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Atoms undergoing strong-field ionization in two-color circularly polarized femtosecond laser fields
exhibit unique two-dimensional photoelectron trajectories and can emit bright circularly polarized extreme
ultraviolet and soft-x-ray beams. In this Letter, we present the first experimental observation of
nonsequential double ionization in these tailored laser fields. Moreover, we can enhance or suppress
nonsequential double ionization by changing the intensity ratio and helicity of the two driving laser fields to
maximize or minimize high-energy electron-ion rescattering. Our experimental results are explained
through classical simulations, which also provide insight into how to optimize the generation of circularly

polarized high harmonic beams.
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When a strong laser field (~10'4~10'® W cm~?) interacts
with an atom or molecule, an electron can be liberated via
tunnel ionization, accelerated in the laser field, and driven
back to the parent ion [1-4]. The interaction of the field-
driven electron wave packet with its parent ion can lead to
several outcomes. In some cases, the electron can recombine
with the parent ion, releasing a series of attosecond bursts of
high-energy photons through the process of high harmonic
generation (HHG) [1-6]. This process has been shown to
produce photon energies ranging from the extreme ultra-
violet (EUV) to soft x rays (>1 keV [7]). HHG beams in the
EUYV region have been used to understand a wide range of
processes, including the ultrafast dynamics of electronic or
magnetic states [8—12], nanoscale heat transport [13], and
the spatial resolution limits of light-based imaging [14—18].
If the field-driven electron does not recombine to produce
HHG, it can alternatively rescatter off the parent ion. These
rescattered electrons can encode atomic and molecular
structural information about the parent ion with subang-
strom spatial resolution and attosecond temporal resolution
[19-21]. Finally, the field-driven electron may recollide with
the parent ion, leading to a second electron being ionized
through the process of nonsequential double ionization
(NSDI) [22,23]. Recently, NSDI driven by linearly polarized
laser fields has been used to provide insight into correlated
electron dynamics [24,25].

To study HHG, electron-ion rescattering, and NSDI,
linearly polarized laser fields are typically used to drive
strong-field ionization and the resulting rescattering proc-
esses. The preference for linear fields is due to the fact that
one-color circularly polarized laser fields do not efficiently
drive the electron back to the parent ion, so that rescattering
processes are significantly suppressed [26-28]. However, it
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was theoretically proposed and recently experimentally
demonstrated that two-color counter-rotating circularly
polarized laser fields can be used to drive the HHG
process and generate circularly polarized EUV [29-34] and
soft-x-ray beams [35] bright enough for applications, such
as performing the first tabletop x-ray circular dichroism
measurements [33,35], using high harmonic spectroscopy
to measure the orbital angular momentum symmetry of
atomic orbitals [36], and three-dimensional attosecond
meteorology [37].

Recently, photoelectron spectroscopy was used to exper-
imentally observe electron-ion rescattering in these fields
[38,39]. The fact that electrons travel along two-dimensional
(2D) trajectories before returning to the parent ion [40,41]
allows for the tunnel-ionization process and electron-ion
rescattering process to occur at different angles, making it
easier to deconvolve the atomic and molecular structural
information encoded by the rescattered electrons. The
trajectories of the electrons can be steered (by changing
the relative intensity ratio between the two laser fields),
providing new probes of atomic and molecular dynamics.

In this Letter, we make the first experimental observation
of NSDI in two-color circularly polarized laser fields,
providing new insights into electron dynamics in such
fields. We find that we can control NSDI by changing the
intensity ratio and helicity of the two driving laser fields,
where counter-rotating fields significantly enhance NSDI
while co-rotating fields suppress it. Moreover, we can
enhance NSDI in counter-rotating fields further by chang-
ing the intensity ratio of the two fields to maximize high-
energy electron-ion rescattering. To qualitatively describe
our experimental results, we employ classical ensemble
(CE) simulations [42—47], which capture two-electron
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dynamics. Additionally, we consider single-electron dynam-
ics within the tunneling approximation via classical trajec-
tory Monte Carlo (CTMC) simulations [39] since they
provide intuitive explanations of the underlying mechanisms
of NSDI in two-color circularly polarized fields. These
calculations confirm that the returning electron energy
spectrum can be varied significantly by changing the relative
intensity ratio between the two laser fields, where NSDI is
maximized for a ratio of the intensity of the second harmonic
(“blue”) beam to the intensity of the fundamental (“red”)
beam (//Iy) of &~ 3. Finally, the returning electron energy
spectrum in two-color counter-rotating fields exhibits a
narrower bandwidth than that of a linearly polarized field
at the fundamental frequency and also exhibits a tunable
cutoff energy. Thus, HHG driven by two-color counter-
rotating fields can generate a unique quasimonochromatic
light source with tunable photon energy.

NSDI in one-color linearly polarized fields has generated
great interest for studying correlated electron dynamics
[24,25]. However, under these conditions, the electron is
driven in a 1D straight-line trajectory, so although NSDI can
be observed, there exist limited ways to control the process
[48,49]. Observations of NSDI have been reported in one-
color elliptically polarized fields [50] and in one-color
circularly polarized fields in atoms with extremely low
ionization energies [51], but the yields are significantly
lower than with linear polarization. Likewise, HHG and
high-energy electron-ion rescattering are significantly sup-
pressed in these fields [26-28]. Since HHG and high-energy
electron-ion rescattering can occur efficiently in two-color
circularly polarized fields [32,33,38], these fields offer the
optimum route to generate NSDI with electrons that are
driven in 2D trajectories before recolliding with the parent
ion. Additionally, two-color circularly polarized fields also
offer the best route for controlling NSDI, as the 2D electron
trajectories can be steered simply by changing the intensity
and ellipticity of the driving laser fields.

In addition to providing a route for controlling NSDI
using two-color circularly polarized fields, the results
presented here help to expand our understanding of the
single-atom physics behind HHG. While HHG emission
can provide insight into the single-atom physics, exper-
imentally measured HHG spectra are often convolved with
the macroscopic phase-matching physics needed to gen-
erate bright beams [52,53]. Similarly, photoelectron spec-
troscopy is a useful tool for studying single-atom physics
[39,54], but the vast majority of electrons do not rescatter
off the parent ion, making it difficult to detect those that do.
In contrast, NSDI corresponds exclusively to hard rescat-
tered electrons and is intrinsically a single-atom process.
Therefore, NSDI provides clear and direct insight into the
fundamental rescattering physics that underlies HHG.

To study NSDI in two-color circularly polarized fields,
we used the fundamental (790 nm, 40 fs) and second
harmonic (395 nm) of a Ti:sapphire regenerative amplifier

(KMLabs Wyvern HP) [Fig. 1(a)]. We temporally over-
lapped the two pulses with a Mach-Zehnder interferometer
and independently controlled the intensity and polarization
of each beam. The pulses were then focused onto a
skimmed supersonic jet of argon gas, and the resulting
ion signal was recorded using a time-of-flight spectrometer
[see the Supplemental Material (SM [55])]. Each time-of-
flight spectrum consists of 103 laser shots. The single- and
double-ionization yields were experimentally recorded as a
function of the total intensity. We varied both the Ig/Ig
ratio and the relative helicity (i.e., counter- and co-rotating
fields), which changes the shape of the combined electric
field and electron trajectory [Fig. 1(b)]. In counter-rotating
fields, an electron can be efficiently driven back to the
parent ion in 2D trajectories, whereas it is much harder for
an electron to return to the parent ion in co-rotating fields
(see the SM).

For all 1/1 ratios and both helicities, the Ar'* yields as
a function of total intensity remain the same (Fig. 2). This is
expected because to first order, the tunnel-ionization rate
[56] depends only on the electric field strength and not the
frequency. However, the significant differences in Ar>*
yields for different //I ratios and helicities allow us to
identify the presence of NSDI.

For the co-rotating cases, the Ar’* yields are the same
for all intensity ratios, and the Ar’>* signal only becomes
appreciable after the Ar' ™ yield has saturated, indicating that
the intensity is high enough such that sequential ionization
is the dominant double-ionization mechanism. Conversely,

2w, left-circular Time-of-flight
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Counter-rotating Counter-rotating Co-rotating

FIG. 1. (a) The experimental scheme used to study nonsequen-
tial double ionization in two-color (@, 2w) circularly polarized
fields. The apparatus consists of a femtosecond laser system, a
Mach-Zehnder interferometer, and a time-of-flight spectrometer.
(b) The electric fields for two-color counter-rotating fields for
I /I ratios of 2 (left-hand thick red curve) and 4 (middle thick
purple curve) and for a co-rotating field at an I/l ratio of 2
(right-hand thick cyan curve). Counter-rotating fields can effi-
ciently drive electrons (small blue spheres) back to the parent ion
(large green spheres) in 2D trajectories, whereas it is much harder
for an electron to return to the parent ion in co-rotating fields.
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FIG. 2. Experimentally measured single- and double-ionization
yields in argon for two-color circularly polarized fields. The
fields are combined as either counter-rotating (filled symbols) or
co-rotating (open symbols) fields and with three different ratios of
the second harmonic intensity to the intensity of the fundamental
Ig/Ig: 0.2 (circles), 1 (squares), and 6 (diamonds). NSDI (shaded
region) is observed in counter-rotating fields when the /5 /I ratio
is 1 and 6. However, NSDI is not observed for co-rotating
fields or for the counter-rotating case of I/l = 0.2. Note:
The intensities were slightly rescaled relative to their estimated
values in order to provide comparable single-ionization yields
(see the SM).

for the counter-rotating case, the Ar>* yield is dependent
on the Iz/I ratio. For I5/I ratios of 1 and 6, a significant
amount of the Ar’>" signal can be seen below the Ar!'*
saturation intensity. However, when the I3 /I ratio is 0.2, the
Ar** yield is nearly identical to that of the co-rotating cases,
suggesting that NSDI is strongly suppressed when the I5/
ratio decreases below a certain value.

To provide qualitative theoretical support to our exper-
imental findings, we used the CE method [42-45,57,58]
to simulate single- and double-ionization yields in an
argonlike atom (Fig. 3). In our CE model, an ensemble
of 2 x 10* atoms with randomized initial electron positions
and momenta is generated. The atoms are then placed under
the influence of a strong laser field, and the resulting ion
signal is recorded (see the SM). In our simulations, the peak
of the electric field amplitude is held fixed for a given set of
simulations, as the field amplitude is the relevant parameter
for determining ionization probability.

The simulated ionization yields agree with our exper-
imental results [Fig. 3(a)]. First, the CE simulations predict
that NSDI is significantly suppressed in co-rotating fields,
as is expected since co-rotating fields do not efficiently
drive electrons back to the parent ion (see the SM).
However, a small amount of NSDI can be seen for the
co-rotating case of I/l = 6. The yield is sufficiently low
enough that it cannot be detected in our experiment, but the

observation in the simulation agrees with the experimental
observation of HHG in co-rotating fields, albeit with
significantly lower flux than with counter-rotating fields
[29]. Second, the Ar’* yields from counter-rotating fields
strongly depend on the Iz/Iy ratio. Similar to the exper-
imental results, NSDI is prominent in counter-rotating
fields when the Ig/Iy ratio is 1 and 6, but little NSDI
occurs when the Iz/I ratio is 0.2.

To understand how the intensity ratio affects NSDI, we
performed the CE simulations for a range of I/ ratios but
kept the total electric field amplitude fixed, corresponding
to a one-color linearly polarized field at 5 x 10'* W cm™2
[Fig. 3(b)]. The intensity of 5 x 10'* Wcm™ is chosen as
this corresponds to the middle of the NSDI “knee” [22]. The
results of the CE simulations [Fig. 3(b)] show that NSDI
occurs over a broad range of I /I ratios and the NSDI yield
optimizes at Iz/I; ~ 2. One noticeable feature is that the
Ar?* yield is not symmetric and a “plateau” is formed that
extends to Iz/I; ~ 15. The CE simulations were recently
used to perform an in-depth theoretical study of NSDI in
two-color circularly polarized laser fields in helium [58],
looking at the electron energy spectra, momenta, ionization
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FIG. 3. Simulated single- and double-ionization yields in argon
using a classical ensemble model. (a) A significant amount of
NSDI (shaded region) occurs in counter-rotating fields when the
I5/1I ratio is 1 and 6 and is suppressed in the co-rotating cases
and the counter-rotating case when Iz /I = 0.2. (b) The double-
ionization yield of argon at 5x 10" Wem™ is comprised
entirely of NSDI and shows that NSDI occurs over a broad
range of I /Iy ratios. The Ar** yield is optimized at I/l ~ 2.
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timing, sample trajectories, and a comparison to a one-color
800-nm field.

The dependence of NSDI on the Iz/I; ratio can also
be understood by looking at the energy of electrons as
they return to the parent ion (Fig. 4). We calculate the
kinetic energy spectra of the returning electrons using one-
active-electron CTMC simulations [39] within the tunnel-
ionization approximation (see the SM). We consider an
electron “returned” if it approaches within 0.05 nm

Returning electrons vs intensity ratio
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FIG. 4. Classical trajectory Monte Carlo simulations show the
yield of electrons that return within 0.05 nm of the parent ion, and
the energy of the electrons at the moment of return. (a) The
percent of electrons that return to the parent ion with a kinetic
energy (KE) that is greater than the second ionization energy of
argon (27.63 eV) gives an estimate of NSDI and agrees well with
the classical ensemble model [Fig. 3(b)]. (b) The cutoff energy of
the returning electrons strongly depends on the I/l ratio.
(c) The returning energy spectrum of electrons in two-color
counter-rotating fields exhibits a narrower bandwidth than that of
a linearly polarized field at the fundamental frequency, allowing
for the generation of a quasimonochromatic EUV light source
with a tunable photon energy.

(~1 Bohr radius) of the parent ion. Of course, this approach
provides only a relative measure of rescattering rates, and
not the rates themselves, which will be significantly lower.
As in the CE simulations, the total electric field amplitude
is kept fixed, corresponding to a one-color linearly polar-
ized field at 5 x 10'* W cm™2, and each spectrum consists
of 5 x 10* electron trajectories.

The CTMC simulations provide an estimate of the NSDI
yield, which can be inferred by the percent of electrons that
return to the parent ion with kinetic energies in excess of the
second ionization potential of argon (27.63 eV) [Fig. 4(a)].
The CTMC simulations agree well with the CE model,
showing that at an intensity of 5 x 10'* Wcm™ in argon,
NSDI peaks when I5/1; ~ 1.5, and a plateau is formed that
extends to I/l ~ 7. At I3/1 ratios less than 1.5, a large
percentage of electrons is driven back to the parent atom
with energies below the ionization energy of Ar**
(27.63 eV) [Fig. 4(b)], showing that recollision excitation
with subsequent ionization may play an important role in
NSDI at these low I/l ratios. This may explain the
difference in NSDI yield between the CE and CTMC
models at these low I5/I ratios [see Figs. 3(b) and 4(a)],
as the CE model includes the recollision excitation with
subsequent ionization mechanism.

The kinetic energy spectra of the returning electrons can
also inform how the intensity ratio of the two-color driving
field can be used to control the rescattering process. When a
linearly polarized field is used to drive the rescattering
process, the resulting returning energy spectrum consists of
a plateau followed by an abrupt cutoff [1] [Fig. 4(c)].
However, the results of the CTMC simulations show that in
two-color circularly polarized laser fields, the returning
energy spectrum can be varied significantly by changing
the Iz/I ratio [Fig. 4(b)]. The cutoff energy is driven to a
maximum when Iz/I; ~ 3, which is close to the I/l
ratio that was found to optimize high-energy electron-ion
rescattering in Ref. [39]. In general, the returning energy
spectrum of electrons in two-color counter-rotating fields
exhibits a narrower bandwidth than that of a linearly
polarized field at the fundamental frequency, but with a
tunable cutoff energy that can be set to reach nearly the
same maximum as seen from the fundamental field alone.
This shows that HHG driven by two-color counter-rotating
fields can allow for the generation of a quasimonochro-
matic EUV light source with tunable photon energy.

In conclusion, we have made the first experimental
observation of NSDI in two-color circularly polarized laser
fields. We showed the NSDI process can be controlled by
significantly suppressing NSDI in co-rotating fields and
enhancing NSDI in counter-rotating fields by changing the
intensity ratio of the two-color fields. We confirmed our
experimental results using classical simulations, showing
that the yield of electrons that return to the parent ion and
the electron’s kinetic energy upon return can explain the
dependence of NSDI on the two-color laser field intensity
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ratio. These findings help inform the single-atom picture of
HHG driven by these fields, showing the possibility of
generating a quasimonochromatic EUV light source with a
tunable photon energy. Additionally, since electrons in
two-color circularly polarized fields can be driven in two-
dimensional trajectories before returning to the parent ion,
electron-electron correlation experiments in these fields
could serve as a new tool in studying ultrafast molecular
dynamics.
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an electron-ion coincidence spectrometer [59].
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