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Abstract: We measure the recoil-ion momentum distributions from nonsequential double
ionization of Ne by two-color laser pulses consisting of a strong 800-nm field and a weak 400-nm
field with parallel polarizations. The ion momentum spectra show pronounced asymmetries in the
emission direction, which depend sensitively on the relative phase of the two-color components.
Moreover, the peak of the doubly charged ion momentum distribution shifts gradually with the
relative phase. The shifted range is much larger than the maximal vector potential of the 400-nm
laser field. Those features are well recaptured by a semiclassical model. Through analyzing the
correlated electron dynamics, we found that the energy sharing between the two electrons is
extremely unequal at the instant of recollison. We further show that the shift of the ion momentum
corresponds to the change of the recollision time in the two-color laser field. By tuning the
relative phase of the two-color components, the recollision time is controlled with attosecond
precision.
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1.

Introduction

When exposed to a strong laser pulse, an atom or a molecule might be tunnel ionized with
releasing an electron wave packet. The released electron is accelerated by the laser field, and
it might be driven back to collide with the parent ion. Electron recollision is one of the most
fundamental processes in strong-field physics [1], which can lead to high-harmonic generation
(HHG) with electron recombination [2—7], high-order above-threshold ionization (HATTI) [8, 9]
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and laser-induced electron diffraction (LIED) [10-12] with elastic scattering, and nonsequential
double ionization (NSDI) with inelastic scattering [13, 14]. In the NSDI process, the rescattering
electron kicks out another electron, and thus the two electrons are highly correlated. The
electron-electron correlation in NSDI has been studied for many years [15-24]. It has been shown
that the electron-electron correlation is sensitive to the NSDI pathways, i.e., recollision impact
direct ionization (RIDI) or recollision-excitation with subsequent field ionization (RESI) [25]. In
addition, the multiple-recollision [26,27] and multiple-returning-recollision [28,29] trajectories
may have a considerable contribution to the NSDI, which makes the electron-electron correlation
in the NSDI more complex.

With the development of the laser technology, the control of electron wave packets by a strong
field is achievable,which opens a new domain of attosecond science [30]. Several “knobs” are
theoretically proposed and experimentally demonstrated to control the NSDI dynamics, such as
the carrier envelope phase (CEP) of a few-cycle laser pulse [31-37] and the relative phase of a
two-color laser pulse [38—45]. Liu et al. [33] have controlled the asymmetric ion emissions in the
NSDI of Ar by changing the CEP of a few-cycle laser pulse. Subsequently, it was reported that the
correlated electron momentum distribution also depends sensitively on the CEP of a few-cycle
laser pulse [34-37]. Using two-color laser field can also achieve this manipulation. Zhou et
al. [38] predicted that correlated or anticorrelated two-electron emissions can be switched by
changing the relative phase of an orthogonally polarized laser field. This scheme controls the
rescattering electron in the two-dimensional laser polarization plane, which was experimentally
confirmed by Zhang et al. [41]. Up to now, most of the previous studies focused on the NSDI in
the orthogonally polarized two-color laser fields [38—41] and circularly polarized two-color laser
fields [42-44]. The NSDI in a few-cycle two-color laser pulse was studied by Zhou etal. [45].
The electron dynamics in the NSDI by a multicycle parallel polarized two-color laser field was
not investigated before.

In this paper, we use a multicycle two-color laser pulse consisting of a strong 800-nm field and
a weak parallel-polarized 400-nm field to control the correlated electron dynamics in strong-field
NSDI of Ne. The weak 400-nm laser field is used to mildly streak the electron released by the
strong 800-nm field. The recoil-ion momentum distributions from NSDI of Ne for different
relative phases between the two-color components are measured by a cold target recoil ion
momentum spectroscopy (COLTRIMS) system. We find that the peak of the ion momentum
distribution shifts gradually with respect to the relative phase. We use a semiclassical ensemble
model to reproduce the experimental data. The simulation agrees well with the measurement. Our
results show that the energy sharing of the two electrons is extremely unequal at the instant of
recollison. We further show that the recollision time can be mapped onto the ion momentum. The
peak shift of the ion momentum distribution corresponds to the change of the vector potential
at the recollision time. By tuning the relative phase between the two-color components, the
recollision time can be controlled with attosecond precision.

2. Methods

2.1. Experiment

The laser pulse was generated by a Ti:sapphire femtosecond laser system (30 fs, 800-nm, 5
kHz repetition rate) and propagated through a 300-um-thick B-barium borate(5-BBO) crystal
for second harmonic generation (400-nm). After the BBO, the laser pulse consisted of both
fundamental (800-nm) and second harmonic (400-nm) with orthogonal polarization. A dual
wavelength wave plate was utilized to rotate the polarization direction of the fundamental
component while keeping that of the second harmonic component unchanged. A wire grid
polarizer combined with a second dual wavelength wave plate is used to adjust the intensity
ratio of the two color field. The group delay between the two colors introduced by other optical
elements and the window plate is compensated by a 2.6-mm-thick calcite plate. The relative
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phase between the two-color components was controlled by a pair of glass wedges. The absolute
value of the relative phase between the two-color components is calibrated by comparisons with
the simulated singly-charged ion momentum distribution (see Fig. 1).

The two-color laser pulse is focused into the supersonic neon atomic beam with a parabolic
mirror (f = 75 mm) to ionize the neon atoms. The focused spot diameter of the 800 nm
component is about 7.64 ym and that of 400 nm component is about 3.82 um. The energy for the
whole pulse is about 25 ©J. The ion momentum was measured by a COLTRIMS system (see
details in Ref. [46]). A weak uniform electric field of 1.2 V/cm is used across the spectrometer
to guide the ion to the temporal and spatial-sensitive detectors(microchannel plate and delay-line
anode). The resolution of the ion momentum along the laser polarization direction is about 0.1
atomic unit (a.u.). The momentum distribution of Ne?* along the laser polarization direction
exhibits an obvious double-peak structure, which allows us to calibrate the laser effective intensity
by a comparison of the peak position with Ref. [47]. In the experiment, the effective intensity is
calibrated to be ~ 6.0 x 10'* W/cm? for the 800-nm laser pulses, and the intensity ratio of two
color components is estimated to be Igyg :14090 = 40 : 1.

2.2. Numerical model

We use a semiclassical method to analyze the electron dynamics in the two-color laser fields.
This model has been well developed for studying NSDI [48,49]. It has been proved that the
classical and semiclassical methods are very successful not only in interpreting the experimental
results [50-52] but also in predicting new phenomena [38]. More importantly, the classical and
semiclassical model have the advantage of back-tracing the classical trajectories, through which
the underlying process can be intuitively presented [50]. Thus, in this paper we employ the
two-dimensional semiclassical ensemble model [48] to study the electron dynamics of the NSDI
by the two-color pulses.

In this semiclassical ensemble model, the ionization of the first electron from the bound state is
treated by the tunneling ionization theory [53]. The tunneling electron (the first electron) has zero
parallel velocity with respect to the laser polarization direction and a Gaussian transverse velocity
distribution [54]. For the second electron, the initial position and momentum are depicted by
the microcanonical distribution [48]. Then the subsequent evolution of the two electrons in the
combined Coulomb and laser fields is described by the classical Newtonian equation (atomic
units are used throughout until stated otherwise):

dzl’i
dr?
where the index i denotes the label of the two electrons, and r; refers to the electron coordinates.

= =V[Vie(r:) + Vee(r1,12)] — £(2), (1

Vie(r;) = =2/4/r? + a? and Ve (r1,12) = 1/4/(r; — r2)? + b? are the Coulomb potentials between
the nucleus and electrons, and between two electrons, respectively. The soft parameter a is set to
1.0 to speed up our calculation and b is set to 0.01 [50,51, 55]. The electric field of the two-color
pulse is written as £(¢) = f(t)[&, cos(wt)X + &34, cosRwt + ¢)X] with ¢ the relative phase of the
two colors, X the laser polarization direction, &, and &;,, the amplitudes of the 800-nm and
400-nm electric fields, respectively. f{(r) is the pulse envelope which is taken as

1, { < 9T
— 9T
f) = cosz((té—T)ﬂ), 9T <t < 12T 2
0, t> 12T

where T is the optical period of the 800-nm field.
The weight of each trajectory is evaluated by w(to, v ) = w(to)w(v', ) [48], in which
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21, 2—-1 —2(21,1)*?

w(to) = (FEL ) Vol exp(—=Ll), 3)
le] 3¢
) 1 i )2 21 1/2

i = (L"),

w(tp) is the instantaneous tunneling probability and W(Uio) is the distribution of initial transverse
velocity vio. In our calculations, the first and second ionization potentials are chosen as /1 = 0.79
a.u. and I, = 1.5 a.u., respectively, to match those of Ne. Several millions weighted classical
two-electron trajectories are traced from the tunneling moment to the end of the pulse, resulting
in more than 10* double ionization (DI) events for each relative phase. We define the recollision
time as the instant corresponding to the shortest distance between the two electrons. The events
with recollision energy lower than the first excitation energy of Ne*, occur in our semiclassical
simulation, are forbidden in the real experiment. To approximately take this effect into account in
the semiclassical model [56], we have selected the DI trajectories for which the electron energy
at the instant before the recollision (~0.03T before the recollision) is larger than the first excited
state of Ne™.

3. Results and discussions

2000

0.8
1500

0.6
1000

0.4
500 0.2
0 0

Fig. 1. Measured (a) and simulated (b) momentum distributions along the laser polarization
direction of the Ne* ions with respect to the relative phase of the two-color laser field.

Figure 1 shows the measured and simulated momentum distributions along the laser polarization
direction for the singly-charged Ne* ions with respect to the relative phase ¢. One can see that
both measured and simulated ion momenta strongly depend on the relative phase. Moreover,
there are several stripe structures at near 0.5z and 1.5 in Fig. 1(b), which come from the strong
Coulomb scattering effect when numerically solving the classical Newtonian equation [57,58].
By comparing the simulated with measured momentum spectra, the absolute value of the relative
phase between the two-color components in the experiment can be calibrated.

Figure 2(a) shows the measured Ne>* momentum distribution along the laser polarization
direction as a function of ¢. The ion momentum corresponds to the sum of the two electron
momenta by p., + pe, = -Pion. There are two characteristic features in the phase-dependent ion
momentum distributions in Fig. 2(a). First, the distribution exhibits a pronounced asymmetric
ion emission, which depends sensitively on the relative phase. This asymmetric ion emission is
similar to the case in a few-cycle laser field [33,37]. Second, the peak of the doubly charged ion
momentum distribution shifts gradually with the relative phases. As guided by the black solid
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Fig. 2. Measured (a) and simulated (b) momentum distributions along the laser polarization
direction of NeZ* with respect to the relative phase of the two-color laser field. The black
solid line in (a) shows the peak of the momentum distribution of Ne2+ at the relative phase
from 0.57 to 1.57. Note that the intensity averaging in the focal volume is not included in
the simulation.

line, the peak shifts from -2.4 a.u. to -3.2 a.u. as the relative phase ¢ changes from 0.5 to 1.57.
The shift range is almost 0.6 a.u., which is larger than the maximal vector potential of the 400-nm
laser field (~0.18 a.u.). This means that, though the intensity is quite low as compared with that
of the 800-nm field, the 400-nm field plays a key role in the NSDI process. Those two features are
well reproduced by the semiclassical model, as shown in Fig. 2(b). One can find the measured ion
counts with p;,, between 4 a.u. and 6 a.u. (also -6 to -4 a.u.) are more than those in the simulated
results. Two reasons are responsible for this difference. First, the simulated result is calculated
with a single effective laser intensity without including the focal volume effect. Those measured
high-energy ions might be generated by the high-intensity components in the laser focus. The
other reason is that the effective laser intensity is a little underestimated by the simulation.

In light of the good agreement between the measured and simulated momentum distributions,
we can use the semiclassical ensemble model to study the correlated electron dynamics in the
two-color laser fields. In Figs. 3(c)-3(f), we show the correlated electron momentum distributions
along the laser polarization direction calculated by the semiclassical ensemble model at the
relative phases of ¢ = 1x [(c),(e)] and 1.57 [(d),(f)], corresponding to the most asymmetric
and symmetric ion emissions in Fig. 2(a), respectively. The red dashed squares indicate the
momentum of 2\/U_p . One can see that almost all electrons obtain final momenta smaller than

2\/U_p in the two-color laser fields. The electric fields at the relative phases of 1z and 1.57 are
shown in Figs. 3(a) and 3(b). For the relative phase ¢ = 1x [(c),(e)], the first electron is mainly
released within [0.25T, 0.75T] and [1.25T, 1.75T] of Fig. 3(a) because the electric field strength
within [0.25T, 0.75T] is larger than that within [0.75T,1.25T]. As a result, the yield in the first
quadrant of the correlated electron momentum distribution is much larger than that in the third
quadrant, thus the ion emission is asymmetric. At the relative phase ¢ = 1.57 [(d),(f)], the
electric field strength is symmetric for the ionization times of [0.25T, 0.75T] and [0.75T,1.25T],
thus the first electron is released with the same probabilities from both half cycles. Therefore, the
yields in the first quadrant and in the third quadrant are nearly the same, leading to symmetric ion
momentum distribution with respect to p;,,=0. The correlated electron momentum distribution
for both relative phases exhibit clear V-shape structures, which are consistent with previous
experiments [19,20]. Back analysis of the electron trajectories reveals that almost of the double
ionization events are caused by RIDI.

It is well known that the energy sharing ratio between the two electrons at the instant of
the recollision is a crucial parameter in the RIDI process. This parameter describes how the
recollision energy is shared by the two electrons and plays a significant role in the correlated
electron momentum distributions [59] as well as the ion momentum distributions. To study the



Research Article Vol. 26, No. 10 | 14 May 2018 | OPTICS EXPRESS 13673

“

Optics EXPRESS

FR N T A
w* 0.4 \/Mm \/ -0.1 0=1.5n \/

0.5 1 15 2 0.5 1 1.5 2
Time (units of T) Time (units of T)

0

Fig. 3. Correlated electron momentum distributions along the laser polarization direction
calculated by the semiclassical ensemble model using the two-color laser pulses at the
relative phases ¢ = 17 [(c),(e)] and 1.57 [(d),(f)] and the corresponding laser electric fields
[(a) and (b)]. The superimposed dots in (c)-(f) represent the results calculated by a classical
one-dimensional recollision model. The energy sharing ratio between e and e, at the instant
of recollision is assumed to be 1 : 0 [(c),(d)] and 0.5 : 0.5 [(e),(f)]. The brown dots represent
the final momenta of the first electron ¢ and the second electron e; in binary collision and
the white dots represent the same in recoil collision. The red dashed squares indicate the
24/Up cutoff momentum for tunneled electrons.

energy sharing in the two-color laser field, we use a simple one-dimensional classical recollision
model with assuming different energy sharing ratios to obtain the correlated electron momentum
distribution and compare it with the result from the semiclassical ensemble model. This simple
recollision model has been used to study the formation of the V-shape structure before [20, 59],
in which all Coulomb-field interactions among the two electrons and the parent ion are neglected.
Briefly, the first electron is assumed to be born with zero momentum. When it is driven back
by the laser field, a portion of the recollision energy is used to overcome the second ionization
potential of Ne. The remaining energy is shared by the two electrons with different energy sharing
ratios. After recollision, the direction of the second electron momentum is the same as that of the
recolliding electron momentum before the recollision, while the direction of the first electron
momentum is unchanged in a binary collision or reversed in a recoil collision [20, 59].

We show the results by the classical recollision model with the superimposed dots in Fig. 3.
The energy sharing ratio between e and e; is assumed to be 1 : 0 [Figs. 3(c) and 3(d)] and 0.5: 0.5
[Figs. 3(e) and 3(f)], corresponding to extremely unequal and equal energy sharing, respectively.
The brown dots represent the final momenta of the first electron e; and the second electron e, in
binary collision and the white dots represent the same in recoil collision. Within the red dashed
squares, the brown dots and the white dots are in good agreement with the structures calculated
by the semiclassical ensemble model with the energy sharing ratio of 1:0. Nevertheless,the results
with the energy sharing ratio of 0.5:0.5 for both binary and recoil collisions deviate largely with
the semiclassical ensemble results. Thus, the energy sharing ratio of 1:0, i.e., the extremely
unequal energy sharing, is favorable in this two-color laser field for Ne. This result validates the
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Fig. 4. The calculated momentum distributions along the laser polarization direction with
respect to the relative phase after the recollision for the first electron e (a) and the second
electron e; (b), and the calculated final momentum distribution along the laser polarization
direction of e (c) and e; (d).

The extremely unequal energy sharing between the two electrons at the recollision time can
also be revealed by the semiclassical ensemble model. Benefiting from this model, we can trace
back the trajectories contributing to the NSDI. In Figs. 4(a) and 4(b), we show the momentum
distribution almost 0.03T after the recollision time with respect to the relative phase for the first
and second electrons, respectively, using the semiclassical ensemble method. One can see that
the first-electron momenta show clear oscillations with respect to the relative phase with an
amplitude up to 2 a.u., while the second electron momenta after the recollision are very close to
zero for all relative phases (|pe,r|<0.4 a.u.). This also indicates that the energy sharing between
the two electrons after the recollision is extremely unequal.

In Figs. 4(c) and 4(d), we further show the final momentum distribution with respect to the
relative phase for e; and e;, respectively. One can see that the case is reversed for the final
electron momentum distribution, as compared with the electron momentum distribution after the
recollision [Figs. 4(a) and 4(b)]. The first electron obtains a near-zero final momentum, whereas
the second electron obtains a large final momentum along the laser polarization direction. This
result can be well explained based on the extremely unequal energy sharing between the electrons.
With neglecting the long-range Coulomb potential, the final momenta of the first and second
electrons can be expressed as p., r=v,-A(t,) and p.,r=-A(t,), respectively. Here A(t,) is the vector
potential at the recollision time 7, and v, is the first-electron velocity after the recollision. For a
high laser intensity, the recollision energy is much larger than the second ionization potential,
thus the first-electron velocity after the recollision is approximately equal to the velocity before
the recollision v, i.e., v,=v.=A(t,)-A(ty), where tj is the ionization time for the first electron.
Here we have assumed that the first electron is released with zero initial momentum. As a result,
the final momenta for the two electrons can be approximately expressed as p, r = -A(tg) and pe, ¢
~ -A(t,). Because the first electron is most likely released at the field maximum with A(#)~ 0,
the final momentum of the first electron is near to zero. The second electron can obtain a large
final momentum depending on the recollision time.

Because the ion momentum is related to the sum of the two electron momenta, i.e., p;on=-(Pe,
+ Pe,f), We can obtain that p;,, =~ A(t,) for extremely unequal electron energy sharing after the
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Fig. 5. (a) Comparison of the measured (mauve lines with dots) and simulated (red lines)
peaks of the ion momentum distributions. The black solid lines with crosses show the vector
potential at the instant of the recollision corresponding to the maximal ionization probability.
Error bars are derived from the experiment based on Poissonian statistics and standard error
propagation. (b) The distribution of the recollision time with respect to the relative phase.

recollision. As a result, the recollision time 7, can be mapped onto the final ion momentum.
To demonstrate this point, we show the measured and simulated peaks of the ion momentum
distributions with respect to the relative phase in Fig. 5(a). These peaks are obtained by a Gaussian
fit of the ion momentum distribution in Fig. 2 for each relative phase. The vector potential at the
instant of the recollision is also shown by the black solid lines with crosses. The vector potential
at the instant of recollision agrees qualitatively with the measured and simulated peaks of the
ion momentum distribution. The small difference between the simulation and the experiment
may be due to an underestimation of the intensity of 800-nm component by the simulation.
Ignoring this small difference, we can conclude that the recollision time is mapped onto the ion
momentum. Though the 400-nm field is very weak, it can efficiently change the recollision time
by tuning the relative phase between the two-color components. Because the vector potential at
the recollision time is determined by both 400-nm and 800-nm fields, the ion momentum can be
shifted with a range larger than the maximal vector potential of the 400-nm field with changing
the relative phase. The peaks of the ion momentum distribution by the semiclassical ensemble
model changes gradually from -1.8 a.u. to -2.4 a.u. when the relative phase is within [0.5x, 1.57].
We can estimate that the recollision time is changed by almost 380 as according to p;o, = A(t,).
This agrees well with Fig. 5(b), in which the recollision time is changed by about 400 as when the
relative phase changes from 0.57 to 1.57. The recollision time can be controlled with precision
about 40 as when the relative phase is changed by 0.1x. Thus, we can control the recollision time
with attosecond precision by tuning the relative phase of the two-color components.

4. Conclusion

In conclusion, we have measured the recoil-ion momentum distributions from nonsequential
double ionization of Ne by multicycle two-color laser pulses consisting of a strong 800-nm
field and a weak parallel-polarized 400-nm field. The measured ion momentum distribution
shows a clear asymmetry in the emission direction with respect to the relative phase between
the two-color components. This asymmetric emission comes from that the first electron in the
NSDI is mainly released from one half cycle of the laser field. Moreover, the peak of the doubly
charged ion momentum distribution shifts gradually with the relative phase. The shifted range is
much larger than the maximal vector potential of the 400-nm laser field. We use a semiclassical
ensemble model to reproduce the experimental result. Through analyzing the correlated electron
momentum distribution, we found that the energy sharing of the two electrons is extremely
unequal at the instant of recollison. We further show that the recollision time can be mapped
onto the ion momentum and the shift of the ion momentum corresponds to the change of the
vector potential at the recollision time. Though the 400-nm field is weak as compared with the
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800-nm field, it can efficiently change the vector potential at the recollision time. Thus the peak
of the ion momentum distribution is shifted with respect to the relative phase. By tuning the
relative phase of the two-color components, we can control the recollision time with attosecond
precision, which is significant for the study of time-resolved electron correlation in NSDI.
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