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We experimentally investigate the single and double ionization of N2 and O2 molecules in bicircular two-
color femtosecond laser pulses, and compare with their companion atoms of Ar and Xe with comparable
ionization thresholds. Electron recollision assisted enhanced ionization is observed in N2 and Ar by
controlling the helicity and field ratio between the two colors, whereas the enhanced ionization via
the recollision is almost absent in O2 and Xe. Our S-matrix simulations clearly reveal the crucial role of the
detailed electronic structures of N2 and O2 on the two-dimensional recollision of the electrons driven by the
bicircular two-color laser fields.As compared toAr, the resonantmultiphoton excitation dominates the double
ionization of Xe.
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Bound electrons in atoms andmolecules can be released to
continua when exposed to strong laser fields, in which
scenario freed electrons may be driven back to recombine
with parent ions leading to the emission of high harmonics or
attosecond bursts in extremely ultraviolet spectrum [1–3], or
to kick out a second electron resulting in the nonsequential
double ionization (NSDI) [4,5]. The field-driven rescattering
[6] of freed electrons can be used to image molecular
structure, termed as the laser-induced electron diffraction
[7,8], with attosecond temporal and subangstrom spatial
resolution. In general, these electron-nuclei recollision proc-
esses are favored for linearly polarized laser fields as
compared to circular polarization which drives the liberated
electrons away from the parent nuclear cores [9–11].
Interestingly, the high-harmonic generation [12,13] and

electron-ion rescattering [14–18] of atoms were recently
demonstrated using counterrotating circularly polarized
two-color laser fields [19,20], as illustrated in the inset
of Fig. 1. Depending on the helicity and relative strength
between the two colors, the motion of the liberated electron
and thus the recollision process can be spatiotemporally
manipulated [16–18]. The NSDI dynamics of He and Ar
driven by the counterrotating two-color laser fields are very
similar, with an optimal intensity ratio between the two
colors for maximizing the probability of electron recol-
lision [16–18]. However, so far this study is mostly limited
to low-Z atoms, e.g., He and Ar [16–18]. For molecules,
where more degrees of freedom and complicated electronic
structures are involved [21,22], the study of the bicircular
two-color laser field assisted electron recollision is lacking

yet. For instance, it was demonstrated that N2 exhibits
atomlike behaviors in single and double ionization induced
by linearly and circularly polarized laser fields [23,24],
while O2 exhibits noticeable ionization suppression in
comparison with Xe [25–29].
In this Letter, we report on the comparison study of the

strong-field ionization of N2 and O2 molecules driven by
bicircular two-color laser fields, along with their
companion atoms of Ar and Xe. We find the optimization
strategy for maximizing the electron recollision probability

FIG. 1. Experimental setup. DL: delay line; QWP: quarter wave
plate; VP: view port; NF: neutral filter. Inset: time-dependent
electric field of the counterrotating and corotating two-color
fields.
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is not only determined by the helicity and intensity ratio
between the two colors but also strongly depends on the
species of the target, which can be traced back to the
detailed electronic structure. The electron recollision
enhanced ionization is significant in N2 and Ar, while this
recollision process is hard to be observed in O2 and Xe. The
S-matrix simulations clearly reveal the crucial role of
the electronic structures of N2 and O2 molecules on the
recollision-assisted enhanced ionziation. Our results show
the discrepancy in controlling the electron recollision
dynamics between molecules and atoms using circularly
polarized two-color laser fields, which is implicative for
further important applications [12,13] and steering two-
dimensional electron motion in molecules [30].
As schematically illustrated in Fig. 1, we create the

bicircular two-color fields by frequency doubling a linearly
polarized femtosecond laser pulse (25 fs, 790 nm, 10 kHz),
followed by further circular polarization shaping to have
the same or opposite helicities. The counterrotating or
corotating two-color fields are then collimated to focus
onto the supersonic gas jet of the mixture of N2 and Ar
(1∶1) or O2 and Xe (9∶1) in the apparatus of COLTRIMS
(cold target recoil ion momentum spectroscopy) [31]. The
relative intensity between the two colors is adjusted via two
neutral filters in the fundamental-wave (FW) and second-
harmonic (SH) paths. See the Supplemental Material [32]
for more details of experiments.
Figures 2(a) and 2(b) show the measured yields of

various fragment ions produced from the N2 and Ar

mixture irradiated by the bicircular two-color laser fields
as a function of the relative strength of the electric fields
between the two colors, i.e., ESH=EFW . The combined
intensity of the two-color laser fields is kept constant
∼5.0 × 1014 W=cm2 for various field ratios, which is
confirmed by the nearly flat single ionization yields of
Nþ

2 and Arþ as shown in Figs. 2(a) and 2(b). Each data
point is normalized to 2.5 million laser shots. The detection
efficiency of microchannel plate (MCP) for different ion
species is taken into account [23,33]. The yields of Arþ

[Fig. 2(a)] and Nþ
2 [Fig. 2(b)] are similar because of their

comparable single ionization thresholds (N2: 15.58 eV; Ar:
15.76 eV) [23]. Interestingly, although they have similar
double ionization thresholds (N2: 27.12 eV; Ar: 27.63 eV)
[23], their doubly charged ion yields exhibit anomalous
diversity versus the field ratio. As shown in Fig. 2(a), the
Ar2þ yield in a counterrotating case rises rapidly with
the increasing of the relative strength of the SH field,
peaking around ESH=EFW ¼ 1.5, followed by falling down
gradually, agreeing with previous observations [18]. The
significant enhancement of the Ar2þ yield in the counter-
rotating fields clearly indicates the contribution of electron
recollision on the double ionization of Ar which is absent in
the corotating fields [16–18]. The freed electrons in the
counterrotating fields experience two-dimensional close-
loop trajectories, leading to much higher probability
to encounter the parent ions and knock out a second
electron or to excite the parent ions followed by subsequent
field ionization. To quantify the ionization enhancement
from the electron recollision, we plot the yield ratio
between the counterrotating and corotating cases in
Fig. 3(a). An enhancement factor of 26 is observed around
ESH=EFW ¼ 1.5, clearly elucidating significant manipula-
tion of the electron recollision assisted NSDI by controlling
the field ratio of the counterrotating two-color laser fields.
For molecules, the situation becomes more intriguing

since various ionization channels may open via different
mechanisms. The results of N2 molecule are shown in
Fig. 2(b). At first glance, except Nþ

2 , the yields of dication
N2þ

2 , dissociative single and double ionization channels,
N2þn1ℏω→NþþNþe, N2 þ n2ℏω → Nþ þ Nþ þ 2e,
denoted as (Nþ, N) and (Nþ, Nþ), respectively, all display
obvious enhancement in the counterrotating fields as com-
pared to the corotating one. To increase the visibility, we plot
the relative yields of individual channels with respect to the
Nþ

2 in Figs. 2(d), 2(e), and2(f) separately. The relative yield of
ðNþ;NÞ=Nþ

2 in the counterrotating case exhibits similar field-
ratio dependence as Ar2þ=Arþ, which peaks around
ESH=EFW ¼ 1.5. While for the corotating case the relative
yield of ðNþ;NÞ=Nþ

2 increases greatly with the field ratio and
finally saturates after ESH=EFW ¼ 3. It is caused by the
photon-coupling assisted dissociation ofNþ

2 which is favored
with the increasing of the SH field. However, the enhanced
yield of the (Nþ, N) in the counterrotating two-color laser

FIG. 2. Single and double ionization yields of Ar and N2 driven
by bicircular two-color laser fields. Solid and hollow symbols
represent the counter- and co-rotating cases, respectively. (a) and
(b) are the measured ion yields, and (c)-(f) are the yield ratios of
different channels. The solid curves are numerical fits of the
experimental data.
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fields is contributed by the electron recollision induced
excitation of the Nþ

2 , which subsequently dissociates into
the (Nþ, N) channel. It is confirmed by examining the kinetic
energy release (KER) of the ejected nuclear fragments, as
shown in Figs. 4(a) and 4(b). Noticeable enhanced yield at
high KER of the (Nþ, N) channel in the counterrotating two-
color laser fields with respect to that of the corotating case is
observed for ESH=EFW ¼ 1.5, which dramatically reduces
forESH=EFW ¼ 6.0when the (Nþ, N) yields are the same for
the counter and corotating cases. The increment of high-KER
nuclear fragments clearly reveals the important role of the
electron recollision in generating the (Nþ, N) channel in the
counterrotating two-color laser fields.
Interestingly, different field-ratio dependences are

observed in the double ionization channels of N2þ
2 and

ðNþ;NþÞ, as shown in Figs. 2(e) and 2(f). As compared to
the corotating fields, the relative yields of N2þ

2 =Nþ
2 and

ðNþ;NþÞ=Nþ
2 in the counterrotating fields exhibit similar

knee structures as a function of the field ratio resulting from
the field-driven recollision of the liberated electrons, in
analogy to the typical characteristic manifesting the NSDI
in atoms at moderate laser intensities [4,5]. The electron
recollision mainly contributes to the generation of high-
KER nuclear fragments of the ðNþ;NþÞ channel as dis-
played in Figs. 4(c) and 4(d), which becomes negligible
when the field ratio increases from ESH=EFW ¼ 1.5 to 3.
The electron recollision contribution is more significant
(∼2 times) in producing the ðNþ;NþÞ channel as compared
to the N2þ

2 , as shown in Fig. 3(b). We note that the yields of

all three channels of ðNþ, N), N2þ
2 , and ðNþ;NþÞ show Ar-

like peaking structures where the field ratio of the counter-
rotating two-color laser field is optimal to maximize the
electron recollision probability.
In the following by using the bicircular two-color laser

fields, we focus on the comparison between O2 and Xe
where more elaborate strong-field ionization dynamics are
observed. Since the ionization potentials of O2 and Xe (O2:
12.06 eV; Xe: 12.13 eV) [23] are lower than N2 and Ar, the
combined intensity of the two-color fields is reduced to
∼3.5 × 1014 W=cm2. Figures 5(a) and 5(b) show the
experimental results of Xe and O2, respectively.
Differing from Ar, no peaking structure is observed in
the yield of Xe2þ versus the field ratio between the two
colors in counterrotating or corotating cases. More clearly,
as shown in Fig. 5(c), the relative yields of Xe2þ=Xeþ in
both helicities show the same tendency of monotonic
increment. The similarity among the two helicities in
field-ratio dependence implies the negligible contribution
from the electron recollision process. As compared to Ar,
the multiphoton resonant process via the intermediate states
dominates the double ionization of Xe [34,35]. For fixed
intensity of the combined field in our experiments, as the
increasing of the relative strength of the SH field, the role of
the multiphoton double ionization is enhanced gradually
and thus the yield of the Xe2þ regardless of the helicities of
the two colors. As shown in Fig. 3(d), the minor enhance-
ment of the Xe2þ yield in the counterrotating two-color
laser fields as compared to the corotating one, ∼15 times
smaller than Ar, confirms the negligible contribution from
the electron recollision as compared to the multiphoton
resonance in double ionization of Xe.

FIG. 3. Experimentally measured yield ratios between counter-
rotating and corotating cases of (a) Ar, (b) N2, (d) Xe, and (e) O2,
respectively. The numerically simulated yield ratios of N2 and O2

molecules are correspondingly plotted in (c) and (f). The solid
curves are numerical fits of the measured and simulated data.

FIG. 4. KER spectra of (a), (b) (Nþ, N) and (c),(d) (Nþ, Nþ)
channels at different field ratios of ESH=EFW between the
counterrotating (red solid curves) and corotating (blue dashed
curves) bicircular two-color laser fields. The insets in (a), (b), and
(d) are the electric fields of the counterrotating and corotating
cases at corresponding field ratios. The inset of (c) is the shape of
the HOMO of N2.
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Although the ionization threshold of O2 is comparable to
Xe, the production of Oþ

2 suffers conspicuous ionization
suppression as compared to Xeþ in both counterrotating and
corotating two-color laser fields, as shown in Fig. 5(b). The
single ionization suppression of the O2 molecule in a single-
color laser field has been studied for decades [25–28].
Here we provide the first experimental observation
of this suppression phenomenon in bicircular two-color
fields. Figures 5(d)–5(f) display the relative yields of
ðOþ;OÞ=Oþ

2 , O
2þ
2 =Oþ

2 , ðOþ;OþÞ=Oþ
2 versus the field ratio

between the two colors, respectively. In contrast toN2, only a
very small enhancement is observed for the single anddouble
ionization of O2 in the counterrotating two-color laser fields
as compared to the corotating one. The overall increment of
the recollision-enhanced ionization of O2 between the
counterrotating and corotating cases is much smaller than
N2 [Fig. 3(e)]. As shown in Fig. 6, the KER spectra of the
ðOþ;OÞ and ðOþ;OþÞ channels are almost the same for the
counterrotating and corotating fields and weakly depend on
the field ratio, indicating the inactivation of the electron
recollision dynamics here.
Despite the different hypotheses that are proposed for

understanding the underlying physics of single [25–27] and
double [36–39] ionization suppression of the O2 molecule,
the consensus is mostly based on the antisymmetric
electronic structure of the outermost orbital of O2. The
influence of the detailed electronic structure of molecules
on the rescattering dynamics in linearly polarized laser field
reveals that different mechanisms account for the double
ionization of N2 and O2 [37]. Here, as shown in Figs. 3(c)
and 3(f), the experimentally observed difference between
N2 and O2 versus the field ratio between the two colors of

bicircular laser fields can be qualitatively reproduced by the
S-matrix simulations [38,39]. The ratio between the coun-
terrotating and corotating fields peaks around ESH=EFW ¼
1 for N2 [Fig. 3(c)]. In contrast, the ratio of O2 monoton-
ically decreases with the field ratio ESH=EFW [Fig. 3(f)]. It
should be noted that the individual channel [X2þ

2 and
ðXþ;XþÞ] cannot be distinguished in our current model;
therefore the calculated result should be compared with the
sums of X2þ

2 and ðXþ;XþÞ channels in experiment, which
are also depicted in Figs. 3(b) and 3(e) and show good
agreements with the simulation: the ratio of N2 peaks at
ESH=EFW ¼ 1 and the ratio of O2 decreases monotonically.
The difference between the two molecules can be attributed
to strong suppression of the electron recollision-assisted
NSDI of O2 with respect to that of N2. It can be explained
by different angular distributions of the first freed photo-
electron of N2 and O2 considering that N2 has a 3σg
outmost orbital while the outmost orbital of O2 is 1πg
[38,39]. See the Supplemental Material [32] for more
details of numerical simulations.
Furthermore, the O2þ

2 and ðOþ;OþÞ channels exhibit
opposite dependence on the field ratio in both helicities. For
simplicity, we consider the case of corotating two-color
laser fields where the electron recollision enhancement is
eliminated. The yield of O2þ

2 and ðOþ;OþÞ decreases and
increases, respectively, as the ratio of the field strength
ESH=EFW increases. The diversity indicates different mech-
anisms in producing O2þ

2 and ðOþ;OþÞ by releasing
electrons from different orbitals [24]. The ðOþ;OþÞ is
dominated by the sequential process accompanied with the
electron removal from the lower-lying orbitals, which
differs from the O2þ

2 where a certain amount of NSDI is
involved by releasing two electrons from the highest
occupied molecular orbital [24].
In conclusion, the comparison study of the strong-field

ionization of molecules and atoms using counterrotating
and corotating two-color laser fields enables us to

FIG. 5. Same as Fig. 2 but for various ionization channels of Xe
and O2. The solid curves are numerical fits of the experimental
data.

FIG. 6. Same as Fig. 4 but for(a),(b) ðOþ;OÞ and (c),
(d) ðOþ;Oþ) channels of O2.
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unambiguously discriminate the field-driven electron rec-
ollision dynamics. Depending on the relative helicity and
field strength between the two colors, the recollision of the
liberated electrons can be significantly enhanced for the
strong-field ionization of N2 and Ar. The recollision
dynamics in strong-field ionization of O2 is dramatically
suppressed owing to the antisymmetric profile of the
outermost orbital. Since the double ionization of Xe is
dominated by the resonant multiphoton process, the elec-
tron recollision plays a minor role in the double ionization
of Xe. Our results are more likely to inspire further
applications of the bicircular two-color fields in wide areas,
e.g., direct circular high harmonics and attosecond bursts
generation [13], THz radiation [40], and ultrashort spinning
electron pulse creation [41].
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