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Abstract: Electron correlation is ubiquitous across diverse physical systems from atoms and
molecules to condensed matter. Observing and controlling dynamical electron correlation
in photoinduced processes paves the way to the coherent control of chemical reactions and
photobiological processes. Here, we experimentally investigate dynamics of electron correlation
in double ionization of neon irradiated by intense elliptically polarized laser pulses. We find
a characteristic, ellipticity-dependent, correlated electron emission along the minor axis of the
elliptically polarized light. This observation is well reproduced by a semi-classical ensemble
model simulation. By tracing back the corresponding electron trajectories, we find that the
dynamical energy sharing during the electron emission process is modified by the ellipticity of
the laser light. Thus, our work provides evidence for a possible ultrafast control of the energy
sharing between the correlated electrons by varying the light ellipticity.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Electron correlation plays an essential role in many important processes such as superconductivity
and chemical reaction in modern physics and chemistry. In ultrafast laser science, multiphoton non-
sequential double ionization (NSDI) is a fundamental and important process relying completely on
electron correlation. It has continued to receive intense experimental and theoretical attention (for
reviews, see [1,2]). This phenomenon manifests itself as an enhancement of the double ionization
yield by orders-of-magnitude over the yield one would expect for the sequential and independent
removal of electrons in the absence of electron correlation. Over a range of intermediate laser
intensities NSDI has been discovered in all rare gas atoms [3] and some molecules [4—8]. During
the past two decades, numerous studies on NSDI have continuously deepened our understanding
of strong field electron correlation. Kinematically complete experiments [9—12] have provided
convincing evidences that the well-known recollision [13] is the dominant mechanism driving
NSDIL. In this process, after tunneling through the distorted Coulomb potential, the first emitted
electron may be accelerated and driven back to its parent ion by the oscillating laser field, where
it can kick out a second electron through inelastic scattering.

According to the recollision scenario, the correlated behavior of the two electrons depends
strongly on the laser intensity. At low intensities, the energy of the returning electron is not
sufficient to free the second electron. Instead the second electron can be lifted to an excited state
by the recollision process in a first step and afterwards be ionized (in a second step) by the laser
field. This process has been named recollision excitation with subsequent ionization (RESI). At
high intensities, the return electron acquires a large amount of energy from the laser field and it
can directly ionize the second electron during the recollision. The latter process is referred to as
recollision-impact ionization (RII). Depending on whether the double ionization proceeds via the
RII or the RESI pathway, the correlated electron momentum distribution along the polarization
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direction of the laser field may exhibit correlation [10, 11] or an anticorrelation pattern [14].

A striking difference between RESI and RII is the time lag between recollision and double
ionization. For the RESI pathway, the excited electron usually ionizes around the first maximum
of the electric field after the recollision. Because the highest energy recollision occurs around
the field zero-crossing, this leads to a time delay of around 7'/4 (T is the optical cycle of the laser
field) between double ionization and recollision. The observation of anti-correlation patterns in
double electron emission spectra [14] provides experimental evidence supporting this time delay.
On the other side, for the RII pathway, it is unclear whether double ionization occurs immediately
or after a short time delay after recollision. Some theoretical calculations [15—17] have shown
that there might exist a time delay lasting for a small fraction of 7. It can be interpreted as
the time required for the dynamic energy sharing mediated by the electron-electron interaction
during the recollision [17]. A related scenario was discussed by Liu e al. who argued that the
energy deposited in the recollision can be thermalized in a multielectron target before a second
electron is ejected [15, 16].

In this paper, we analyze fully differential measurements on double ionization of neon by
elliptically polarized femtosecond laser pulses. Using a semi-classical model we find that
the measured correlated electron momentum distributions along the minor axis of elliptical
polarization are sensitive to the probability distribution of the time delay between recollision
and double ionization. By varying the ellipticity, the ratio of recolliding electron trajectories
with time delay <135 as and >135 as changes, giving rise to the observed ellipticity-dependent
electron emission into different quadrants of the correlated electron spectra. Our work presents
experimental evidences of the existence of short time delay of several hundred attoseconds in
RII-dominant double ionization, and further provides insight into how to control the energy
exchange between the correlated electrons on a sub-femtosecond scale by varying the ellipticity.

2. Experimental setup

We adopted a Cold Target Recoil lon Momentum Spectroscopy (COLTRIMS) reaction microscope
[18] to measure the three-dimensional momentum distributions of the doubly charged Ne ion
and one of the emitted electrons in coincidence. A commercial Ti:Sapphire femtosecond laser
system (788 nm, 100 kHz, 100 uJ, 45 fs, Wyvern-500, KMLabs) was used to produce intense
laser pulses. We adopted a quarter-wave plate to generate the elliptically polarized light which
has been used for ionizing a cold supersonic neon gas jet in the chamber. The photoelectrons
and photoions were accelerated by homogeneous electric (23.0 V/cm) and magnetic (9.2 G)
fields towards two microchannel plate detectors equipped with delay-line anodes [19] for position
readout. The spectrometer consisted of an ion arm with an 18.2 cm acceleration region and a 40.0
cm drift region, and an electron arm with an acceleration region of 7.8 cm. The three-dimensional
momenta of the photoelectrons and photoions can be retrieved from their impact positions on
the detectors and the times of flight. To avoid dead-time problems of the electron detector,
we measured the momenta of one of the double emitted electrons and the doubly charged
ion. The other electron’s momentum was deduced via momentum conservation. Other aspects
from the same measurement campaign have been reported in [20,21]. The laser peak intensity
was calibrated by measuring the “donut”-shape electron momentum distribution from single
ionization of Ne using circularly polarized light [22]. The uncertainty of the peak intensity was
estimated to be +20%.

3. Theoretical model

Theoretically, quantum calculations, such as the numerical solution of time-dependent Schrédinger
equation for two electrons, are enormously demanding concerning computational resources and
have therefore been confined to certain NSDI cases [23,24]. In the past decades, numerous studies
of NSDI have resorted to semi-classical or classical ensemble models [25,26]. It has been shown
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that these models are very successful not only in reproducing the experimental features [27, 28]
but also in predicting new phenomena [29, 30], and they are capable of offering an intuitive
picture of the underlying mechanism. Here, we employ the widely used semi-classical ensemble
model to describe strong field double ionization of Ne with elliptically polarized laser pulses.

In the semi-classical model, the first electron is ionized through tunneling with a probability
given by tunneling theory [31]. This tunneled electron is placed at the tunneling exit with zero
initial parallel momentum and a Gaussian distribution of transverse momentum [32]. The initial
condition of the second electron is modeled by a microcanonical ensemble with the energy of
-1.5 a.u., i.e., the second ionization potential of Ne [27,30]. After the tunneling ionization of
the first electron, the evolution of the two-electron system in two dimensions is described by the
classical Newtonian equation (atomic units are used throughout this paper)

dzl‘i
dr?

= —E(t) - V(V}, + Vee), ()

where E(f) = (E,(t), E,(t)) is the electric field of the elliptically polarized laser pulse with
Ey(t) = €Eoy f(t)sinwt and E,(t) = Eo, f(t)coswt. Here w is the laser frequency, € is the
ellipticity of the laser pulses, and f(¢) is the envelope of the pulses which have a constant
amplitude for the first eight cycles and then linearly turns off during two cycles. V/, = ——=2

\ri+a?
and V,, = ——L__ are the nucleus-electron and electron-electron interaction potentials,

respectively. The screening parameters a = 0.5 and b = 0.01 are chosen to avoid the singularity
of Coulomb potential in the simulations [30]. For simplicity, we restricted the motion of the
electrons to the laser polarization plane. The evolution of the two-electron system is traced until
the end of the laser pulse according to Eq. (1). The double ionization event is identified when the
energies of both electrons are positive after the laser pulse is turned off. The ensemble sizes in
our simulations are as large as several millions which result in more than 10* double ionization
events at the end of the pulses for statistic.

Note that in the semi-classical model, the second electron could be excited to the states with
energy lower than the first excited state of Ne* through the recollision. In order to eliminate this
unphysical process, we have abandoned such double ionization events in our calculation.

4. Results and discussion

For the double ionization by elliptically polarized light, most previous investigations theoretically
studied the correlated electron momentum spectra along the major axis of the polarization
ellipse [33-35]. Only a little attention has been paid to the correlated electron dynamic along
the minor axis, so far [20]. In Figs. 1(al)~1(a4) we display the correlated electron momentum
distributions in the y-direction (the minor axis of elliptical polarization) recorded at a peak
intensity of 5x 10'* W/cm? for light ellipticities ranging from 0 to 0.25. Under these experimental
conditions, we have previously shown that the Ne double ionization mainly occurs via the RII
pathway [20,21]. The data show that, when the ellipticity is increased above 0.18, the distributions
show an increasing fraction of events in the first and third quadrants [Figs. 1(a3) and 1(a4)].
This feature is well captured by the semi-classical ensemble calculation in Figs. 1(b1)~1(b4).
The discrepancy in the momentum values for each ellipticity possibly results from the fact that
the actual peak intensity in experiments could be lower than the one used in the calculation (i.e.
there is a £20% uncertainty of the peak intensity calibration in our experiment).

The electron pairs in the first and third quadrants indicate a side-by-side emission along the
y-axis. While the electron pairs in the second and fourth quadrants represent a back-to-back
emission. In order to retrieve quantitative information about the electron emissions into different
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Fig. 1. Experimental (al)~(a4) and calculated (b1)~(b4) correlated electron momentum
distributions along the minor axis of elliptical polarization (i.e., the y-axis) with ellipticities
in a range from 0 to 0.25, at a peak intensity of 5 x 1014 W/cm? and a central wavelength
of 788 nm. The color scales have been normalized for comparison purposes. The yellow
arrows in (a3), (a4), (b3), and (b4) indicate the directions where the electron distributions
are expanded. (c1) and (c2) Experimental extracted and calculated asymmetry parameter for
various ellipticities, respectively. The error bars in (c1) show statistical errors.

directions, we introduce an asymmetry parameter:

_ Yl+3 - Y2+4
- > <5
Y3+ Yara

©))

where Y43 and Y>.44 represent the integrated yields in the first and third quadrants and in the
second and fourth quadrants, respectively. This parameter reflects the asymmetry between the
side-by-side and back-to-back emission. A smaller value corresponds to more back-to-back
emission. The experimentally extracted and the calculated asymmetry parameters for various
ellipticities are shown in Figs. 1(c1) and 1(c2), respectively. One can see that the experimental
parameter first decreases when the ellipticity goes to € = 0.1 and then increases with further
increasing ellipticities. This interesting feature is well reproduced by our calculation. The
discrepancy in the values of asymmetry parameter is partially due to the overestimated electron
repulsion effect in our two-dimensional model calculation.

To gain insight into the origin of our observations, we first perform a statistical analysis on the
time delay 74 between double ionization and recollision for various ellipticities, as shown in Fig.
2(a). This time delay in the RII dominant double ionization represents the time required sharing
the energy between the two correlated electrons upon recollision, and it has been theoretically
investigated for linear laser polarization very recently [17]. Here the recollision time is defined as
the time of closest approach of the two electrons after tunneling, and the double ionization time is
defined as the instant when both electrons achieve positive energies, where each electron energy
is calculated considering the kinetic energy, potential energy of the electron-ion interaction and
half of electron-electron repulsive energy [17,36]. The calculations show two peaks 74 ~ 0 and
tqg ~ 0.12T (~ 324 as) for every ellipticity. An obvious dependence of the relative peak height on
the ellipticity can be seen.

According to the calculation, the double ionization events can be conveniently separated into
two cases I and II, i.e., t; < 0.05T (~ 135 as) and t; > 0.057, respectively. For case I the
two electrons are almost simultaneously released into the laser field. The Coulomb repulsion
between them is strong and thus the back-to-back final emission is more favorable. Whereas
for case II there is a remarkable time delay around 0.12T (~324 as) between the release times
of the two electrons. The e-e repulsion effect becomes weak and thus the back-to-back final
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Fig. 2. (a) Probability distributions of the time delay 7; between recollision and double
ionization for various ellipticities. The results have been normalized so that the integrated
areas of different curves are the same for comparison purposes. (b) Calculated correlated
electron momentum distribution along the y direction at the ellipticity e = 0.1. Here, only
the double ionization event with z; < 0.057 are included, corresponding to case I in (a).
(c) The same as (b) but for the double ionization events with z; > 0.057, corresponding
to case Il in (a). The color scales have been normalized for comparison purposes. (d) The
asymmetry parameters for different ellipticities. Here, we have calculated the asymmetry
parameters for the double ionization events with #; < 0.057T (circles) and z; > 0.05T
(diamonds), respectively. The red squares represent the asymmetry parameter for the total
double ionization events, which is the same as in Fig. 1(c2). (e) The ratio between the events
with 75 < 0.05T and that with 5 > 0.05T for different ellipticities.

emission is suppressed. This is a good approximation for small ellipticities € <= 0.1, where the
y-component of the laser field has a negligible effect on the electrons. The difference between
case I and II is highlighted in Figs. 2(b) and 2(c), where we compare the calculated correlated
electron momentum spectrum for t; < 0.057 and that for t; > 0.05T at the ellipticity of 0.1.
The electron pairs are much more likely to distribute in the second and fourth quadrants for
tg < 0.05T. Additionally, the electron momenta in these two quadrants extend to much larger
values, suggesting a stronger Coulomb repulsion between the two electrons at their release times.

In Fig. 2(d) we further show the calculated asymmetry parameter for double ionization events
with 74 < 0.05T and t; > 0.05T, respectively. For every ellipticity, the asymmetry parameter
for t; < 0.05T is always smaller than that for z; > 0.057. The value of the total asymmetry
parameter is related to the ratio between the double ionization events with t; < 0.057 and
that with t; > 0.057. Therefore, the probability distribution of ¢, leaves its footprint in the
asymmetry parameter. In Fig. 2(e) we present the calculated ratio between double ionization
events with #; < 0.057 and that with 77 > 0.057T for various ellipticities. This clearly shows that,
with increasing ellipticity, the ratio first increases and then decreases, leading to the observed
ellipticity-dependent asymmetry parameter in Fig. 1(cl). Our observation and analysis indicate
on one hand, that the correlated electrons’ energy sharing process is modified by the elliptical
polarization and becomes slower for higher ellipticities. This implies on the other hand, that this
e-e energy sharing process could be steered on a sub-femtosecond scale by varying the ellipticity.

The ellipticity-dependent ratio in Fig. 2(e) is closely related to the distinct behaviors of
recollisional trajectories for different ellipticities. The contributions to recollision-induced double
ionization can be distinguished into single-return-collision (SRC) and multiple-return-collision
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Fig. 3. (a) Probability distributions of the electron traveling time (the time lag between
recollision and tunneling ionization of the first electron) for different ellipticities. Here, the
curves have been normalized so that the height of peak at 1.25T is the same for comparison
purposes. (b) The ratio of the double ionization events with 7; < 0.05T and that with
tg > 0.05T. Here, we separately show the results for the SRC (blue circles) and MRC (black
triangles) trajectories, respectively.

(MRC) trajectories, depending upon whether the recollision occurs when the tunnel-ionized
electron returns to the ion for the first time or after passing the ion at least once [37]. It has
been demonstrated that the relative contributions of SRC (or MRC) trajectories depend critically
on the ellipticity [34]. In Fig. 3(a) we show the calculated probability distributions of electron
travel time for various ellipticities. The first peak corresponds to the SRC trajectories and the
following peaks represent the MRC trajectories. As can be seen, the relative contributions of
SRC first increase and then decrease with increasing ellipticities, which is in good agreement
with previous studies [20,34]. To show how this is related to the evolution of the ratio in Fig.
2(e), we separately calculate this ratio for the SRC and MRC trajectories in Fig. 3(b). The results
show that for SRC trajectories, the ratio ranges from 1 to 1.5. For the MRC trajectories, the ratio
decreases to only about 0.4. This is closely related to the different recollision energy distributions
for the SRC and MRC trajectories. This energy has larger distributions for the SRC trajectories
and thus the second electron is expected to be ionized more quickly upon the first recollision,
which tends to result in a short time delay. Consequently, the dependence of the SRC and MRC
trajectories on the ellipticity results in the evolution of the ratio between double ionization events
with 74 < 0.057 and that with ¢t; > 0.057. This means that the e-e energy sharing process is
adjusted through steering the different recollisional trajectories by varying the ellipticity.

In the discussions above, we have ignored the effect of the laser field in the y direction on the
correlated electron emissions, which is a good approximation for small ellipticities € <= 0.1.
Note that the y-component of the laser field is fully considered in our calculations above. As the
ellipticity is increased, the y-component of the laser field plays a significant role for the final
y-component of the electron momenta from double ionization events with z; > 0.057 where the
e-e repulsive effect is suppressed. Whereas for the events with 75 < 0.057, the laser field still
plays a minor role due to the strong e-e repulsive effect therein. To show this more clearly, in
Fig. 4 we display the calculated asymmetry parameters for the double ionization events with
tg < 0.05T and that with 77 > 0.057". Here the laser field along the y direction has been switched
off since the double ionization instant in the calculations. The results from calculations with
inclusion of the laser field [red squares in Fig. 2(d)] are also shown here for comparison purposes.
One can find that, for the ellipticity of 0.1, the results for both events are very similar to those
from the full calculations, which confirms that the y-component field has no obvious effects
on the electron emissions here. For higher ellipticities € >= 0.18, however, the values of a for
tg > 0.05T are significantly increased when considering the laser field. Meanwhile, no obvious
changes of a for #; < 0.05T can be seen. This reveals the important effect of the y-component of
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Fig. 4. The asymmetry parameter a for various ellipticities. The empty symbols indicate
the calculations with the laser field turned off after the double ionization instant. The solid
symbols indicate the full calculations, which are the same as Fig. 2(d). We separately show
«a for the double ionization events with t; < 0.05T (circles) and 7; > 0.05T (diamonds),
respectively.

the laser field for the double ionization events with t; > 0.057 for higher ellipticities: it tends to
lead to side-by-side emissions here. This is because the two correlated electrons are drifted by
the laser field in the same y direction for such ellipticities [20].

5. Conclusion

In conclusion, we experimentally investigate the double ionization of neon in intense elliptically
polarized laser fields. A novel ellipticity-dependent correlated electron emission along the
minor axis of polarization is observed. By employing a semi-classical model, our observations
can be attributed to the characteristic ellipticity-dependent probability distributions of the time
delay between recollision and double ionization. This time delay - lasting for several hundred
attoseconds - represents the time which is required for sharing the energy between the correlated
electrons upon recollision. This implies that the first electron is not far away from the second
electron right after the recollision and the energy sharing between the two electrons can not be
completely ignored for a while. Our work demonstrates that the details of this e-e energy sharing
process depend distinctly on the exact parameters of the elliptical polarization, thus providing
insight into how to control this process on a sub-femtosecond scale.
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