
Probing H2 Double Ionization with Bicircular Laser Fields

Zhenning Guo ,1,* Zhihe Zhang,2,* Yongkai Deng,1 Jiguo Wang,1 Difa Ye ,3,† Jie Liu ,2,4,‡ and Yunquan Liu 1,2,5,§

1State Key Laboratory for Mesoscopic Physics and Frontiers Science Center for Nano-optoelectronics,
School of Physics, Peking University, Beijing 100871, China

2Center for Applied Physics and Technology, HEDPS, Peking University, Beijing 100871, China
3National Key Laboratory of Computational Physics, Institute of Applied Physics and Computational Mathematics,

Beijing 100088, China
4Graduate School, China Academy of Engineering Physics, Beijing 100193, China

5Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

(Received 4 April 2023; revised 30 November 2023; accepted 14 March 2024; published 3 April 2024)

We present a kinematically complete study on strong-field double ionization of H2 molecules in two-
color bicircular laser fields. The releasing times of electrons and protons are recorded with the double-hand
attoclock. We observe the relative emission angles of two electrons oscillate with the kinetic energy release
of protons, indicating the internal concerted four-body fragmentation. Using a three-dimensional molecular
semiclassical ensemble model, we have disentangled the attosecond correlated electron emission in H2

double ionization. This work reveals the strong electron-nuclear coupling in the molecular bond breaking
and may open up a new approach to experimentally accessing the intramolecular electron and bond
dynamics with bicircular fields.
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Measuring and manipulating the internal degrees of
freedom in molecules are essential for understanding and
steering chemical reactions and biological processes. The
introduction of time-resolved pump-probe spectroscopy
offers the opportunity to follow the atomic and molecular
wave packet dynamics in the time domain and thus has
received considerable attention beginning with the pioneer-
ing work of Zewail [1]. Since then, numerous studies of
molecular fragmentation and isomerization processes that
involve vibrations, rotations, and translations have been
reported using intense femtosecond laser pulses [2–4],
among which the hydrogen molecule H2 has emerged as
a paradigm system [5,6]. For example, tracking the ultrafast
vibrational wave packets in H2 and D2 has been achieved
using near-single-cycle laser pulses [7–9]. More recently,
the attosecond community has gradually shifted the atten-
tion to much larger molecules [10–13], motivated for
instance by the harnessing of ultrafast charge migration
and electronic decoherence influenced by nuclear motion in
photosynthesis. Specifically, the steering of a molecular
nuclear wave packet associated with sub-laser-cycle
manipulation of electron dynamics is a subject of signifi-
cant interest [14–20], leading to the newly emerging field
dubbed as “attosecond chemistry” [13,21–24]. One should
note, however, that the pump-probe spectroscopy requires
two ultrashort light pulses, and the time resolution is
limited by the pulse duration.
Additionally, a fascinating approach to probe atto-

second electronic dynamics in atoms and molecules is atto-
second angular streaking (attoclock)with close-to-circularly

polarized fields, in which the ionization instant is mapped
onto the final emission angle of the photoelectron [25,26].
Because of its intuitive physical picture and convenient
experimental implementation, this technique has been
widely used to measure attosecond time-resolved dynamics
of electrons and nuclei, such as the tunneling time delay of
atomic or molecular photoemission [27–30], and the sub-
cycle nuclear dynamics for double ionization (DI) of H2

[18,19]. However, due to the upper limit of a single optical
cycle (2.6 fs at 800-nm central wavelength) for this tradi-
tional attoclock scheme, it is a major obstacle to disentan-
gling the multiperiod emission dynamics of photoelectrons
during the slower nuclear motion that takes place on the
timescale of tens of femtoseconds. Recently, the corotating
circularly polarized (CP) fields have been used to explore the
strong-field ionization of atoms and molecules [31–33]. For
a chemical reaction triggered by strong laser fields, multiple
bursts of photoelectrons are coupled with the ionic motion
among molecules and those charged particles move in very
different timescales. It is crucial to extract the nuclearmotion
and, simultaneously, electron dynamics to fully understand
the ultrafast chemical reactions.
In this Letter, we demonstrate and implement a novel

molecular double-hand clock scheme to study the ioniza-
tion bursts of photoelectrons with attosecond time reso-
lution in conjunction with tracing the relatively slow
nuclear wave packet for strong-field DI of H2. The
complete fragmentation of H2 was realized with two-color
corotating circular fields, which combines the attosecond
sensitivity inherent to attoclock (minute hand) with the high
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structural sensitivity of Coulomb explosion imaging (hour
hand) to probe the coupled motion between the electrons
and nuclear wave packets. The essential idea is that the
angular offset Δθ between two emitted electrons can be
applied to calibrate the time delay Δt between two
consecutive ionization bursts, while the molecular bond
length R at the instant of DI can be retrieved via the kinetic
energy release (KER) of two protons. Therefore, by
measuring Δθ as a function of KER, we can actually
watch the time evolution of R. With that, we have observed
the internal correlation of electrons and ions during the
dissociative DI, and can reconstruct the molecular wave
packet dynamics in the time domain.
Experimentally, we employ two-color CP laser fields to

initiate the DI of H2 molecules. We use an amplified Ti:
sapphire laser that can deliver the laser pulse at 800 nmwith
a duration of 25 fs at a repetition rate of 3 kHz. The second-
harmonic pulse at 400 nm is produced by frequency
doubling using a 250-μm-thick β-barium-borate crystal.
Then the two-color CP fields are realized from each arm in
a Mach-Zehnder interferometer scheme. The peak inten-
sities of the fundamental field and the second-harmonic
field are calibrated to be I800 ¼ 8.9 × 1013 W=cm2 and
I400 ¼ 5.6 × 1012 W=cm2 using the solution of time-de-
pendent Schrödinger equation of single ionization H2 [34].
The relative phase between the two-color fields is finely
adjusted by using a pair of fused silica wedges. The
synthesized bicircular field can be used to clock the DI
channel of H2 (H2 → Hþ þ Hþ þ e− þ e−), as shown in
Fig. 1(a). Here, the instants of the first and second released
electrons of DI are clocked with corotating circular fields,
which are mapped onto the relative emission angle between
these two electrons, constituting the minute hand of the
clock. While the hour hand of the clock is represented by
the slow motion of dissociative molecular ions, which is
reconstructed from the Coulomb explosion of Hþ and Hþ.
With that, the coupled dynamics of electrons and ions in the
dissociative ionization process are fully recorded.
The momenta of protons and electrons were measured

via the cold-target recoil-ion reaction momentum spectros-
copy [47] in coincidence. The laser pulses were focused
with a silver-coated concave mirror (f ¼ 75 mm) onto a
supersonic gas jet of H2. The supersonic gas jet was created
by expanding H2 gas into the vacuum through a 30 μm
diameter nozzle at a back pressure ∼2 bar. A homogeneous
static electric field (∼4.6 V=cm) and a magnetic field
(∼6.5 G) were employed to accelerate and guide the
ionized ions and electrons to the microchannel plate
detectors along the time-of-fight axis. Three-dimensional
photoelectron momentum distributions were retrieved from
the position and time-of-flight measurements of detectors.
The measured sum energy of two electrons with respect

to the KER of DI is shown in Fig. 1(b), and the associated
KER distribution is presented in Fig. 2(a) (the solid line).
We also measured the relative emission angle of two

electrons as a function of KER. Here, we note that the
momentum of one of the two electrons was measured by an
electron detector and the momentum of the other electron
was tomographically reconstructed [46]. Interestingly,
one can observe a clear signature of oscillation, as seen
in Fig. 2(b) (the red dots). As known, the KER of protons is
closely related to the molecular internuclear distance. This
means that the relative emission angle of two electrons
depends on the instantaneous molecular bond length. In the
following, together with the simulation results, we will
concentrate on how this correlated dynamical system serves
as a chronoscope to clock the dissociative process of H2.
An ab initio simulation of the full dynamics of strong-

field ionization followed by molecular dissociation and
Coulomb explosion is a computationally formidable task at
the present time, which is actually a twelve-dimensional
multi-timescale problem even for the simplest H2 molecule

FIG. 1. (a) Scheme of the double-hand clock using bicircular
fields for DI of H2 molecules. When subjected to a bicircular
field, the first ionization event at time t0 initiates near its
equilibrium internuclear separation. Then the Hþ

2 nuclear wave
packet propagates on the vibrational potential energy curve and is
finally projected onto the Coulombic potential of Hþ þ Hþ.
(b) The measured joint distribution of the sum energy of two
photoelectrons and KER of two protons for DI, and (c) the
simulated result.
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when involving both the electronic and nuclear degrees. We
therefore resort to a semiclassical model to understand the
physics behind the experimental observations. In our
model, one electron is first released by quantum tunneling
through the suppressed Coulomb barrier along the negative
direction of the laser electric field [48], while the other
electron is “instantaneously” promoted to the 1sσg state of
Hþ

2 with the initial internuclear distance R0 ¼ 1.4 a:u: (the
equilibrium distance of H2), by a vertical excitation
according to the Franck-Condon principle [49]. The sub-
sequent evolution of all four particles, including two
electrons denoted by i ¼ 1 and 2 and two protons denoted
by μ ¼ a and b, are then traced from the tunneling instant
to the turn-off of the laser pulse, which is governed by the
classical Newton’s equations d2ri=dt2¼−EðtÞ−∇riðVneþ
VeeþVKWCÞ, mpd2rμ=dt2¼EðtÞ−∇rμðVneþVnnþVKWCÞ,
where mp is the mass of proton, EðtÞ is the laser
electric field, Vne ¼ −

P
i;μ 1=riμ, Vee ¼ 1=r12, and

Vnn ¼ 1=rab are Coulomb interactions. The extra potential
VKWC¼

P
i;μðξ2H=16r2iμÞexpf4½1−ðriμpiμ=ξHÞ4�gþ

P
iðξ21=

16r2ab Þexpf4½1− ðriopio=ξ1 Þ4�gþðξ22=8r2ab Þ expf4½1−
ðr12p12=ξ2Þ4�g is adopted to mimic the Heisenberg uncer-
tainty principle in a classical trajectory Monte Carlo model,
as proposed by Kirschbaum, Wilets, Cohen et. al. [39,50–
52]. Here, r and p represent the relative position and
momentum between any two particles, and the index o
denotes the center of mass of two protons. The parameters
take the values of ξH ¼ 0.9428, ξ1 ¼ 0.90, and ξ2 ¼ 1.73,
which are determined by fitting the ground-state energies of
H, Hþ

2 , and H2 to their experimental values. This gives
almost identical molecular potential energy curves with
quantum-mechanical calculations [39], ensuring that some
key processes essential to the understanding of dissociative

DI, such as the spread of molecular wave packet or even the
anharmonic oscillations in between the turning points, are
correctly captured in our semiclassical simulations [34].
We exploit the semiclassical model to calculate the joint

distribution of the KER and the sum energy of two
electrons, as shown in Fig. 1(c), which agrees with the
experimental measurements in broad terms. It can be
concluded that the dynamics under investigation are mainly
classical so we can take full advantage of the classical
trajectory Monte Carlo approach to explore the underlying
physics behind the experimental observations. To make a
more quantitative comparison, we then integrate the spectra
over the electron energy and get the KER distributions. As
can be seen from Fig. 2(a), an almost quantitative agree-
ment is reached between experiment and theory: both show
the maximal distribution at KER ≈ 5 eV. Presumably, most
of the DI events take place when the molecule stretches to a
bond length R ≈ 1=KER ≈ 5.4 a:u. As a result, the real-
time observation of the electron-nucleus-coupled DI
dynamics can not be accomplished with the traditional
molecular clocks [14,18], which can only make a “molecu-
lar movie” within the first few femtoseconds and typically
with R < 3 a:u. Below we will propose a novel double-
hand molecular clock by taking advantage of the KER-
dependent oscillation of the relative emission angle
between two electrons (KOREA).
Time zero.—In our scheme, the clock starts ticking when

the first electron is released from the molecule. This occurs
most probably at the local field maximums according to the
Ammosov-Delone-Krainov theory, as seen in Fig. 3(a)
(blue curve) [34]. The first electron always tends to be
emitted into a specific direction near −20° [see Fig. 3(b)],
regardless of the KERmeasured in the final state. This most
probable emission angle is associated with the direction of
the maximal vector potential and is further affected by the
ionic potential. The deviation from 0° is due to the
Coulomb scattering, which has been intensively investi-
gated in the conventional attoclock scheme [53–55]. The
almost constant behavior of the emission angle allows us to
set it as an angular or, equivalently, time reference to clock
the subsequent ionization and dissociation processes.
The minute hand and the hour hand.—By contrast, the

emission angle of the second released electron oscillates
notably with KER [see Fig. 3(c)], in a nearly opposite trend
against the KOREA. This contains the vital information on
ionization and dissociation dynamics. With the increase of
KER, the second electrons are periodically released into a
specific direction from −180° to 180°, as indicated by the
three streaks marked by white dashed lines with decreasing
slopes. The location of these streaks is closely related to the
peaks and valleys on the KOREA (green solid line). This
reveals the underlying mechanism for the oscillation
behavior in the KOREA. In fact, the streaks imply that
the emission angle of the second electron rotates together
with the instantaneous electric field, and each streak
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FIG. 2. (a) The measured KER distribution (solid line) and the
simulated result (dashed line). (b) The measured KER-dependent
angular offset of two electrons (red dots connected with solid
line). The up and down triangles mark the peaks and valleys,
respectively, calibrating specific KER values. The solid curve
shows the corresponding simulation results; see Fig. 3 for further
theoretical analysis.
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corresponds to a single field cycle. Thus we can see that
being different from the first electron, the second electron is
ionized more uniformly over each single field cycle, not
only near the maximal electric field. In Fig. 3(a), we have
analyzed the ionization rate of the second electrons, and
there is still considerable ionization probability at the local
field minimums. Such a character allows us to take
advantage of the emission angle of the second electron
to serve as the minute hand, calibrating the finer time in a
single period.
The relatively slow proton dynamics, associated with the

KER spectrum, can serve as the hour hand of the molecular
clock. The KER distribution at different Δt (the ionization
time delay between two electrons) is shown in Fig. 4(a).
The white solid line represents the probability distribution
of Δt. The time-resolved result of KER reveals apparent
structures. Here, we can see those events withΔt ¼ 4T, 5T,
and 6T give the main contribution, and each period of Δt
links to different regions of KER clearly. Therefore, it is
feasible to establish the KER-to-time mapping relation,
serving as the hour hand.
We would like to mention that, for a multicycle single

circular field, the oscillations of KOREAwould fade away
[34]. Thus the application of a bicircular field is crucial to
break the symmetry and to set up the molecular clock.
Application of the double-hand molecular clock.—

Having explained the components of a clock, we now
revisit the experimentally observed KOREA and show how
the molecular clock can be applied to trace the long-term

evolution of the molecular wave packet along the potential
energy curve. According to the above theoretical time-
resolved KER analysis [contour plot in Fig. 4(a)], we can
estimate that the location of the three peaks (up triangles) in
Fig. 2(b) calibrate half-integral periods of Δt and the three
valleys (down triangles) calibrate integral periods ofΔt. The
KER is naturally associated with two-body Coulomb explo-
sion, which can be used to track the protonmotion in Hþ

2 . We
plot the retrieved internuclear distance with respect to the
time delay of two electrons in Fig. 4(b) (triangles). Using
semiclassical simulation, we also analyze the internuclear
distance evolution for the dissociative single ionization and
DI (colored lines). One can see that, in the two-color
bicircular field, the molecule is promoted to the 1sσg state
right after the emission of the first electron at the time zero
(i.e.,Δt ¼ 0 fs,R ¼ 1.4 a:u:), coupledwith the 2pσu state at
Δt ≈ 7 fs (R ≈ 3.5 a:u:), and then starts to dissociate accom-
panying with the emission of the second electron at Δt ≈
13 fs (R ≈ 5 a:u:). In the above process, the emission of the
second electron probes the motion of cores at different time
delays. The divergence between the triangles and the green
line (Hþ þ Hþ channel) is due to the inaccuracy of RðΔtÞ ¼
1=KERðΔtÞ, in which the zero initial velocity of proton at
dissociationmomentwas assumed [56]. The underestimation
of core initial velocity leads to lower internuclear distanceR.
In general, our reconstruction of the molecular dynamics
proves that the most probable dissociation internuclear
distance is around 5 a.u. [as evidenced by Figs. 4(a) and
4(b)], which can be regarded as direct evidence of the charge-
resonance-enhanced ionization [57–60].
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FIG. 3. Theoretical analysis of the KOREA by tracing the two
electrons individually, which is possible only in simulations since
the two electrons are identical in experiment. (a) Ionization bursts
of two electrons (solid lines) in the DI channel. The dashed line
indicates the instantaneous electric field strength. (b) and (c) are
the emission angles of two electrons versus KER. The three
dashed white lines mark the streaks corresponding to ionization
time delays Δt ¼ 4T, 5T, and 6T, respectively. The orange line in
(b) and green line in (c) represent the averaged value of emission
angle at different KERs.
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FIG. 4. (a) The contour plot shows the simulated KER distri-
butions at different time delaysΔt, which provides a KER-to-time
mapping relationship for retrieving the temporal information
related to the peaks and valleys in the KOREA. In this way, the
horizontal and vertical coordinates of the triangles are determined:
while the KER values are extracted from the experimentally
observed KOREA, the corresponding values of Δt are inferred
from the contour plot. The white solid curve represents the
distribution of Δt. (b) The evolution of averaged R for different
ionization and dissociation channels (colored lines). The triangles
are retrieved using the relation RðΔtÞ ¼ 1=KERðΔtÞ.
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In conclusion, we have explored the strong-field double
ionization of H2 molecules with corotating two-color
circular fields. The correlated dynamics of two-electron
and two-proton among the molecules have been decoupled
with the novel clocking geometry. The emission angle of
electrons denotes the specific dissociative moment in a
laser cycle, serving as the minute hand in the molecular
clock. Meanwhile, the KER-resolved motion of protons
makes it possible to demarcate between different cycles,
serving as the hour hand. The oscillation of the relative
emission angle between two electrons with respect to KER
clearly indicates the internal coupling in the dissociation
process. The bicircular laser fields can be readily ex-
tended to clock the fragmentation of other diatomic
and polyatomic molecules with many-particle coincidence
measurement.
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