
shows the well established steep increase starting at a power of about 4–5×1014 W cm−2. For
comparison, data from [7] (small dots) and [8] and results of anS-matrix calculation by Becker
and Faisal [9] are shown. All data show the steep rise in the ratio. The most probable reason
for the difference in the absolute height are uncertainties in the determination of the laser peak
power. The recoil-ion momentum distribution at five different peak intensities indicated by
labels (a)–(e) in figure 1 are shown in figure 2. We find the momentum distribution of the Ar2+

ions to be aligned along the electric field vector of the light (horizontal). For intensities of
2×1014 and 3.75×1014 W cm−2 the momenta in the field direction increase with peak power.
This is similar to our observations for a helium target [21]. At 3.75× 1014 W cm−2, a flat top
on the momentum distribution is found (figures 2(b) and (g)). For helium [21] and neon [20]
targets, a further increase of laser power leads from a flat top to a minimum at the momentum
zero. For an argon target, however, a narrow peak on top of the flat-top distribution arises at
intensities above 6×1014 W cm−2 (figure 2(c)). The appearance of these low momentum ions
corresponds to an increase of approximately 40% in the ratio of doubly-to-singly charged ions.
With a further increase in laser power, the narrow peak close to zero momentum dominates
the distribution (figures 2(d) and (e)). Thus higher optical fields yield much colder ions. This
change in the momentum distribution is accompanied by the sharp rise of the ratio Ar2+/Ar+.
The observed dramatic change in the ionic momentum distributions indicates the transition
from nonsequential to sequential ionization as we will explain in the following.

To model the momentum distribution resulting from the sequential process, we have
convolved the measured momentum distribution for Ar+ ions with itself. The chain curve in
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Figure 1. Ratio Ar2+/Ar+ of rates of doubly-to-singly charged argon ions created in the focus of an
800 nm laser pulse as a function of the peak intensity. The full curve shows anS-matrix calculation
by Becker and Faisal adapted to the present laser conditions [9]. Small dots, from [7] (200 fs);
open circles, from [8] (30 fs); large full circles, this work (220 fs). The labels (a)–(e) indicate the
points for which the momentum distribution of the Ar2+ ions is shown in figures 2(a)–(e).

figure 3 shows the measured momentum distribution of Ar+ ions and the broken curve the
autocorrelated one. Thus the broken distribution is the chain one convolved with itself. This
convolution was performed by adding the momentum vectors of two independent Ar+ ions
from different laser pulses. This assumes that the ejection of the two electrons can be regarded
as two uncorrelated events, spaced in time by a random number of optical cycles. Figure 3
shows that at 12× 1014 W cm−2 this very simple approach describes the double ionization
rather well, while it fails completely at 3.75× 1014 W cm−2 and lower intensities.

For single ionization, the ionic momentum distribution is a mirror image of the electronic
momentum distribution, since the pulse is short enough to prohibit the electrons from leaving
the focus during that time. For double ionization, the ionic momenta mirror the vector sum of
both electron momenta. The success of our simple convolution model shows that there is no
significant angular or energetic correlation between the two electrons at high intensities.

One obvious oversimplification of our convolution procedure is that it implicitly assumes
that the momentum distributions do not change with binding energy. For single ionization, the
relevant binding energy is 24 eV. By modelling the sequential process by convolving the Ar+

distribution with itself, one neglects the fact that the removal of the second electron requires
54 eV. Clearly, this unrealistic assumption does not allow one to predict the overall Ar2+ rate. A
more refined independent electron approach could use different binding energies for both steps.
As an alternative simple model, we have calculated the momentum distributions for removal
of the first electron and the second electron in the Ammosov–Delone–Krainov (ADK) model
(see, e.g., [25], equation (10)) using the correct binding energies for both steps. The result of
convolving these two calculated distributions is shown by the full curves in figure 3.
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Figure 2. Momentum distribution of Ar2+ ions created in the focus of a 220 fs, 800 nm laser pulse
at peak intensities of 2× 1014 W cm−2 (a), (f ) and (k), 3.75× 1014 W cm−2 (b), (g) and (k),
6× 1014 W cm−2 (c), (h) and (m), 12× 1014 W cm−2 (d), (i) and (n), 21× 1014 W cm−2 (e), (j)
and (o) and linear polarization (see labels in figure 1). The horizontal axis shows the momentum
component along the electric field vector (pzr ), the vertical axis is the momentum component in the
direction of the light propagation (pxr ). The distribution is integrated overpyr . The curves show
levels of equal count rate on a linear scale. The middle row (f )–(j) shows projections of the two-
dimensional distributions on the right-hand row onto the horizontal axis (direction of polarization).
Right row (k)–(o): same data as the middle row, the horizontal axis is in units of the ponderomotive
momentum

√
UP (see text).
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Figure 3. Momentum distribution of Ar2+ ions created at the focus of a 220 fs, 800 nm laser
pulse at peak intensities of (a) 3.75× 1014 W cm−2 and (b) 12× 1014 W cm−2 in the direction of
polarization. The distributions are integrated over the directions perpendicular to the polarization.
The full circles show the distribution of Ar2+ ions (same as in figures 2(g) and (i)). Chain curve,
distribution of Ar+ ions; broken curve, results of the independent electron model of convolving the
Ar+ distribution with itself; and full curve, independent electron ADK model (see text). The open
circles in (a) show the distribution of He2+ ions at 3.8× 1014 W cm−2 (from [21]).

Furthermore, at 3.75× 1014 W cm−2 (nonsequential regime), the momentum distribution
of the Ar2+ ions (full circles in figure 3(a)) are within the error bars identical to the distribution
of He2+ [21] ions (open symbols) at a similar intensity. This indicates that the double-ionization
mechanism in this intensity regime is the same for helium and argon, even though the ratio
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of double-to-single ionization is as different as 0.049% and 2.6%. The similarity of the
Ar2+ and He2+ momenta supports the assumption that these momenta in the direction of the
polarization are mainly a result of the acceleration of the ions in the laser field and are not
being determined by the initial state of the atom. The momentum transfer from the laser
field depends only on the phase at which the ion is created and on its charge but not on its
mass.

The maximum momentum a doubly charged particle can acquire in an optical field is
given bypz = 4

√
UP, whereUP = 2πI/cω2 is the ponderomotive energy, i.e. the mean

quiver energy of a free electron in the photon field of frequencyω and intensityI (in atomic
units). This momentum is indicated by the arrows in figure 2. It corresponds to an ion which
is created with charge two at the time when the optical field crosses zero. To allow for an
easier comparison between the distributions at the different intensities the momenta are shown
in units of

√
UP in the right-hand column of figure 2. In this representation the trivial increase

of momenta due to the rise of the quiver momentum does not occur and the influence of the
change in the physical mechanism becomes more prominent.

In conclusion, we have given direct experimental support for the common interpretation of
two different mechanisms for multiphoton double ionization. The nonsequential mechanism
leads to much larger ion momenta compared with the sequential process. For argon, the
momentum distributions of doubly charged ions from the sequential and the nonsequential
process have very different shapes. However, the distributions overlap in momentum space.
For helium and neon, the sequential process becomes significant at much higher intensities,
at which the momentum distributions for the nonsequential process have evolved from a flat-
top distribution to a two-peak structure with a minimum at zero momentum (see [20, 21]).
Therefore, we expect that for these targets the sequential process will manifest itself in a third,
distinct peak at momentum zero in the momentum distributions.
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