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In strong-field ionization of molecules, intense light pulses are thought to have a negligible direct influence on
atomic nuclei. Molecular dissociation is thus expected to be determined by the geometrical configuration of the
molecular ion at the ionization instant. Contrary to this picture, we observe a counterintuitive electron-proton
angular correlation and the formation of proton vortices following strong-field ionization of H, molecules
by bicircularly polarized two-color laser fields. We explain this phenomenon by the pathway interference
and localization of the residual H," electron in different angular-momentum states formed in the tail of the
driving laser pulse. We validate this interpretation by combining a quantum-mechanical numerical simulation
of the field-driven coupled electronic-nuclear dynamics and a semiclassical-trajectory model for the phase
accumulation of the laser-driven electronic-nuclear wave packet. Our joint experimental and theoretical study
reveals a general picture of vortex electron localization which can be used for controlling molecular-bond

breaking with circularly polarized laser fields.
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I. INTRODUCTION

Control of molecular bond breaking with light fields is a
long-term goal in modern molecular science [1-3]. Although
laser pulses with tailored waveforms can be used to control
the photoelectron emission direction from molecules [4,5], the
direct interaction between light fields and molecular nuclei
is rather limited for femtosecond pulses, mainly due to the
heavy nuclear mass and the limited force imposed by the
light fields. Prototypical strong-field dissociative ionization
of hydrogen molecules, H, + nw — ¢~ + Hot — e= + H+
H*(a proton), has attracted much attention over the past three
decades [6—19]. There, the dominant photoelectron emission
approximately follows the laser vector-potential direction at
the instant when the electric field is maximal, while the pro-
tons are primarily emitted along the molecular axis. It has
been shown that phase-stable few-cycle [11-13] or two-color
[14,20,21] laser pulses can control on which side along the
molecular axis the proton is emitted, resulting from the co-
herent superposition of gerade and ungerade H,™ electronic
states (for recent reviews, see Refs. [22,23]). The control of
proton emission in two dimensions in the laboratory frame has
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been demonstrated convincingly in Refs. [24,25]. The syn-
thesized electric field prefers to ionize the molecules aligned
along its maximum electric-field direction and the direction
is sensitive to the two-color phase. As a result, the proton
emission direction appears to be steered by the two-color field.
However, the time-resolved two-dimensional nucleus motion
with coincidence photoelectron motion has not been thor-
oughly examined. The electrons and the nucleus are strongly
coupled in the dissociative process.

In this article, we find that the proton emission in strong-
field dissociative ionization of H, molecules does not have to
be along the molecular axis. Using bicircularly polarized two-
color laser fields, we observe a spiral distribution of the proton
emission asymmetry in the polarization plane and a counter-
intuitive electron-proton angular correlation. These surprising
observations can be explained by the two-dimensional lo-
calization and interference of coupled electron-nuclear wave
packets with nonzero magnetic quantum numbers that form
so-called vortex states or vortices. The interference of these
vortices can map the relative time delay of the nuclear mo-
tion between different pathways to the slope of the spiral
fringes with respect to energy. Most of our experimental
findings are reproduced by both a quantum simulation in-
cluding both electronic and nuclear degrees of freedom and a
semiclassical-trajectory model for the electron-nuclear wave-
packet propagation.

II. EXPERIMENTAL RESULTS

Experimentally, the fundamental-field laser pulses were
delivered by a multipass Ti:sapphire amplifier with a central
wavelength of 800 nm, a repetition rate of 3 kHz, and a pulse

Published by the American Physical Society
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FIG. 1. Measured electron and proton coincident momentum distributions in strong-field dissociative ionization of H,. Panels (a)—(c) show
the phase-averaged photoelectron and proton coincident momentum distributions from two-color corotating laser fields where the ellipticity
of the strong fundamental field is 0.6, 0.8, and 1.0, respectively. Red curves on top of these panels indicate the polarization of the 800-nm
electric-field pulse and the molecule aligned along the major axis of the polarization ellipse is highlighted, which will be preferentially
ionized. The ellipticity of the weak second harmonic field is fixed at 1 (circular polarization). (d), (e) Photoelectron (g), (h) and proton
coincident momentum distributions at (d), (g) ¢rp = 0 and (e), (h) ¢rp = 7. Both fields are circularly polarized. Insets on the top of panels
(d) and (e) sketch the synthesized electric fields. Arrows mark instants when the electric-field maximum is reached. Panels (f) and (i) show the
difference of photoelectron and proton momentum distributions between these two phases.

duration of 25 fs (full width at half maximum in intensity).
The 400-nm central wavelength second-harmonic pulses were
produced by frequency doubling using a 200-um-thick type-I
B-barium borate (BBO) crystal (29.2° cut). The two light
beams were synchronized in a Mach-Zehnder interferometer
with 5-as precision for their relative phase ¢rp [26]. Their po-
larizations and intensities were controlled independently by a
combination of wire-grid polarizer and half- and quarter-wave
retardation plates. The peak intensities of the fundamental
and second-harmonic fields were calibrated to be 1.6 x 104
and 1.0 x 10'> W/cm?, respectively. The polarization of the
strong fundamental field was adjusted from elliptical to circu-
lar and the major axis was fixed along the x axis. The weak
second-harmonic field was adjusted with corotating circular
polarization in the same polarization plane (x-z plane). Both
light beams were focused by a silver-coated concave mirror
with f =75 mm focal length onto a supersonic gas jet of
randomly oriented H, molecules (backing pressure, ~1 bar),
which was delivered into the high-vacuum interaction cham-
ber (<107'° mbar) along the x direction by a 30-um nozzle.
We used a cold target recoil ion momentum spectroscopy
reaction microscope setup [27,28] to detect electrons and pro-
tons in coincidence. Here only the events with one electron
in coincidence with one proton are presented. Static electric
(3.2 V/cm) and magnetic (5.4 G) fields were applied along
the z axis. The particle momenta were integrated along the
light propagation direction (y axis). The y axis is also the
quantization axis of the vortex states.

Figures 1(a)-1(c) show our measured coincident photo-
electron and proton momentum distributions in the polariza-
tion plane at fundamental-field ellipticities of 0.6, 0.8, and
1.0, respectively. The data are averaged over the relative phase
¢rp between the two colors. In the elliptically polarized laser
fields, molecules aligned along the major axis (i.e., the x
axis) of the polarization ellipse will be preferentially ionized,

causing the photoelectron to be emitted along the direction of
the corresponding vector potential (i.e., along the z axis) [29].
During the subsequent dissociation, rotation of the molecular
ion can be neglected, such that protons are emitted along the
maximum-electric-field direction (i.e., the x axis). The photo-
electron momentum distributions in Figs. 1(a) and 1(b) show a
dipolar structure that is tilted by the so-called attoclock offset
angle [30-34]. The proton momentum distribution displays
several discrete peaks corresponding to dissociation pathways
accessed by absorption of different numbers of photons. Our
experimental results in Figs. 1(a) and 1(b) demonstrate that
the dominant electron and proton emission directions are ap-
proximately perpendicular to each other (with an attoclock
offset angle). This validates that elliptically polarized fields
barely spin molecular nuclei during dissociation.

For circular polarization there is no preferred ionization di-
rection and phase-averaged momentum distributions for both
photoelectrons and protons exhibit an isotropic, donutlike
shape as shown in Fig. 1(c). Nevertheless, electron-proton
angular correlation still can manifest itself at a specific rel-
ative phase ¢rp that breaks the symmetry of the synthesized
light field. Figures 1(d), 1(e), 1(g), and 1(h) show measured
coincident photoelectron and proton momentum distributions
at ¢rp = 0 and ¢rp = 7. The measured photoelectron dis-
tributions are single-lobed and governed by the shape of the
synthesized vector potential, which is perpendicular to the
synthesized electric field. When changing ¢rp, the synthe-
sized vector potential will rotate in the polarization plane
and thus streak the photoelectron-emission angle. To highlight
the angular anisotropy, we also display their difference as
“asymmetry” graphs in Figs. 1(f) and 1(i).

Interestingly, low-energy protons (corresponding to the 1w
dissociation channel) are predominantly emitted in the direc-
tion nearly opposite to the electrons. This indicates that the
general physical picture, where a proton is emitted along the
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FIG. 2. (a), (b) Measured energy distribution of the coincident
(a) photoelectrons and (b) protons as a function of the relative phase
between the two-color fields. The electron and the proton emission
angles are both confined in the same angular range, ¢, = ¢; =0+
10° in the laboratory frame.

electric field direction and a photoelectron follows its vector-
potential [as observed in Figs. 1(a) and 1(b)], is no longer
valid. The synthesized electric field still prefers to ionize
molecules oriented along the x axis, but the nuclei acquire an
additional rotation of 90° from the light field, which cannot
be explained within classical pictures. Moreover, we observe
a spiral pattern for the high-energy protons above the 1-w
channel in Fig. 1(i), suggesting that the relative emission angle
between the electron and proton changes as a function of the
proton energy.

When scanning the relative phase between the two colors,
the shape of the synthesized field does not change, but the
synthesized field overall rotates in space. In Fig. 2, we show
the measured coincident electron and proton energy spectra as
a function of the two-color relative phase. The electron and the
proton emission angles are both confined to the same angular
range. A slight tilt of the vertical stripes in the photoelectron
distribution show that the photoelectron emission angle has a
weak energy dependence. For protons with energies of less
than 0.4 eV, i.e., for the 1w dissociation channel, the emission
angle is out of phase with the electron, indicating back-to-
back emission. For protons with energy above 0.4 eV, the
oscillation of the center energy position of the proton band
corresponds to the spiral pattern shown in Fig. 1(i).

Spiral patterns are usually formed by the interference of
electron wave packets in vortex states with different magnetic
quantum numbers [35-39]. They have been observed in pho-
toelectron spectra resulting from multiphoton ionization of
atoms by counter-rotating circularly polarized fields [38,39]
and predicted for ions emitted in molecular photodissocia-
tion [40,41]. Here, we observe the spiral pattern for protons
resulting from the dissociative ionization of Hy™ in bicircu-
larly polarized two-color fields. Figures 3(a) and 3(c) show
the ¢rp-averaged proton energy spectrum and the schematic
diagram of the involved pathways, respectively. We observe a
series of peaks in the proton energy spectrum, corresponding
to lo, 2w, and 3w dissociation channels and charge-
resonance enhanced ionization (CREI) (see Refs. [10,14]
for details of channel identification). In Fig. 3(b), we il-
lustrate the ¢rp-resolved proton asymmetry degree which
is defined by [Y(¢; = 0°, E;) — Y (¢; = 180°, E)]/[Y (¢p; =
0°, E;)) + Y(¢; = 180°, E;)], where Y (¢;, E;) is the proton
yield with the energy E; and the emission angle ¢;. By scan-
ning ¢rp, the proton emission angle is streaked. Furthermore,
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FIG. 3. Experimental control of proton emission asymmetry in
laboratory and molecular frames in bicircularly polarized two-color
fields. (a) Proton energy spectrum averaged over the relative two-
color phase ¢gp. (b) Lab-frame proton emission asymmetry as a
function of the proton energy and ¢rp, where the proton emission an-
gle is confined in two angular ranges, 0 &= 15° and 180 £ 15°, in the
laboratory frame. (c) Schematic diagram of the relevant dissociation
pathways in the fundamental-wave (FW) only and the second-
harmonic (SH) involved cases. The gray curves are the ground the
first excited ionic states of H, ™. (d) Molecular-frame proton emission
asymmetry, averaged over ¢gp, as a function of proton energy and
molecular-frame electron emission angle. The length of the arrow
corresponds to the photon energy and its color is used to assign its
pathway.

we observe that the asymmetry distribution has a 7 phase
shift between the rising and falling edges of any two adjacent
channels. This phenomenon tends to validate the photon-
phase-representation theory [42]. Within this approach, any
two-color quantum phenomena can be explained by the inter-
ference of the pathways involving different numbers of pho-
tons in regions where these pathways overlap in energy. Since
the adjacent pathways have alternating opposite parities, their
interference gives rise to asymmetry with a changing sign.
The asymmetric proton distribution can also be revealed
in the molecular frame using the photoelectron emission
angle ¢, to tag the ionization instant by angular streaking
[43,44]. Correspondingly, the ionization instant (or phase)
in the molecular frame is defined by the electron and pro-
ton emission angle difference, ¢mo = ¢, — ¢;. Figure 3(d)
shows our measured proton asymmetry distribution in the
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molecular frame as a function of ¢, and E;, [Y (Pmor, Ei) —
Y(¢mol +m, Ei)]/[Y((bmolv Ei) + Y(¢mol +m, Ei)]5 where the
two-color phase ¢rp is averaged. The similarity of Figs. 3(b)
and 3(d) confirms that the proton emission asymmetry can be
controlled by ¢grp in the laboratory frame and visualized by
¢mor 1n the molecular frame, supporting the conclusion of a
previous study [44] with few-cycle pulses. The interference
contrast in the asymmetry distribution for the lw channel
(E; ~ 0.2 eV) in Fig. 3(d) peaks around ¢, = 180°. This
is consistent with the results in Figs. 1(d)-1(i), showing that
low-energy protons are predominantly emitted in the direction
opposite to the coincident electrons. The slanted fringes in
the polar coordinate representation correspond to the spiral
pattern in the momentum distribution shown in the Cartesian
coordinates [Fig. 1(1)].

The ionization step is affected by the preferential ionization
effect, which gives us the experimental “knob” to control it
by changing the shape of the electric field via the two-color
phase. This has been well studied in previous publications
[24,25]. In the second step, i.e., dissociation, the pathway
interference imposes new structures or modulations on top of
the result from the ionization step. In this article, our idea is
to show the effect of the second step can even dramatically
change the result from the first step, leading to a counterintu-
itive phenomenon.

The preferential ionization induced by a noncircular vector
shape can explain previous findings that the proton emission
direction is sensitive to the two-color relative phase. However,
it does not account for the vortexlike feature in the relative
emission angle between the proton and the proton. To explain
this, pathway interference with different vortex states must be
considered.

III. THEORETICAL MODELS

A. Classical and quantum-mechanical interpretations
of molecular-frame emission angles

The molecular-frame emission angle, @me = ¢ — ¢,
which is directly related to the molecular-frame ionization
instant, is defined as the angular difference between the di-
rection of electron and proton emission. It plays an important
role in the proton emission asymmetry. Here we interpret it
both classically, based on angular streaking, and quantum-
mechanically, based on vortex interference.

From the classical perspective, the electron emission angle
is defined by the birth time of the nuclear wave packet in Hp ™,
ie., tg = (¢ + /2 4+ 2k )/w, where k € Z and 7 /2 comes
from the angle between the electric field and the vector poten-
tial. Here the constant attoclock offset angle is ignored. With
the assumption that the molecular axis does not rotate during
the dissociation, for a given molecular orientation ¢; the laser
electric field projection along this molecular axis has the form
of E ~ cos(wt — ¢;) = cos[w(t — ty) + Pmol + 7 /2]. There-
fore, the wave packet will acquire the phase factor ¢/(¥moit7/2)
per photon absorption from the light field. Considering the
superposition between the one-photon and net two-photon
channel, the final nuclear wave function is given by W(E;) ~
2 @mor+7 /2)+idsg lg) + £/ @moi+7/2)+idy lu), where ¢, and ¢, are
the accumulated phases for H,™ nuclear wave packets along

the gerade and ungerade final states, respectively. Their inter-
ference fringes are governed by cos(¢mel + /2 4+ ¢y — ¢u),
with a periodicity of ¢no. In this article, we use the classical
words like “streaking” or “rotation” to describe the light-
control nuclear motions. This is because the phase of the
vortex states, Pmol = Pe — @i, 1S proportional to the electron
emission angle ¢, which is streaked by the laser field.

From the quantum perspective, the dissociative ionization
must comply with the conservation of energy and angu-
lar momentum between the photoelectron and the residual
ion, i.e.,

E,+ E; = En, + now,
(1)

m, +m; =n,

where Ey, is the ground-state energy of the H, molecule,
n is the total number of absorbed photons, and m,; is the
angular momentum quantum number of electrons/ions. Be-
cause only the channels with the same electron energy and the
same nuclear energy can interfere with each other, n is same
for the two interfering channels. Comparing the one-photon
channel and net two-photon channel, in the dissociation pro-
cess the numbers of photons absorbed by the nuclei differs
by +1; therefore, the photon number absorbed by the pho-
toelectron in the photoionization process must differ by —1
accordingly. The final electron-nuclear wave packet (which
must be considered as a whole) can be described by W(E;) ~
eime¢e+imi¢i+¢g|g> + ei(me_l)¢e+i(mi+1)¢i+¢u|u). Thus, the corre-
sponding interference fringes are governed by cos(Pme +
¢o — ¢,). Note that here ¢, and ¢, are the phases of the
electron-nuclei-coupled wave packet and, compared to those
defined in the classical picture, include the electron phase
factor of 7 /2.

B. Semiclassical trajectory model

The next question is how to calculate the accumulated
phases ¢, and ¢, semiclassically. Since the shapes of po-
tential energy curves change dramatically with respect to the
unperturbed ones at the intensity used in the present experi-
ment (I ~ 10'* W/cm?), we first calculate the light-dressed
potential energy curves. The Hamiltonian matrix in the basis
of {|1sog), |2po,)} at a given internuclear distance can be
written as

_(E 0 0 u
o= 2)+ (0
X Eof (1) cos[w(t —to) + Pmot + 7 /2], (2)

with the state energies E, and E, and the transition dipole
u computed by solving the Schrodinger equation of fixed
nuclear Hy ™ [45]. Ey = /I/2 is the amplitude of the electric
field along the molecular axis. Ignoring the field envelope
f(@) and further introducing the Floquet basis |g/u, n) =
e~ inel—t)+ématm /21| o /3) one arrives at the Floquet Hamilto-

nian
_(E;, O 0 u a+af .
Hp = (0 E,,) + < )Eo ) +Now. ()

uw 0

After diagonalizing Hr for every internuclear distance, we
get the Floquet energy curves plotted in Fig. 4 as gray solid
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FIG. 4. Floquet energy curves for an intensity of 1.6 x 10!
W /cm? and a wavelength of 800 nm.

lines. They are quite different from the unperturbed curves
(dashed lines) especially in the region of 3 a.u. <R < 6 a.u.
We assign the one-photon and net two-photon pathways to
the red and green curves, respectively. Notice that the one-
photon channel requires one more Landau-Zener tunneling,
compared to the net two-photon channel. The tunneling point
is determined by the minimal gap condition.

In the Floquet picture, the time dependence of the Hamil-
tonian is removed, and we can compute the phase difference
accumulated in those two “static” pathways, for which the
energy of the wave packet remains constant. Formally, we
start from the Feynman path integral for the nuclear wave
function:

‘I’(xf,lf)=/K(Xf,lf;xi,li)q’(xi,li)dxi

= /exp{iffL[x(r),x(r)] dt}

x W(x;, 1) D[x(1)]dx;. “

The initial nuclear wave packet W(x;,t;) is close to the
vibrational ground of H,, according to the Franck-Condon
approximation. L is the Lagrangian for all trajectories x(¢) that
satisfy the boundary conditions x(#;) = x; and x(¢y) = x;. The
propagation time ¢y — #; should be large enough to guarantee
that all the physical observables are converged. In the end, one
measures the distribution in momentum space |®(py, tf)|2,
instead of that in real space. Thus, an additional Fourier trans-
formation is required [46],

O(ps,ty) = /e*"!’f)‘fw(xf, tr)dxs

:/exp{—ipfxf—}—i/fL[x(t),)'c(t)]dt}

i

x W(x;, ;) D[x(t)]dx;idx;. (®)]

We apply a saddle-point approximation to the above integral.
The first saddle-point condition on the path x(¢) results in the

Lagrange equation

3¢ d (dL oL
— =0 —=)—-—=—=0. 6
dx :>dt<8)'c) ax ©)

This means that x(z) moves classically. Since the Lagrangian
is time independent, the energy E = x(dL/0x) — L is con-
served. Introducing the canonical momentum p = dL/dx, the
phase term can be written as

Iy
¢ —Pfxf+/ (px — E)dt
ti

xf
=—pf)Cf+[ de—E(tf—li). 7)

One has the following saddle point conditions for the usual
variables x; and x;:
d¢

7 =0 = Pl =0, ®)
Xi

0
39 —0 = —ps+ ply, =0, ©)
Bx_f 4

We now have all the required information to determine
the classical trajectory: it starts at turning point x;, with zero
momentum p; = 0, and reaches asymptotic momentum py in
the end. The accumulated phase is given by

Xf
¢:—prf+f de—E(lf—ti)
Xi

=/ pdx — pgxm + E(ty — 1;). (10)

i

Here we introduce a given end point x,, which is large enough
such that p ~ p, for x > x,,. The last two terms in above
phase expression are the same for the two interference chan-
nels. Note that here the energy E here should be understood in
the Floquet picture and equals the final kinetic energy of the
nuclei. Thus, the only important term is fx X pdx, the classical
action from the initial position x; to a given final position x,,.

Two more steps lead to the accurate phase difference [3].
First, since the net two-photon channel has one less Landau-
Zener tunneling, there is a so-called Stokes phase [47],

qosz%+8(ln8—l)+argf‘(1—i8), (11)

added to it. Here the adiabatic parameter § = A%2/(4v/A")
is determined by the gap energy A, the curvature A”, and
the nuclear velocity v at the minimal gap. Second, since
the momentum of the emitted electron does not exactly fol-
low the vector potential at the ionization time, but has an
attoclock offset angle y, we also have to add this constant
correction to Ppol.
In summary, the phase difference is given by

¢g_¢u=/ p(g)dx—/ pPMdx+gs.  (12)

Xi
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It is interesting to note that its energy derivative,

T dx nodx  dgs
8E(¢g_¢u)—/); %—/ ot g

—+® _ %
=t ™+ 3E (13)
roughly equals the time difference for nuclear wave packets
that move from their initial position to a given final position.
The last term is relatively small compared to the previous two
and can also be regarded as the transition time during the
Landau-Zener tunneling.
The final wave function has the form

D(py) ~ e|g, n) + ¥ |u,n +1)
~lg) + ei(¢u7¢g)7¢m(\17n/27y|u)’ (14)

with maximal asymmetry at ¢gmo1 = ¢, — ¢ + /2 + y. The
comparison between the model calculation and the ab initio
simulation is shown in Fig. 6 (more discussions there). The
calculation of the phase difference for other channels is simi-
lar and thus not reproduced here.

Finally, we need to point out the differences between our
current model and the one used in previous studies [21,44,48].
First, in those studies the nuclear wave packet was propagated
along unperturbated potential energy curves. Second, in those
studies the phase —pyx; due to the Fourier transformation
from coordinate to momentum space was not included. Third,
in those studies the initial position was taken to be the equi-
librium internuclear distance of H, (r. = 1.4 a.u.), instead of
the classical turning point that we use here. Finally, in those
studies a = phase ws added for each photon absorption, while
the correct Stokes phase at the zero-field limit should be 7 /4
following from Eq. (11).

C. Quantitative quantum simulation

To quantitatively model the proton spiral pattern and the
electron-proton angular correlation, we resort to the quan-
titative quantum simulation [49], where the electron part
is treated using the strong-field approximation with the
Coulomb-Volkov correction and the nuclear part is modeled
by solving the time-dependent Schrodinger equation (TDSE)
for the two lowest electronic states of Hy™ (150, and 2po,,).
In this approach, we remove the degrees of freedom of the
emitted electron in the TDSE, while the correlation between
the emitted electron and the residual Hp ™ is still preserved. A
similar approach has successfully described the energy corre-
lation between the electron and the ion [3,50]. In Figs. 5(a)
and 5(b), we present the calculated photoelectron and proton
momentum distributions at ¢rp = 0, respectively. In Fig. 5(c),
we show the obtained proton asymmetry distribution defined
by the difference between ¢rp = 0 and ¢rp = 7. The simula-
tion confirms that the 1w protons are emitted approximately
in the direction opposite to the coincident electrons, while
high-energy protons form a spirally shaped asymmetry dis-
tribution. To quantitatively compare with the experimental
results shown in Fig. 3(d), in Fig. 5(d) we illustrate the cal-
culated proton asymmetry parameter in the molecular frame,
The slanted fringes are clearly visible for energies E; >
0.5 eV corresponding to the spiral pattern.
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FIG. 5. (a), (b) Calculated photoelectron (a) and proton (b) mo-
mentum distributions at the two-color relative phase of 0.0.
(c) Calculated difference between the proton momentum distribu-
tions at the two-color relative phases of 0 and 7, corresponding to
the experimental data in Fig. 1(i). (d) Calculated proton asymmetry
distribution in the molecular frame, averaged over the two-color
relative phase. (e) Schematics of the interference of temporally de-
layed wave packets with different magnetic quantum numbers. (f)
Formation of the spiral pattern by vortex electron localization. The
remaining bound electron in Hy™ forms a vortex distribution and
then the electron localization will transfer the angular momentum to
the emitting proton, creating proton vortices. The time delay of the
interfering nuclear pathways is corresponding to the slope of their
interference fringe with respect to energy.

Figures 5(e) and 5(f) illustrate the mechanism of light con-
trol over molecular nuclei. The asymmetry pattern is formed
by the interference of the gerade and ungerade electron-
nuclear wave packets in H,* with helical phase factors
m(¢. — ¢;) + E;t, where m is the magnetic quantum number
due to the circular polarization and ¢ is the lifetime of the
nuclear wave packet, which is defined as the time interval
from the creation to the detection. The two pathways have
different m. Their interference fringes are proportional to
cos[Am(¢p, — ¢;) + E;At]. Since the residual electron in H,™
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absorbs spin angular momenta of photons, a spiral pattern
of the bound electron (yellow curve) emerges from path-
way interference. As sketched in Fig. 5(f), the formation of
the proton pattern can be understood as electron localiza-
tion, achieved through constructive interference, which forces
the protons (green dots) to change their original direction
of motion. The fringe slope with respect to energy is the
lifetime difference (also referred to as “time delay”) of the
interfering pathways divided by the difference of magnetic
quantum numbers. For the special case when the time delay
At is energy independent, the interference fringes will form a
standard Archimedes spiral, corresponding to the stripe shown
in Fig. 5(f). Therefore, the spiral proton pattern provides an
approach to probe the energy-dependent time delay of nuclear
pathways in molecules spectroscopically.

IV. DISCUSSION

To validate the correspondence between the slope of spiral
fringes and the nuclear time delay, we did the simulations
based on the semiclassical trajectory model for the propaga-
tion of a coupled electron-nuclei packet in the laser fields. For
simplicity, we first only include the fundamental field, where
just two dissociation channels (lo and net-2w) interfere.
Figure 6(a) illustrates the positions of the interference maxima
of the spiral fringes obtained from our quantum-mechanical
and semiclassical simulations. In Fig. 6(b), we compare the
quantum-mechanically calculated spiral slope with the life-
time difference of the wave packets calculated by numerical
propagation along the two semiclassical trajectories. The re-
sults show that the time delay of the nuclear motion in the
two pathways is on the femtosecond timescale and decreases
with the proton energy. The good agreement between them
provides evidence for the validity of our semiclassical model
and suggests a new type of nuclear dynamics chronoscopy.

The back-to-back emission of the electron and the low-
energy proton in the two-color field is a special case of vortex
interference when the time delay is between two interference
pathways At = 0. As sketched in the inset of Fig. 3(c), two
pathways dominate the release of protons with energies below
0.3 eV, the lw channel due to the fundamental field only
and the net-1w channel triggered by both fields. In Fig. 6(c),
we show the positions of interference maxima for those two
pathways based on the semiclassical trajectory calculation in
comparison with our quantum-mechanical simulation. Both
curves are almost flat and are located near ¢, = 180°, in
agreement with the 1w channel shown in Fig. 1(i). This indi-
cates that there is no prominent time delay between the two
dissociation paths, such that constructive interference occurs
around ¢no = 180°. As illustrated by the light-dressed po-
tential curves in Fig. 6(d), the 1w pathway and the net-lw
pathway are symmetric in the Floquet picture and thus have
almost equal lifetimes.

We note that for the experimental results in Fig. 3(d), the
spiral fringes above 0.5 eV are not as smooth as in the numeri-
cal simulation [Fig. 5(d)]. We attribute this discrepancy to our
TDSE solution being restricted to the two lowest electronic
states of H,™ and expect it to be resolved by more accurate
solutions of the two-electron TDSE. Another possible reason
for this discrepancy is the use of electron angular streaking to
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FIG. 6. (a) Angular positions of the interference maxima be-
tween 1w and net-2w dissociation channels extracted from the TDSE
result (blue solid line) and predicted by our semiclassical model (red
dashed line). (b) Time delay between the 1w and net-2w channels.
Note that the TDSE result is more noisy than the model result due
to the numerical difference used for evaluating the curve slope.
(c) Angular positions of the interference maxima between the 1w and
net-1w channels. (d) Sketch of related energy curves. Red and orange
dashed lines represent unperturbed one-photon and net one-photon
paths, respectively. Gray and green solid lines represent gerade and
ungerade states, respectively.

tag the ionization time. The mapping between electron angular
direction and ionization time is not sharply defined and more
importantly exhibits energy dependence, as demonstrated
in Refs. [26,51].

V. CONCLUSION

To conclude, for dissociative ionization of H, in bi-
circularly polarized two-color laser fields, we observed a
surprising strongly correlated back-to-back emission of elec-
trons and protons and spiral proton asymmetry distribution.
Although it is difficult to directly control nuclei with laser
light, we demonstrated an optical mechanism for control-
ling the intramolecular nuclear dynamics. This mechanism
follows the ionization step and proceeds by the residual
electron of the molecular cation absorbing circularly polar-
ized photons from the tail of the laser field, giving rise to
the pathway interference of vortex electron wave packets
with helical phases. Vortex electron localization imposes a
two-dimensional spiral structure on the fragment (proton) mo-
mentum distribution, allowing one to indirectly control the
nuclear dynamics. We developed a semiclassical trajectory
model which clarifies the phase of electron-nuclear-coupling
wave packets in strong laser fields. We validate our interpre-
tation by both a quantum-mechanical numerical simulation
of the field-driven coupled electronic-nuclear dynamics and
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a semiclassical-trajectory model for the phase accumulation
of the laser-driven electronic-nuclear wave packet.
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