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ABSTRACT

We have investigated the full three-dimensional momentum correlation between the electrons emitted from
strong ﬁeld double ionization of neon when the recollision energy is of the order of the ionization potential. The
momentum correlation in the direction perpendicular to the laser ﬁeld depends on the time diﬀerence between
the two electrons leaving the ion. Our results are consistent with double ionization proceeding through transient
double excited states that ﬁeld ionize.
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1. INTRODUCTION
When two electrons are ejected from an atom by absorption of one or more photons, correlations between the
electrons are fundamental to understanding of few-body dynamics. In the single photon limit, the situation is
very satisfactory today: Experiments, on one side, have yielded high accuracy fully diﬀerential cross sections
from 100 meV1 to 450 eV2 above threshold (see3, 4 for recent reviews). Theory, on the other, reproduces the
experimental data very well.5–8
For the case of multiphoton absorption in ultrashort Ti:Sa laser pulses with pulse durations of below 100 fs
and intensities in the 1014 W/cm2 range, the situation is diﬀerent: Experiments have not reached the level of
sophistication as in the single photon case. Consequently, no fully diﬀerential cross sections are available yet.
Theory likewise has diﬃculties to make reliable fully diﬀerential predictions.9, 10 A full characterization of the
system requires the determination of the three momentum components of both electrons or of one of the electrons
and the ion. All experiments reported so far have left at least one momentum component unobserved.
Measurements have advanced from the observation of total double ionization rates11 over ion momenta,12, 13
single electron energy14–16 and angular distributions16 to the correlation between the momentum components
either parallel17, 18 or perpendicular19 to the laser ﬁeld have been measured gradually. Major features, like the
double hump structure in the ion momenta and the correlation in the electron momenta parallel to the ﬁeld,
have been reproduced by various quantum and classical calculations.20
The physical mechanism responsible for these primary features is double ionization via rescattering21, 22 : The
ﬁrst electron is set free by the ﬁeld, accumulates energy during about half a laser cycle and is driven back to its
parent ion where it can reemit a second electron. This may happen either via a direct or laser-assisted23 electron
impact ionization22 or via the creation of an intermediate excited ionic state which is later ﬁeld ionized.18
In this paper, which is a follow-up of experiments and ideas shown just recently,24 we report on an experiment
where all kinematical observables, i.e. the full three-dimensional vector momenta of both electrons have been
determined. This allows us to obtain the parallel and perpendicular momentum correlation and obtain fully
diﬀerential angular distributions which is the most detailed view at the process.
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We ﬁnd three surprising results for recollision electrons near threshold: (1) The electrons have little excess
momentum perpendicular to the laser ﬁeld, which is comparable to that of single ionization.25 (2) The two
electrons are likely to possess similar momentum parallel to the laser ﬁeld. (3) Electrons with similar longitudinal
momentum (i.e. along the laser ﬁeld) show repulsion in the perpendicular directions, whereas electrons with
diﬀerent momentum do not. Assuming that the momentum parallel to the laser ﬁeld originates primarily from
the laser ﬁeld, we deduce that both electrons are emitted about 30o from the maximum of the laser ﬁeld during
one quadrant of the ﬁeld.
These observations are consistent with doubly excited states being formed by the recolliding electron that
live for a fraction of a laser period and then ionize near the maximum of the laser ﬁeld.26, 27

2. EXPERIMENT
The experiment was performed using Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS).28, 29 Ti:Sa
laser pulses (40 fs, 800 nm, 3.9 µJ, 30kHz repetition rate) were focused into a supersonic Neon gas jet. The
peak intensity was determined by means of three independent methods: The momentum distribution of singly
charged ions in linearly polarized light was compared to ADK calculations. Second, the width of our doubly
charged ion momentum distribution was compared with the value expected from.30 Finally, we used circularly
polarized light to determine the intensity from the electron momentum distribution of Argon single ionization.
All methods consistently retrieve an intensity of (1.9 ± 0.3) × 1014 W/cm2 .
Ions and electrons created in the focus are guided by a 3.9 V/cm electric and a 10.8 Gauss magnetic ﬁeld
towards two large area channel plate detectors with delay line position encoding.31 The internal temperature of
the gas jet, which determines the momentum resolution for the ion momentum measurement, is lower perpendicular than parallel to its propagation direction. We chose the laser polarization parallel to the gas jet, ensuring
that very small momenta perpendicular to the laser polarization are measured with suﬃcient resolution. The
momentum resolution was monitored simultaneously in the single ionization channel where ion and electron
momenta have to compensate. We achieve a momentum resolution of ±0.035 a.u. along the spectrometer axis,
±0.15 a.u. perpendicular and ±0.325 a.u. parallel to the laser polarization. The last value is the resolution
along the jet direction; it is governed by the jet temperature. The setting of electric and magnetic ﬁeld yielded
4π solid angle for electrons up to 35 eV. The momentum of the second electron was calculated by taking the
diﬀerence of the momentum of the ﬁrst electron and that of the ion.
The electron count rate was 0.1; the ion rate 0.02 per shot. For single ionization, real coincidences are
identiﬁed by momentum conservation between ion and electron.17 The fraction of false coincidences in which
the registered ion and electron result from two diﬀerent atoms both ionized in the same shot was monitored in
the single ionization channel to be 9 %.

3. RESULTS
3.1. Field-aided double ionization near threshold
A laser intensity of 1.9 × 1014 W/cm2 corresponds to a ponderomotive energy Up = 11.3 ± 2 eV ∗ . The simplest
recollision picture yields a maximum return energy of the rescattered electron of 3.17Up ≈ 36 ± 6 eV. It has to
be considered that the electron becomes classically free at a certain distance from the ion core. Upon recollision
with the core, the electron gains an additional ∼5 eV in the laser ﬁeld,32 which gives a total of 41 ± 6 eV.
This has to be compared to the ﬁeld-free ionization potential of 41 eV for the Ne+ ion and the lowest excitation
energy of 27 eV for the ﬁrst excited state of Ne+ .
With the recollision energy being close to the threshold for non-sequential double ionization, the inﬂuence of
the time dependent laser ﬁeld on the instantaneous ionization potential of the parent ion30 has to be taken into
account. Assuming a cosine electric ﬁeld E(t) = Eo cos ωt where we neglect the time dependence of the pulse
∗

ponderomotive potential in SI units: Up =

I·e2
2o ·c·me ω 2
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Figure 1. (a) Horizontal axis: momentum of electron a parallel to the polarization direction, vertical axis: momentum of
electron b parallel to the polarization direction. The circles indicate the the region wherein events have been selected in
panel b) and c). (b) Momentum components of electron b in the plane perpendicular to the polarization, the perpendicular
momentum of electron a is along the positive y axis as shown by the arrow. Only events within region A have been selected.
(c) same as (b) but for events in region B.

envelope Eo , the superposition of the laser electric ﬁeld and a simpliﬁed hydrogen-like binding potential is given
by
Z
V (z, r, θ, t) = − √
− E(t) · z
z 2 + r2

(1)

in cylindrical coordinates (z, r, θ), with Z being the charge state of the ion. Obviously, the ionization barrier
depends on space and time: Each half laser cycle, it minimizes along the laser polarization direction r = 0.
Electrons that escape from the core must travel through this funnel. For our laser parameters of 1.9×1014 W/cm2
maximum intensity, corresponding to 3.8 × 1010 V/m, and Z = 2, the instantaneous ionization potential can
decrease by as much as 21 eV from the unperturbed value.27
Figure 1(a) shows the momentum correlation in the direction parallel to the laser ﬁeld. The horizontal axis
||
||
shows the momentum component ka of one electron, the vertical axis the component kb of the second electron.
We ﬁnd a maximum for both electrons ejected to the same side with similar momentum, which is in agreement
with earlier measurements.17, 18, 30
The recollision model gives these longitudinal momenta a simple physical explanation: They give information
about the time when the electrons are ejected and the time diﬀerence between the reemission of the two electrons.
Assuming that (a) the reemitted electrons leave the atom with no signiﬁcant energy and (b) electron-electron

momentum exchange in the ﬁnal state is negligible, the parallel momentum ka,b of each electron results exclusively
from the acceleration in the optical ﬁeld:


ka,b = 2 Up sin ωtion










.

(2)

For events with ka ≈ kb near the diagonal k+ = ka + kb , both electrons were ejected simultaneously modulo



the laser period, i.e. any time where sin ωtion possesses the given value. The momentum diﬀerence k− = ka − kb
along the second diagonal is related to the time diﬀerence between the ejection of the two electrons. The


maximum at ka = kb = 0.65 a.u. then corresponds to a recollision phase ωtrec of 30◦ oﬀ the ﬁeld maximum.
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3.2. Final state repulsion
Events in quadrants two and four (region B) are consistent with electrons that leave the ion at signiﬁcantly
diﬀerent times.18 This would exclude ﬁnal state interaction. Figure 1 (c) shows the momentum component of
one electron in the plane perpendicular to the polarization for events indicated in region B in ﬁgure 1(a). The
transverse momentum of the other electron deﬁnes the positive y axis of this graph as indicated by an arrow. The
momentum distribution in Fig. 1(c) is approximately Gaussian with a 1/e width of 0.3 a.u. in both directions.
The width of the lateral momentum distribution is very close to what we measure for tunnel ionization in a
comparable ﬁeld.25 The lateral electron momentum distribution is governed by the spatial width of the barrier
(eq. 1) and is the minimum allowed by the uncertainty principle. The electrons therefore do not retain any
angular momenta that they might have had before escaping, and we have good reasons to also expect their
longitudinal excess momenta to be small (assumption a). Our observations of a loss of repulsion in region B
supports an argument by Feuerstein et al.18 that these events are created by recollision with electron impact
excitation followed by a time-delayed ﬁeld ionization of the excited state.
In contrast, ﬁnal state interaction is evident for electrons in region A. Fig 1(b) shows that the momentum
distribution of the second electron is biased in the opposite direction to the ﬁrst electron. The oﬀset is 0.1 a.u.,
but the width of the distribution is approximately the same as in Fig 1(c). This result is consistent with electron
repulsion in the ﬁnal state,19 when electrons are emitted almost simultaneously.
Although we measure evidence that the electrons interact in their ﬁnal state, the momentum transferred by


the interaction is too small to make eq. 2 invalid. Using eq. 2, ka = kb = 0.65 a.u. implies a reemission phase
ωtion of 30◦ oﬀ the ﬁeld maximum. The observed repulsion shows that the electrons must be reemitted within
a relatively small time window within the same ﬁeld quadrant. This removes part of the sin ωtion ambiguity in
eq. 2.
The observation for region A is consistent with the electrons being stored in double excited states between
the time of recollision and the time the laser ﬁeld increases suﬃciently for them to escape over the barrier. The
essential role of double excited states in threshold double ionization has been previously proposed.26, 27

4. DIFFERENTIAL CROSS SECTIONS
Figures 2(b) and (d) show fully diﬀerential cross sections, i.e., they are not integrated over any of the observables.
The sum energy of both electrons has been constrained to 10 eV < (Ea + Eb ) < 24 eV and the polar emission
angle θa of one electron (indicated by the arrow in the ﬁgures) with respect to the polarization. In addition, the
ﬁgures show the coplanar geometry. That is, the azimuthal angles φa,b are ﬁxed to conﬁne both electrons to the
plane of the ﬁgure.
Figures 2(a) and (c) show the angular distribution of electrons with diﬀerent energy sharing, Eb,rel = Eb /(Ea +
Eb ). The electrons are driven by the ﬁeld into narrow cones along the polarization axis. For the asymmetric
energy sharing, some ﬂux is also seen in the perpendicular direction, while for the equal energy sharing there is
almost a node16 at θb = 90◦ . If now the direction and energy of the second electron is ﬁxed (ﬁgure 2(b)), we
observe a double lobe structure with signiﬁcantly more intensity for both electrons being ejected to the same
side than to opposite sides. The main lobe clearly shows the inﬂuence of electron repulsion. The smaller lobe to
the left side is almost symmetric. This is in accordance with our above interpretation that the emitted electrons
are time delayed and hence these electrons do not see the repulsion. For unequal energy sharing (ﬁgure 2(d)),
the asymmetry between the two lobes is reduced, and a signiﬁcant ﬂux is seen not only in the narrow cone along
the polarization axis, but also perpendicular to it.
The narrow angular distribution along the polarization axis in all cases strikingly demonstrates the dominating
inﬂuence of the laser ﬁeld on the electron dynamics. It also shows that much of the ﬁnal detected energy is picked
up from the ﬁeld after the recollision. As a consequence, the simultaneous emission of the two electrons by the
recollision-ionization process leads to the main lobe pointing in the same direction as the ﬁrst electron. Unlike
the case of single photon double ionization,3 electron repulsion does not lead to a preferred backward emission
but only to a slight bend of the main lobe.
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0.25 < Eb,rel < 0.75

0.05 < Eb,rel < 0.25

(a)

(c)

(b)

(d)

θa

θa

Figure 2. Angular distribution of electron b. The polarization axis is horizontal, 10 eV < (Ea + Eb ) < 24 eV. (a):
all electrons with an energy sharing 0.25 < Eb,rel < 0.75 (see text). Integrated over all angles and energies of electron
a, (b): as (a) but for a ﬁxed polar angle θa = 30◦ ± 10◦ of electron a. Both electrons are coplanar (azimuthal angle
(φa − φb ) < 0◦ ± 40◦ lower half and (φa − φb ) < 180◦ ± 40◦ upper half). Shown is the diﬀerential rate dσ 4 /dE1 dE2 dΩa dΩb .
(c) and (d): corresponding data to (a) and (b) but for an energy sharing of 0.05 < Eb,rel < 0.25

5. CONCLUSIONS
The predominant role of the laser ﬁeld along its direction leads to both electrons rather being observed in the
same direction in the strong ﬁeld case. Back-to-back emission occurs in the direction perpendicular to the laser
ﬁeld.
The low lateral momentum of the electron implies that the longitudinal momentum when they are reemitted
from the atom is also low. Therefore, eq. 2 is applicable to both electrons independently, and so the time
diﬀerence between the emission of the two electrons is resolvable up to the multi-valued nature of sin ωtion by
measuring the longitudinal momentum of both electrons. Since the lateral momentum can be used to remove the
sin ωtion ambiguity, the path is now clear for resolving the dynamics of threshold double ionization with much
better than 1/4 laser cycle (attosecond) precision.
As a ﬁrst step in this direction, we have performed an analogous experiment in helium at three diﬀerent
intensities. A glance at eqn. 1 tells that the size of the funnel through which the electrons have to escape as well
as the time it is open changes with the maximum intensity of the laser ﬁeld. This, in turn, should inﬂuence the
amount of electron repulsion in the lateral direction.
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