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Probing tunneling dynamics of dissociative H, molecules using two-color bicircularly polarized fields
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Probing and manipulating the electronic motion in the ultrafast laser molecular interaction provides the path-
ways for quantum imaging and controlling chemical reactions. Recently, the emerging application of attosecond
metrology of ultrafast electron dynamics has accessed the time scale of the most fundamental processes in
molecular chemical reactions. Here, we probe the tunneling dynamics of internuclear-dependent dissociative
reaction of H, with angular streaking using two-color bicircularly polarized femtosecond laser pulses. By
measuring high-resolution photoelectron spectroscopy, we disentangle the orientation and internuclear-distance
dependent effect of the long-range Coulomb potential and the initial phase on molecular-frame photoelectron
momentum distributions, and stereo extract the phase gradient of the tunneling electron wave packets and Wigner
time delay during the dissociative ionization using two-color bicircular fields. The work has an insight into the
clocking of ultrafast spatiotemporal photoelectron dynamics and the quantum control of molecular chemical
processes via sculptured circular fields, which can be applied to polyatomic molecules.
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Imaging and controlling the dynamics of intramolecular
electrons and their couplings to nuclear motions in molecu-
lar reactions are the main subjects in photoinduced ultrafast
chemical and biological processes [1-5]. In the past few
decades, the development of femtosecond laser technology
has significantly facilitated the studies of intramolecular
processes, chemical bond breaking and bond formation,
and the interaction of photoactivated molecules with their
environment [6—8]. This motivation lies at the heart of fem-
tochemistry [9], a well-established scientific discipline used
in most areas of chemical sciences. Recently, the techniques
of attosecond light sources operating in the x-ray ultraviolet
and x-ray spectral region open the way to directly monitor
the electron motion inside molecules [10,11]. Since ultrafast
electron dynamics provides the direct access to the “real-time”
motion of chemical reactions on the attosecond scale, control-
ling this electronic motion in the chemical process has been
the new paradigm in the emerging field of “attochemistry”
[12-14].

The alternative technique to investigate ultrafast electron
dynamics of molecular dissociation is attosecond angular
streaking (attoclock) with circular femtosecond laser fields
[15-20], in which the photoelectron can be streaked into
different directions depending on the ionization instant in
the molecular frame. Using the attoclock with single-color
elliptically polarized pulses, the timing of tunneling ioniza-
tion for H, molecules is shown to be ~10 as in Ref. [18].
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Alternatively, some recent experimental studies of molecular
tunneling ionization show that the molecular orientation will
significantly modify the release time of the photoelectron
[19,20]. The initial phase structure of the tunneling wave
packet in molecules is also shown to have a significant ef-
fect on photoelectron momentum distributions [21-24]. The
essential element of these phenomena is all about molecular
strong-field tunneling processes.

Recently, the geometry of two-color corotating circularly
polarized fields has been used as the novel attoclock scheme
for atoms [25-28]. Transferring this technique from atoms
to molecules would provide an intriguing approach to study
the ultrafast laser molecular reaction. In this Letter, we in-
vestigate the internuclear-distance and orientation-dependent
molecular-frame photoelectron angular distribution and probe
tunneling dynamics during the photodissociative reaction
(H, — H* + H° 4 ¢) using the attoclock of bicircular laser
fields. The two-color bicircular fields favor the internuclear-
distance dependent and time-dependent electron dynamics
measurements for dissociative molecules because of the
mixed-photon above-threshold dissociation. We have ex-
tracted the role of anisotropic long-range Coulomb potential
on the electronic wave packet from the measured orientation-
dependent photoelectron angular distributions. Then we
obtain the initial phase structure of the tunnel-ionized elec-
tronic wave packet with respect to the internuclear distance
and orientation. We show that the initial phase structure is
associated with the Wigner time delay, which carries the
electron-migration information from the bound state to the
ionization continuum state in the molecular frame.
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FIG. 1. The attoclock scheme using bicircular fields for the dissociative reaction of H, molecules. (a) The combined potential created by
the Coulomb field of the H, molecule and the laser field. The bound electron escapes the potential through tunneling. (b) The experimental
geometry. The fragmentation of H, molecules by two-color corotating bicircular fields is measured by the COLTRIMS spectrometer.

In Fig. 1, we show the conceptual overview of experiments.
Under the condition of the strong laser field, the Coulomb
potential of H, molecules is bent and the bound electron wave
packet is ionized through tunneling and appears as a classical
particle at the tunnel exit, as shown in Fig. 1(a). The electron
wave packets releasing from different molecular orientations
have different amplitude and initial phase structures. And
the stretching of internuclear distance during the dissociative
ionization of H, molecules leads to the modification of the
features of the electronic wave packet. We aim to extract the
internuclear-distance dependent initial phase structure in the
molecular frame and reconstruct the orientation- and time-
resolved electronic dynamics during photodissociation of H,
molecules.

Experimentally, we employ two-color circularly polarized
laser fields to initiate the molecular dissociation. The funda-
mental field pulse at 800 nm was delivered from an amplified
Ti:sapphire laser (0.8 mJ, 25 fs, 3 kHz). The second-harmonic
pulse at 400 nm by frequency was produced by frequency
doubling with a 250-um-thick g-barium borate crystal. Then
the two-color circularly polarized fields were generated from
each arm in a Mach-Zehnder interferometer scheme. The peak
intensities of the fundamental field and the second harmonic
were calibrated to be Igoy = 8.92x10'3 W/cm? and Iy =
2.23x 10" W/cm?. The phase between the two-color fields
was finely adjusted by using a pair of fused silica wedges.
The synthesized bicircular field can be used to clock the
dissociative ionization channels of Hy(H, — Ht + H® 4+ ¢),
as shown in Fig. 1(b). Within the axis recoil approximation,
the instantaneous molecular orientation is mostly along the
ionic direction at the instance of bond breaking [19]. We
then constructed the molecular-frame photoelectron momen-
tum distributions.

The light was then focused by a silver-coated concave
mirror (f = 75 mm) onto a supersonic gas jet of H, inside
an ultrahigh vacuum chamber of cold-target recoil-ion reac-
tion momentum spectroscopy (COLTRIMS) [Fig. 1(b)] [29].
The supersonic gas jet was created by expanding hydrogen
gas at a pressure of 2 bar through a 30-um diameter noz-
zle into the vacuum. A homogeneous static electric field

(~4.6 V/cm) and 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-flight (TOF)
axis. Three-dimensional photoelectron momentum distribu-
tions were retrieved from position and TOF measurements.
For the dissociative ionization of H,, we detected the mo-
mentum of photoelectrons ¢~ and H* ions coincidently. The
kinetic energy of the neutral H® atom (not detectable in the
present experiment) was deduced from the momentum conser-
vation of the ejected fragments from the breaking molecule.
The measured electron-nuclear joint energy spectrum of
the photoelectron E, with respect to the nuclear Ey kinetic
energies is shown in Fig. 2(a), where Ey is the total kinetic
energy of the ejected proton H' and the neutral fragment
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FIG. 2. Measured joint photoelectron-nuclear energy spectrum
and two-dimensional photoelectron momentum distributions. (a)
The joint photoelectron-nuclear energy spectrum of above-threshold
multiphoton dissociative ionization. The nuclear energy spectrum in-
tegrated over the electron energy spectrum is shown in the left panel.
(b)-(d) Measured photoelectron angular distributions correlated to
the 1w channel (b), net-2w channel (c), and net-3w channel (d).
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FIG. 3. (a) The measured correlated electron emission angle with
the H" ion emission angle. (b) The simulated result using the TDSE
for the net-2w channel. (c), (d) The simulated correlated electron
emission angle with HT ion emission angle for the net-2w and net-3w
channels using the MO-QTMC model.

H°. We illustrate the potential energy curves and dissociation
channels of H,™ in the two-color bicircular laser fields in
Fig. S1 [30]. One can observe that there are three favored
dissociative reaction channels for H,™, i.e., the one-photon
(net-1w) channel (it propagates along the 1so, state with the
one-800 nm-photon transition to the 2po, state, then dissociat-
ing along the 2 po,, state), the net-two-photon (net-2w) channel
(it propagates along the 1so, state with one-400 nm-photon
transition to the 2po, state, dissociating along the 2po,, state),
and the net-three-photon (net-3w) channel (it first propagates
along the lso, state with the three-800nm-photon transition
to the 2po, state, then dissociating along the 2po, state). For
the net-2w channel, the ionization-created H,™ dissociates
at R = 3.7 a.u. (atomic unit) and the nuclear kinetic energy
release Ey peaks around 1.2 eV. The net-1w (bond softening)
channel occurs at R = 4.8 a.u., resulting in a lower Ey. And
for the net-3w channel, the internuclear distance R is 2.6 a.u.,
with a higher Ey at 2.3 eV. In Figs. 2(b)-2(d), we show
the measured photoelectron momentum distributions in the
polarization plane (laboratory frame), which are measured
coincidently with the net-1w, net-2w, and net-3w dissociative
channels, respectively. These distributions generally reveal the
feature of the crescent-shaped lobe because the electric field of
two-color bicircular fields maximizes only once per §00-nm
laser cycle [26,31].

Since there are three involved internuclear-distance re-
action channels, we then analyze the internuclear-distance
dependent molecular-frame photoelectron emission dynam-
ics. The measured correlation of the electron emission angle
(@) and the H' ion emission angle (8io,) for the net-2w
channel is shown in Fig. 3(a). It is normalized with the maxi-
mum yields of photoelectron angular distribution at each H*

emission angle. The experimental results, corresponding to
the net-1w and net-3w channels, are shown in Figs. S2(a) and
S2(d) [30].The 6. varies as a function of 6;,, and the overall
distributions are divided into two tilted strips at 6;,, = 0. Note
that, the 6;,, can be assumed to be the bond direction at the
instant of dissociation [15]. Thus, this spectrum reveals the
orientation-dependent photoelectron angular distribution.

To analyze the physical origin of orientation-dependent
photoelectron angular distribution, we have performed the
simulation with the molecular quantum-trajectory Monte
Carlo (MO-QTMC) for H, molecules [32-34]. In the
MO-QTMC model, we analytically obtain the internuclear-
dependent amplitude and initial phase structure of the
tunnel-ionized electron wave packet of H,; molecules
at the tunnel exit. When the electron wave packet is released
at the instantaneous laser field pointing to B, the initial phase
¢mi and amplitude Mgy, of the ionized electron wave packet
can be written as

iR sin(Bion — R cos(Bion —
tan iy = — tan | 2 sin(ion = B) | | ROSEion — )
2 2
x /20, + pf:|,
Mstru02 — { cos [piR Sin(zion - ;3):| cosh |:RCOS(9120n - ﬂ)

2
x,/21p+p%“

N { sin [piR Sin(gion - B )} sinh [RCOS(Gizon -B)

2
. ,/21,,—|—p,2:|} . (1)

Here R and I, are the internuclear distance and ioniza-
tion potential, respectively. 6;,, — B is the ion emission angle
Oion With respect to the instantaneous laser field direction S.
The initial transverse momentum p; is perpendicular to the
instantaneous laser field direction. My;,.2 is the orientation-
dependent ionization probability, which mimics the shape of
the H, molecular orbital and maximizes along the molecular
axis. Hence, the tunneling probability is given by W (¢, p;) =
M2, Wo(t, pi), where

Wo(t, pi) =

21, <2(21p)3/2>2/~/’7
IF®12(21, + p2) \ |F(@)]

2021,)%%  J2I,p?
xexp(—( p) _ Pl).

3IF @) |F @)l

Here, F(t) is the instantaneous laser field when the
electron is released. After tunneling, the electron’s evolution
is governed by the Newtonian equations of motion, 7 =
—(r —R/2)/Q2Ir — R/2)—(r + R/2)/QIr + R/21)—F ).
The phase of each quantum trajectory is given by iy + S,
where ¢, is the initial phase given by Eq. (1) and
S is the classical action after tunneling, given by S =
— [ P2 /2=1/Q2lr — R/2]) = 1/Q2Ir + R/2]) + ).
Here p(¢) is the electron momentum during the propagation.
In the MO-QTMC, the effect of the orientation-dependent

2
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FIG. 4. (a), (b) The most probable electron emission angle 6.
extracted from the experiment, TDSE and MO-QTMC model for the
net-2w (a) and the net-3w (b) channels, respectively. (c), (d) The most
probable electron emission angle simulated using the MO-QTMC
model for the net-2w (c) and net-3w (d) channels with and without
the long-range Coulomb potential, respectively. The black solid and
dashed curves depict the results of MO-QTMC with and without
the Coulomb interaction after tunneling, respectively. The red curves
indicate the deflect angle because of the initial phase.

ionization probability, the long-range Coulomb potential,
the internuclear distance, and the initial phase structure
have been included to calculate the photoelectron angular
emission distribution in the molecular frame. Figues. 3(c)
and 3(d) show the simulations corresponding to the net-2w
channel (R = 3.7 a.u.) and the net-3w channel (R = 2.6 a.u.),
respectively. And the result for the net-low (R = 4.8 a.u. ) is
shown in Fig. S2(c). For the larger internuclear distance, it has
a larger electron deflected angle. This indicates the electronic
wave packet motion during the dissociative reaction of Hj
molecules.

We have solved the time-dependent Schrodinger equa-
tion (TDSE) for strong-field ionization of Hy™ [30] as the
benchmark, as shown in Fig. 3(b). For the net-lw and net-
3w channels, the simulated results of TDSE solutions are
shown in Fig. S2 [30]. In Figs. 4(a) and 4(b), we show the
most probable electron emission angle as a function of 6y,
extracted from the experimental and calculated results using
TDSE and MO-QTMC for the net-2w and net-3w channels.
The result for the net-1w channel is shown in Fig. S3(a) [30].
The calculated results using both the ab initio theory and the
MO-QTMC model agree well with the measurements. For
the larger internuclear distance, the electron deflected angle
is larger.

As seen in the MO-QTMC model, the calculated pho-
toelectron angular distributions include the effect of the
orientation-dependent ionization probability, the long-range
Coulomb potential, the internuclear distance and the initial
phase structure. The emission angle of photoelectrons de-
pends on the molecular orientation mainly from those three
factors. In Figs. 4(c) and 4(d), we compare the most prob-

able electron emission angle with respect to the molecular
orientation using MO-QTMC with or without the long-range
Coulomb interaction (the black solid and dashed curves) for
the net-2w and net-3w channels, respectively. Results corre-
sponding to the net-1w channel are given in Fig. S3(b) [30].
Subtracting the deflected angle with and without the long-
range Coulomb potential, as seen in Fig. S4 [30], we can
find that the molecular Coulomb interaction after tunneling
introduces an anisotropic angular offset A6, for the electron
emission angle with respect to the molecular orientation. The
long-range Coulomb potential will induce a larger deflected
angle when the molecular orientation is parallel with the max-
imum field direction.

Besides that, the electron deflected angle with respect
to the molecular orientation in the bicircular field is the
natural consequence of the orientation-dependent ionization
probability. The ionization probability is a product of the
orientation-dependent probability M2 . [Eq. (1)] and the
exponential ionization probability Wy [Eq. (2)] for the H;
molecule. When the molecular orientation changes, the ion-
ization probability differs due to the effect of M2 .. As a
result, the release time of the photoelectron will be altered,
which yields a relative change of the photoelectron angular
distribution. Because the final electron emission angle (6ee)
is mainly determined by the vector potential at the instant of
tunneling (i.e., the release time), the photoelectron release-
time modification because of molecular orientation can be
directly obtained from the deflected angle 6. The observed
variations of the most-probable photoelectron emission angle
O are ~55°, ~47° and ~38° for the net-1lw, net-2w, and
net-3w channels for the 0° orientation. We then can calculate
the corresponding time shift ~440 attoseconds (as), ~376
as and ~304 as with respect to the maximum of bicircu-
lar fields for those three dissociative channels, respectively.
The internuclear distance and molecular orientation have very
crucial effects on the release time of the photoelectron and
will modify the electron deflected angle with respect to the
molecular orientation.

The initial phase ¢i,; of the tunneling wave packet de-
pends on the internuclear distance R and the initial transverse
momentum p;, which will also have a certain effect on the
electron deflected angle. In Figs. 4(c) and 4(d), we show
the deflected angle §0¢. because of the initial phase for the
net-2w and net-3w channels, respectively. The results for the
net-lw channel are illustrated in Fig. S3(b) [30]. The oscilla-
tion amplitude of the deflected angle 66, gradually increases
with the increasing internuclear distance, which means it
will be deflected to a larger angle at a larger internuclear
distance.

In Figs. 5(a) and 5(b), we show the calculated initial phase
¢mi with respect to p; for different molecular orientation
angles, corresponding to the net-2w and net-3w channels, re-
spectively. Results for the net-1w are shown in Fig. S5(a). We
can see that the initial phase ¢;,; almost depends linearly on p;
and the slopes vary at different orientation angles. The slope
gradually increases with the growing internuclear distance at
the same orientation angle. To visual the linear relation, we
show the initial phase gradient ¢/ . = d¢ini/dp; (i.e., the slope
of the initial phase with respect to the initial momentum) as
a function of the molecular orientation 6;,, in Figs. 5(c) and
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FIG. 5. (a), (b) The initial phase ¢;;; with respect to the initial
transverse momentum p; for the net-2w (a) and net-3w (b) channels.
(), (d) The initial phase gradient ¢/ ; and the Wigner time delay AT,
in the molecular frame for the net-2w (c) and net-3w (d) channels.

5(d). And the result for the net-1w is shown in Fig. S5(b) [30].
One can see the ¢/ ; also oscillates with the orientation angle
for different dissociative channels.

As known, the temporal response to the phase shift is de-
fined as the Wigner time delay t,, [35], which is given by the
derivative of the initial phase of the electron wave packet with

respect to the energy, i.e., ATy, = hd¢ini/dE = him.P.;/p
[24]. Here, m, = 1 a.u. is the electron’s mass, the reduced
Planck constant 7 = 1 a.u., and p is the final momentum of
photoelectrons. Thus, the molecular-frame Wigner time delay
ATy, (the red curve) is closely related with the initial phase
gradient ¢! .. We show the molecular-frame Wigner delay
with respect to the orientation angle in Figs. 5(c) and 5(d) on
the right vertical scale for the net-2w and net-3w channels,
respectively. The molecular-frame Wigner time delay for the
net-1w channel is shown in Fig. S5(b) [30]. The differences of
the Wigner time At,, in the molecular frame are +68 as, £48
as and £26 as for the net-1w, net-2w and net-3w channels, re-
spectively. The Wigner time delay difference in the molecular
frame originates from the initial phase, encoding the electron
tunneling dynamics of the dissociative ionization at different
internuclear distances.

In summary, we have introduced two-color bicircular fields
to probe the tunneling dynamics of dissociative ionization of
H,. Measuring the internuclear-distance photoelectron mo-
mentum spectroscopy in the molecular frame, we have tracked
the ultrafast electron dynamics of photodissociation of ori-
ented molecules and disentangled the molecular-frame initial
phase structure of the tunneling electronic wave packet at dif-
ferent nuclear distances. Specifically, we have reconstructed
the internuclear-distance dependent molecular-frame Wigner
time delay. The experimental advances may pave the road
towards probing ultrafast electron dynamics of polyatomic
molecules using sculptured circular fields.
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