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Laser-Induced Inelastic Diffraction from Strong-Field Double Ionization
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In this Letter, we propose a novel laser-induced inelastic diffraction (LIID) scheme based on the intense-
field-driven atomic nonsequential double ionization (NSDI) process and demonstrate that, with this LIID
approach, the doubly differential cross sections (DDCSs) of the target ions, e.g., Ar™ and Xe*, can be
accurately extracted from the two-dimensional photoelectron momentum distributions in the NSDI process
of the corresponding atoms. The extracted DDCSs exhibit a strong dependence on both the target
and the laser intensity, in good agreement with calculated DDCSs from the scattering of free electrons.
The LIID scheme may be extended to molecular systems and provides a promising approach for imaging
of the gas-phase molecular dynamics induced by a strong laser field with unprecedented spatial and

temporal resolution.
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X-ray diffraction and electron diffraction are the conven-
tional methods to determine the structure of molecules and
solids with subangstrom spatial resolution. Recent develop-
ments have shown that x-ray diffraction using an x-ray
pulse with a few-femtosecond duration is capable of taking
snapshots of the structural change of a complex molecule
during a chemical reaction [1]. However, such photon-
based approaches suffer from the coarse spatial resolution
and low scattering cross sections, especially for gas-phase
targets. In contrast, conventional electron diffraction may
provide a much larger scattering cross section and smaller
de Broglie wavelength. The challenge for such conven-
tional electron-based approaches is, however, the temporal
resolution, which is limited to about several tens of
femtoseconds owing to space-charge broadening [2—4].

Over the past decade, we have also witnessed the
emergence and rapid development of an alternative imaging
approach, which is a self-imaging method based on
coherent electron bursts liberated by an intense laser field
in the same molecule that they are going to image. The
principle underlying this self-imaging approach is the
strong-field rescattering model [5,6]. Within this model,
an atom or a molecule is first ionized by an intense laser
field at some time f, and an electronic wave packet is
started in the continuum. For suitable times ¢, the electron
accelerated by the laser field may return to its parent core at
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a later time 7, and recollide. During the propagation, the
electron may acquire significant kinetic energy from the
field. In the recollision at the time ¢,, the electron can either
recombine or elastically scatter. Based on the former
process, high-harmonic-generation (HHG) spectroscopy
has been developed to retrieve the atomic structure or to
trace in real time the atomic motion during a chemical
reaction [7,8]. With the latter, a laser-induced electron-
diffraction (LIED) approach has been recently established
and extensively employed, e.g., in extracting the angle-
dependent electron scattering cross section [9-11].
Moreover, when the de Broglie wavelength of the recollid-
ing electronic wave packet becomes comparable with the
molecular dimension, interatomic distances in a molecule
can be determined with subangstrom precision and an
exposure time of a few femtoseconds [12—-14].
Alternatively, at the time ¢,, the wave packet may also
inelastically scatter off the parent ion, with a second
electron being kicked out. This process, termed nonse-
quential double ionization (NSDI) [15], corresponds
exactly to a conventional inelastic collision, i.e., the
(e, 2e) process. In this Letter, we propose a laser-induced
inelastic diffraction (LIID) scheme based on this NSDI
process. We further demonstrate experimentally that, with
this LIID approach, the inelastic scattering cross section of
the target ion for free electrons can be accurately extracted
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from the photoelectron momentum spectra emitted in the
laser-induced (e, 2¢) process. Our conclusion is based on
the comparison of the doubly differential cross section
(DDCYS) extracted from the data with calculations in the
context of the distorted-wave Born approximation
(DWBA). While our conclusion is derived for atomic
targets, LIID can be applied to molecular targets as well.
In the molecular case, our procedure may be implemented
for ultrafast imaging of transient molecules. Compared to
the well-established LIED approach, LIID is expected to
obtain more information about the targets during the
collision, e.g., the dynamical electron correlation.

Figure 1 presents a graphic sketch of the principle of the
LIID procedure. According to the rescattering picture of
NSDI [5], for the (e, 2¢) process with one electron released
with kinetic energy close to zero, the measured momentum
of the other electron can be expressed as

pP=pP.+p- (1)

where p, = —2A(t,) denotes the momentum acquired by
the electron after the recollision [A(¢) is the vector potential
of the laser field], and p, denotes the residual vector
momentum of the electron after the recollision scattered in
an arbitrary direction. The maximal final momentum of the
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FIG. 1. Graphic illustration of extracting the DDCS from the

momentum distribution of photoelectrons coincident with doubly
charged ions. The strong-field rescattering process is depicted in
the uppermost panel. In the top panel, A, B, and C illustrate the key
steps of the ionization process, i.e., tunneling of the valence
electron (A), which is accelerated and returns to the core (B). The
tunneled electron may collide inelastically with the parent ionic
core to induce double ionization, whereby two electrons are freed
simultaneously. The kinetic energy of one electron is close to zero
while that of the other one is significantly larger. The contributions
of the two orbits of the higher-energy electron will interfere with
each other (C); see the text for details. In the middle panel, the
times of the events A, B, and C are marked on the temporal graph of
the laser electric field. The black curve indicates the orbit with the
highest return energy of 3.17 U, for the recolliding electron. The
lowermost panel shows the curve (the blue-dashed semicircle)
along which the DDCS is extracted; see the text for details.

electron, as measured by the detector, corresponding to the
recollision near the crest of the vector potential of the laser
field and a maximal energy of 3.17U, of the recolliding
electron, can be calculated with p, = \/2(3.17U, — IP,),
where U, = A3/4 [A, denotes the maximum of A(7)] is the
ponderomotive energy and /P, is the second ionization
potential of the atomic target in question. Hence, the final-
electron momentum lies on a circle in the (p,, p,) plane
with a radius of p, and its center at ( = A(z,),0), where
A(t,) ~ 0.95A,, as shown in the lowermost panel of Fig. 1.
To extract the DDCS for one electron released with near
zero energy in the laser-induced (e, 2¢) process, we thus
plot, as a function of the angle # between the directions of
the electron momentum before and after the scattering
process in the frame of the ion, the yields of electron events
on the circle.

The experiments have been performed with cold-target
recoil-ion momentum spectroscopy (COLTRIMS) [16,17].
The femtosecond laser pulses employed in our experiments
are generated from a commercial Ti:sapphire femtosecond
laser system (FEMTOPOWER compact PRO CE-Phase
HP/HR) with a repetition rate of 5 kHz, a pulse duration of
around 30 fs, and a center wavelength of 800 nm. The laser
beam is focused into the cold supersonic beam inside the
COLTRIMS vacuum chamber, and the three-dimensional
momenta of the photoelectrons and the doubly charged
photoion are measured in coincidence. Before the laser
beam is directed into the COLTRIMS apparatus, the laser-
pulse energy is precisely controlled with a combination of a
broadband achromatic 4/2 plate and a broadband thin-film
polarizer. The laser intensities are calibrated with a pro-
cedure utilizing the photoelectron (photoion) momentum
distribution in a close-to-circularly-polarized laser field
with nonadiabatic effects included [18]. During the meas-
urement, great attention is paid to keep the production rate
of photoelectrons below 20% of the laser-pulse repetition
rate, which ensures that less than one ionization event
occurs for each pulse. The false coincidence ratio from the
background is estimated to be around 6%.

Figure 2 shows typical 2D photoelectron momentum
distributions measured in coincidence with doubly charged
ions from NSDI of Xe and Ar at several laser intensities.
One finds that the size of the photoelectron velocity map
expands as the laser intensity (corresponding to Ag)
increases, as expected. The circles employed to extract
the DDCSs are indicated by black solid lines; their center
positions and radii depend strongly on the atomic species
and laser intensity, as determined by the LIID principle
discussed above. The extracted DDCSs are depicted in
Fig. 3. To avoid the disturbance from electrons that return
with energies much lower than 3.17U, from the NSDI
process, the lower limit of the angular range is chosen to be
100°. It is also worth mentioning that the DDCSs can only
be reliably extracted if there is no contamination from
electrons generated by sequential double ionization (SDI).
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FIG. 2. The measured 2D photoelectron momentum distribu-
tions coincident with Xe?* [(a) and (b)] and Ar?>* [(c) and (d)]. The
laser intensities are (a) 2.0x 10'*W/cm?, (b) 3.3x 10" W/cm?,
(c) 3.6 x 10" W/cm?, and (d) 4.9 x 10'* W/cm?. The black
solid circle in each panel indicates the path employed to
extract the DDCS.

Ideally, this would require that NSDI be dominant over
SDI, as is the case for sufficiently low intensity [19-21].
Moreover, even if there is substantial SDI, one can still
extract the DDCS for sufficiently high electron energy.
Namely, electrons from SDI obey approximately the 2U |,
cutoff of direct ionization, while electrons from the NSDI
channel exhibit a much higher cutoff energy of about
6 —7U, [22-25]. Therefore, the influence of the SDI
channel in the extracted DDCSs can be safely neglected
in our case.

The DDCSs in Fig. 3 show a smooth evolution with
increasing angle, with a prominent maximum around 180°
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FIG. 3. Typical DDCSs extracted from the experimental data of

Fig. 2 and the calculated DDCSs of Xe™ [(a) and (b)] and Ar™ [(c)
and (d)] with incident electron energies of (a) 35 eV, (b) 60 eV, (c)
70 eV, and (d) 100 eV. The experimental (theoretical) data are
indicated with blue filled squares (red solid curves). The laser
intensities are identical to the ones in the corresponding panels
of Fig. 2.

for every case, and the higher the laser intensity is, the
steeper the curve evolves with the angle. In addition, each
curve displays a minimum at some angle larger than 100°,
which shifts with the laser intensity. On closer inspection,
Fig. 3(b) shows an additional maximum at about 120° for
Xe at 3.3 x 10'* W/cm?. These structures are very similar
to the angle-dependent (e, 2¢) cross sections measured in
conventional electron-impact ionization for various species
of atoms and molecules [26].

For comparison, we used the distorted-wave Born
approximation (DWBA) to calculate the DDCSs of
Ar™ and Xe' for different incident electron energies,
each corresponding to the maximal return energy of the
recolliding electron, i.e., 3.17U,, in the intense-field
NSDI experiment. The DWBA treats the system as two
electrons—namely, the incident electron and another one
that is initially bound and then ionized—which interact with
an inert core via potentials v; and v, and with one other via
v3. In this treatment, the Hamiltonian of the system is
partitioned as follows:

H=[(ky +v)) + (ky +vp)] +v3 = Hy + v3, (2)

where v5 is the interaction between the two electrons and is
treated as a scattering potential in this model. The wave
functions of the continuum electrons can be obtained
independently by solving the single-particle Schrodinger
equation. The key point in the DWBA calculation is to
choose distorting potentials U; and U,, which are local and
central and as close as possible to v; and v,, respectively.
In the calculation, the distorting potentials include two
parts: a Slater-type direct distorting potential V5, [27] and
a global semiclassical polarization potential Vq [28].
Moreover, a modified semiclassical exchange (MSCE)
potential Vy [29] was used to describe the exchange
interaction, so that

UizUi:VD+Vpol+VEiv (i: 1’2> (3)
where E; denotes the energy of electron i.

Finally, the first-order 7T-matrix element of the DWBA
can be written as

Ty = ( (ko)™ (kp)lvslax ™ (ko)) (4)

which can be solved using the partial-wave expansion
method. The states |ay* (ko)) and |y~ (k,)y~(ks)) are the
initial and final channel states, respectively, obtained from
the product of single-particle wave functions. The triply
and doubly differential cross sections of the scattered
electrons can be obtained subsequently.

In the calculation, the kinetic energy of the slow ejected
electron (E;) is set to be 1 eV. It is worth noting that the
calculated DDCS is hardly dependent on E| provided it is
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less than 1 eV. The calculated results are presented with red
solid curves in Fig. 3 and show a rather good agreement
with the experimental results. Each DDCS shows a
maximum at 180°, and the maximum becomes more
pronounced for higher incident electron energy. In addition,
each DDCS exhibits a minimum between 120° and 140°.
Moreover, a maximum around 120° for Xe™ with an
incident electron energy of 60 eV [see the red solid curve
in Fig. 3(b)] is visible and qualitatively consistent with the
experimental data.

The mechanism underlying the peculiar structure of the
DDCS can be understood with the generalized Ramsauer-
Townsend diffraction mechanism [30]. Namely, for a
potential that increases faster than 1/r for r — 0, the
electron can loop around the target as shown in Fig. 1(c),
and there are two different orbits which scatter into the same
direction with different impact parameters and interfere with
each other. For exact backscattering, i.e., @ = 180°, the two
trajectories have the same phase and constructive interfer-
ence occurs, resulting in a maximum at 180° in the DDCS.
When the scattering angle decreases, the phase difference
between the two trajectories increases, and therefore the
DDCS decreases until it reaches a minimum when the
interference becomes destructive. Since, as mentioned
above, the electron can loop around only for potentials
decreasing faster than 1/r, the effect is more pronounced for
heavier ions with more electrons screening the nucleus.
Apparently, the rate of change of the phase difference
strongly depends on the momentum of the ejected electron.
The higher the momentum, the faster the phase difference
changes [30]. Therefore, the DDCS decreases faster with
decreasing angle and the minimum appears at a larger angle,
in agreement with the experimental and theoretical results of
Xe shown in Figs. 3(a) and 3(b). On the other hand, the
detailed behavior of the cross section curve, e.g., the position
of its minimum, is also dependent on the wave function of
the bound electron, which leads to the fact that, for Ar, the
DDCS curve for a lower incident electron energy exhibits a
minimum at a larger angle than that for a higher incident
energy, as shown in Figs. 3(c) and 3(d).

Careful inspection reveals some discrepancies between
the experimental results and the DWBA calculations (see
Fig. 3). For example, the positions of the minima are
located at smaller angles in the experimental data than in
the DWBA simulations. This quantitative discrepancy may
be understood by the fact that the theoretical approach
employed is essentially a one-particle model, which works
well for high-energy collisions [27]. However, in the
present case, since the incident electron energies are not
high enough (less than 100 eV) and the ejected electron
energy is very low (=1 eV), it is thus expected that the
electron-correlation effects become important and need to
be considered explicitly. In addition, for the present DWBA
treatment, in spite of the fact that an advanced MSCE
exchange potential and a global polarization potential have

been employed to model the complex short-range inter-
action, the contribution of excited-state channels is still
neglected, which has been proven to be important in low-
energy (e, 2e) reactions [31]. In order to achieve better
agreement with the measurements, more realistic models
are required, such as convergent close-coupling [32] and
B-spline R-matrix [31] methods, etc.

To summarize, a novel laser-induced inelastic-diffraction
(LIID) approach, based on the atomic nonsequential-
double-ionization process driven by an intense femtosec-
ond laser field, has been proposed. In this NSDI process,
the double electron emission is caused by an (e, 2e) process
triggered by the tunneled electron and the electron-electron
correlation, which plays a paramount role. We apply this
approach, for the first time, to extract the DDCSs of singly
charged ions of noble gases in the (e, 2¢) process from the
2D photoelectron momentum distributions in nonsequen-
tial double ionization. The extracted DDCSs are well
consistent with theoretical calculations based on the dis-
torted-wave Born approximation. The peculiar angular
structure in the extracted DDCS can be understood by
considering the generalized Ramsauer-Townsend diffrac-
tion effect and the wave function of the ion.

Looking forward, we expect that this LIID approach,
when applied to gas-phase molecular systems, can be used
to image the ultrafast evolution of the molecular structure
and dynamics induced by the strong laser field, similarly to
the well-established LIED scheme [13,14]. More specifi-
cally, in the LIID scheme, the inelastic collision time can be
finely tuned by changing the laser wavelength, since the
propagation time of the incident (i.e., the tunneled) electron
is proportional to the oscillation period of the laser field.
During a molecular reaction, the dynamical electron
correlation effect, which is dependent on the molecular
nuclear distances, can thus be deduced from the DDCSs
extracted at different laser wavelengths. Compared with
LIED, this LIID approach is expected to shed more light on
the complex molecular dynamics induced by a strong laser
field, especially for those processes where the dynamical
electron correlation is important, e.g., the dissociative
ionization process of molecules which is triggered by
the laser-induced (e, 2e) process, with unprecedented
attosecond temporal resolution.
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