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Watching the valence electron move in molecules on its intrinsic timescale has been one of the central
goals of attosecond science and it requires measurements with subatomic spatial and attosecond temporal
resolutions. The time-resolved photoelectron holography in strong-field tunneling ionization holds the
promise to access this realm. However, it remains to be a challenging task hitherto. Here we reveal how the
information of valence electron motion is encoded in the hologram of the photoelectron momentum
distribution (PEMD) and develop a novel approach of retrieval. As a demonstration, applying it to the
PEMD:s obtained by solving the time-dependent Schrédinger equation for the prototypical molecule H,
the attosecond charge migration is directly visualized with picometer spatial and attosecond temporal
resolutions. Our method represents a general approach for monitoring attosecond charge migration in more
complex polyatomic and biological molecules, which is one of the central tasks in the newly emerging

attosecond chemistry.
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Monitoring electron motion in atoms and molecules on
its natural attosecond (1 as = 1078 s) timescale with sub-
Angstrom spatial resolution is essential for understanding
and steering chemical reactions and biological processes.
While the methods of x-ray and electron diffraction are
routinely employed to achieve sub—Angstr'o'm spatial res-
olution, their current temporal resolution is not applicable
of monitoring attosecond dynamics. Recent progress in
attosecond technology has allowed the measurement with
attosecond temporal resolution, as illustrated by the experi-
ments of attosecond transient absorption [1,2], attosecond
streaking [3,4], and attosecond electron wave packet
interferometry [5-8]. Alternatively, the measurements
based on laser-induced recollision in strong-field ionization
also access attosecond resolution and have been widely
explored to trace the ultrafast dynamics in atoms and
molecules [9-15]. In particular, the so-called laser-induced
electron diffraction possesses the combined subatomic and
(sub-)femtosecond resolutions and has been used to probe
the ultrafast nuclear dynamics in molecules [16,17].
However, the attosecond electronic dynamics has so far
escaped observation with this laser-induced -electron
diffraction, due to its insensitivity on the structure of the
valence electrons [18,19]. Here, we demonstrate that
another type of recollision-based measurement, time-
resolved strong-field photoelectron holography (SFPH),
possesses the combined subatomic spatial and attosecond
temporal resolutions and can be used to monitor ultrafast
valance-shell electronic dynamics in real time.
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The interference pattern of SFPH in photoelectron
momentum distributions (PEMDs) has been experimentally
observed for different targets [20—23]. Theoretical analysis
has recognized this interference results from electrons
flying directly to the detector after tunneling ionization
and those undergoing near-forward rescattering by the
parent ion [20]. It was suggested that these holograms
encode structural as well as dynamic information of the
targets. Previously, we have elucidated the extraction of the
structural information [24]. The imprint of molecular
attosecond electronic dynamics on the holograms has been
experimentally reported very recently [19,25]. However,
the retrieval of the dynamic information remains unsolved.
Here, we show how the dynamic information of the valence
electron is encoded in the holographic pattern and dem-
onstrate a scheme of retrieval. We illustrate that with this
scheme the attosecond migration of the valence electron
wave packet is directly visualized with spatial resolution of
10~'2 m and temporal resolution of 10™!3 s in a single-shot
measurement. This work represents a general approach for
real-time and in situ monitoring of the ultrafast electron
dynamics in atoms and molecules with unprecedented
spatio-temporal resolution.

We illustrate our scheme by considering the simplest
system of H;. The electronic dynamics is induced by the
coherent superposition of two electronic states y/(r,t) =
ey ()e B/ oy, () e~ i(F2t/h+00) - where yy(r) and
w,(r) are the ground (lso,) and first excited (2po,)
electronic states of Hy. ¢;, ¢, are the corresponding
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expansion coefficients and 6, is the initial relative phase of
the two states. We start our calculations from this super-
position state. Experimentally, the superposition state could
be prepared by a pump pulse with the resonant frequency,
and the initial phase 6, is adjustable by changing pump-
probe delay. In our calculations, we solve the two-
dimensional time-dependent Schrédinger equation for a
two-center soft-core potential modeling H2+ [26], where the
fixed internuclear distance of R, =4 a.u. is adopted
because the electronic dynamics we focused on here is
within a time interval of several hundreds attoseconds
during which the nuclear motion can be neglected. The
soft-core parameter is adjusted to give ionization energies
of E; = 21.7 eV for the ground and E, = 17.8 eV for the
first excited state, which leads to a period of 7 = 2z /AE =
1.056 fs for the oscillation of the superposition-state
electron wave packet. A linearly polarized single-cycle
model pulse with the intensity of 3.0 x 10'* W/cm? is
adopted to ionize H; . The wavelength of laser pulse is
chosen to be 2000 nm instead of the usual 800 nm to
minimize the nonadiabatic effect associated with ionization
or excitation and also to ensure a wider time window for
tunneling ionization. In the single-cycle model pulse, the
recollision process is especially simple, which is benefit for
illustrating the essence of our scheme. The result for the
realistic few-cycle laser pulse is shown in Ref. [26].
Figure 1 shows the PEMDs for strong-field ionization of
Hj by the single-cycle model pulse where the molecule is
aligned perpendicular to the laser polarization direction
(z axis). Figures 1(a) and 1(b) present the results for
ionization from the ground state and the nonstationary
superposition state with ¢,/c; = 0.5 and 6, = 0, respec-
tively. Two types of interference fringes can be observed.
The nearly vertical ones are the interference of the direct
electrons tunneling ionized during two adjacent half cycles
[36]. The other nearly horizontal fringes are the holo-
graphic structure that we will focus on. For the stationary
lso, state, the holographic fringes are exactly symmetric
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FIG. 1. (a) Photoelectron momentum distribution for
tunneling ionization of the ground state (Isc,) HY by a
single-cycle pulse with wavelength of 4 = 2000 nm and intensity
of 3.0 x 10'* W/cm?. (b) Same as (a) but for tunneling ionization
of the superposition state of Hy with 6y = 0 and ¢,/c; = 0.5.

about k; = 0. While for the nonstationary superposition
state, the positions of the interference minima and maxima
in the hologram are obviously asymmetric with respect to
k, = 0. Moreover, this asymmetry changes with k.. As we
will show, this asymmetry and its k, dependence record the
coherent electronic dynamics of the superposition state on
attosecond timescale.

To reveal the electron dynamics encoded in the holo-
graphic fringes, we first wash out the vertical fringes by
averaging the PEMDs over k, with a window function [26].
Cuts of the averaged PEMD from Fig. 1(b) taken at k, = 4
and 6 a.u. as functions of k, are shown in Figs. 2(a) and
2(b), respectively. Results of the lso, state are also
presented for comparison. For 1so, state, the positions
of the minima and maxima of the modulations are sym-
metric about k; = 0, while for the superposition state a
clear shift is visible. For example, for the cutat k, = 4 a.u.,
the minima at k;, < 0 side shift toward smaller |k, | and
those at k; > O side shift toward larger |k |. The shift is
reversed for the cut at k, = 6.0 a.u., shown in Fig. 2(b).

The holographic fringes are determined by the phase
difference between the direct and the rescattering electrons.
In the adiabatic theory [24,37], this phase difference is
written as [26]

B(k1) = 3K 10 = 1)+t + (0 10) = by ks ).
n

Here, t;7 and ¢,; are the ionization and rescattering times,
respectively. The three terms on the right-hand side have
transparent physical meanings. The first term 1 &% (7,9 — 1;9)
corresponds to the phase difference between the direct and
rescattering electrons accumulated during their propagation in
the laser field. This term has been revealed by the strong-field
approximation and the semiclassical model [20,38,39]. The
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FIG. 2. Cuts of averaged PEMDs for the ground state (orange
curve) and the superposition state with initial relative phase 6, =
0 (green curve) at (a) k, = 4.0 and (b) k, = 6.0 a.u. (c) The phase
difference A, _ for k; > 0 (purple curve) and k; <O (blue
curve) extracted from the cuts (green curve) in (a). The inset
presents the quantity A, — Ag_ as a function of |k_ |. (d) Same
as (c) but for the PEMD in (b).
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second term « is the phase of the scattering amplitude [24].
The third term relates to the phase of the transverse momen-
tum distribution amplitude of tunneling ionization
h(kisti) = argle Ay (ks ti) 4 c2Ax (ks 1) e )],

(2)
where A, , represent the transverse momentum distribution
amplitudes of 1so,, and 2po,, states [40], respectively. (t,,)
denotes the time-dependent relative phase between the 1so,
and 2po, states. Note that for the stationary state that is
symmetric (156, or antisymmetric (2po,) with respect to the
laser polarization axis, ¢, (0; ;9) — ¢s(k1 ;o) = 0 and thus
it disappears in Eq. (1). For the nonstationary superposition
state, ¢,(0;t;9) — (k1 ; tig) is a nontrivial phase. It carries
the electronic dynamic information of the nonstationary
superposition state through the argument (7).

To retrieve the electronic dynamics from the hologram,
we extract the phase differences Ag.. from the PEMDs [26],
as shown in Figs. 2(c) and 2(d). Here, A¢_. denote Agp(k )
for k; > 0 and k; < 0, respectively. Because of the sym-
metry of our system, the first and second terms in Eq. (1) for
k, > 0and k; < 0 are exactly equal, and thus these terms
can be eliminated safely by performing a subtracting
procedure Agp, —Ap_=¢(—|ky|)—¢s(|ky]). With this
procedure, the phase of the transverse momentum distribu-
tion amplitude could be retrieved without the knowledge of
the laser parameters and the phase of the scattering ampli-
tude a. The obtained quantity Ag, — Agp_fork, = 4.0 a.u.
and k, = 6.0 a.u. are displayed in the insets of Figs. 2(c) and
2(d), respectively. It decreases with |k | for k, = 4.0 a.u.
and increases for k, = 6.0 a.u.. This k,-dependence behav-
ior indicates that the electronic dynamics of nonstationary
superposition state is indeed encoded in and can be extracted
from the photoelectron hologram. With the extracted quan-
tity ¢ps(—|k1|) — ¢s(+]k.|), the two free parameters ¢,/ c;
and 6(ty) are retrieved based on Eq. (2) by the nonlinear
least-squares fitting. The fitting procedure requires the basis
functions A;(k,) and A,(k,), which can be accurately
calculated [40,41]. The basis functions in our fitting are
shown in Fig. 3(a).

The above procedure can be repeated for different k..
Several example curves for the extracted quantity Agp, —
Ag_ together with the fitted ones at different k, are shown
in Fig. 3(b). Mapping the momentum k, to the ionization
time #;p with the relation k. = — [ F(¢')dr’, where F(1') is
the electric field of the laser pulse, the fitting parameters
¢y/cy and 6(t;)) as a function of time are obtained. Note
that in our calculation the range of momentum k, corre-
sponds to a time interval of 600 as, which is about the half
oscillating period of the field-free superposition state. In
order to visualize the electron motion during the whole
oscillating period, we also use the PEMD for 8, = z. The
initial phase 6, is equivalent to a time delay in the pump-
probe experiments. Figure 3(c) shows the retrieved 0(z;),

@

= 9 1sa,

A WA 13

£08 35 g

s D Ky =

00'6 08 ?1 [t e ‘

° - SN 5.6a.u

204 g ! = 45a

= o oF

g0.2 =~ g-2

E £ I A | R W W a2 < T
0
-1 -0.5 0 0.5 1 005 01 015 02 025 03

k (a.u.)

Ik @.u)

6(t) (rad)

190 200 210 220 230 240

0y
1020 0% O« 0=

()| arg[®(x.y)]

FIG. 3. (a) The transverse momentum distribution amplitude of
lso, (orange) and 2po, (green) states of Hj, respectively. The
magnitudes and phases are represented by solid (left ordinate)
and dashed (right ordinate) curves, respectively. (b) The phase
difference A¢p, — A¢_ extracted from the PEMD in Fig. 1(b) at
four different k,. Dotted lines are the fitted results using the bases
in (a). (c) The retrieved relative phase € of the superposition state
as a function of time (blue squares). The black line is the linear
fitting of 6(¢). The inset presents the electric field used in our
calculations. The shadowed area indicates the time window
where the electron dynamics is retrieved from the PEMDs.
The error bars indicate the 95% confidence interval in fitting.
(d) The reconstructed modulus (left) and phase (right) of electron
wave functions at selected instants marked with solid squares in
(¢). The lower row of (d) shows the field-free evolution of the
superposition state wave function for comparison.

which is a perfect linear function of time with a slope of
0.135 £ 0.002 a.u. This slope is very close to the energy
separation of the field-free 1so, and 2po, states (AE =
0.141 a.u.), meaning that the laser field hardly affects the
energy separation of the two states for the perpendicular
alignment. This conclusion is the same as other linear
molecules reported in previous experiments [13,15]. The
retrieved ¢,/c; is 0.60 4 0.09, very close to the exact value
of 0.5. With these retrieved parameters, the wave functions
of the superposition state at sampled times within one
oscillating period are reconstructed, as shown in Fig. 3(d).
The field-free evolution of the superposition state is also
shown for comparison. The reconstructed wave functions,
both the modulus and phase, keep in well step with the
field-free evolution.

So far, the electron dynamics of the superposition state
during the time interval of tunneling ionization has been
accurately retrieved with the concept of SFPH. The time
resolution of this method is determined by the resolution in
the photoelectron momentum k.. For the current exper-
imental technique, sub-ten attosecond time resolution could
be achieved [7].
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For more complex molecules, superposition states may
involve many electronic states. Usually the wave functions
of these involved states are unknown, and even worse it is
unclear which states are involved. In this case, the most
important dynamics information is the motion of the
electron wave packet of this superposition state, i.e., charge
migration. Tracing the attosecond charge migration in
molecules is one of the most challenging and interesting
tasks in attosecond science [42,43]. In the following we will
show that SFPH can be used for direct visualization of the
attosecond charge migration in molecules without any
reconstruction procedure and information about the shape
of the involved electronic wave functions, and thus is
applicable in complex molecules.

The holographic fringes usually appear at small k, . For
the state with odd parity, there is a node plane at k| = 0 [as
shown in Fig. 3(a)], and thus we have |c,A, (k)| <«
|c1A; (k)| for k; ~ 0. In this case, the phase of the trans-
verse momentum distribution amplitude is written as [26]

A, (k
¢S(kj_; tiO) = tan d)s(kj_; tiO) = %

In addition, {[c,|A,(k1)|]/[c1|A1(k1)|]} is a nearly linear
function of k| for small |k | (see Fig. S1c in Ref. [26]), and
thus ¢ (k,;t0) =kcosb(tjg)k,. This equation suggests
that the extracted quantity A, — A¢_ should be a nearly
linear function of |k | | with a slope of —2k cos 6(#;q) at small
|k |. This is true in Fig. 3(b) for |k, | < 0.17 a.u.. To further
confirm this point, we perform calculations for a smaller
Cz/Cl = 025, so that |C2A2(kl)| < |C1A1(kj_)| is satisfied
over a wider range of |k |. The extracted phase difference
Ap, — Ap_ is shown in Fig. 4(a). Several cuts from
Fig. 4(a) at different k, are displayed in Fig. 4(b), which
indeed are nearly linear functions of |k,|. This linear
behavior provides a much more intuitive sense on
monitoring the attosecond charge migration in molecules.
According to the delay theorem of Fourier transformation

Flw(y = yo)] = e Fly(y)]. (4)

alinear phase —yyk ; in the momentum space corresponds to
a shift y, of the electron wave packet in coordinates space.
Thus, the linear phase in the transverse momentum distri-
bution unambiguously indicates the lateral launch point of
the tunneling electron wave packet, i.e., yo = —k cos 0(t;).
This provides a direct observation of the position of the
electron wave packet of the superposition state. We perform
linear fitting on the phase shown in Fig. 4(a) at each k,.
Figure 4(d) shows the obtained slopes as functions of time.
The cosinelike oscillating of the slope reveals the oscillating
of position of the valence electron wave packet in the
molecule. To check the accuracy of our scheme, we trace
field-free time evolution of the electron wave function of the
superposition state in Fig. 4(c). The lateral position of
maximum density for the electron wave packet at

cosf(t;p). (3)
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FIG. 4. (a) The phase difference A¢p, — A¢_ extracted from the

PEMDs (as presented in the Supplemental Material [26], Fig. S2)
for k, ranging from 4.3 to 6.2 a.u. The upper and lower panels
show the results for 8, = 0 and z, respectively. Here the super-
position state of Hy with populations ¢, : ¢, = 4:1. (b) Example
cuts from the upper panel of (a) for k, = 4.5,5.6,5.8, and 6.1 a.u.
(c) Back row, electron density distributions in coordinate space as
a function of time. The corresponding peak position of electron
density distribution at the longitudinal tunneling exit (marked as
blue dotted line) is presented as blue cycles in the front row.
(d) The position of the oscillating valence electron wave packet
retrieved from PEMDs for both 6, = 0 (green circles) and =
(orange circles). The peak position of electron density distribu-
tion at the longitudinal tunneling exit obtained from (c) as a
function of time is indicated by the blue solid curve for
comparison. The inset presents the electric field used in our
calculations. The shadowed area indicates the time window
where the electron dynamics is retrieved from the PEMDs.
The error bars indicate the 95% confidence interval in fitting.

Z, = 8.6 a.u. (around the longitudinal tunneling point
[26]) is shown as the solid line in Fig. 4(d). The agreement
between the extracted slopes and the positions for the
maximum density of the electron wave packet is remarkable.
For example, the migration of the electron wave packet from
one side of the molecule to the other side during a time
interval of 170 as [from 208 a.u. to 215 a.u. in Fig. 4(d)] is
tracked with picometer spatial resolution. This establishes
an efficient and accurate method to monitor charge migra-
tion in molecules with picometer spatial and attosecond
temporal resolutions.

Charge migration in molecules is of fundamental impor-
tance in biological processes and chemical reactions and
has attracted considerable interests during the past years
[44-47]. However, direct observation of the attosecond
charge migration in real time has not been accessible yet. In
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this study, we have illustrated real-time and in situ obser-
vation of the charge migration with SFPH, where combined
picometer spatial and attosecond temporal resolutions are
achieved. We mention that with the advanced high-
harmonic spectroscopy the attosecond charge migration
was reconstructed in a recent experiment [15]. However, in
high-harmonic radiation, the tunneling ionization is
intrinsically entangled to the continuum electron wave
packet propagation and recombination, preventing
the direct isolation of the tunneling step, and in the
reconstruction procedure the information about the
involved states is prerequisite [15]. In this study, we have
shown that the transient location of the moving electron
wave packet is uniquely mapped to the phase of transverse
momentum amplitude in strong-field tunneling ionization.
This phase is manifested in the holographic fringes of the
PEMD. By extracting this phase from the hologram, the
charge migration in molecules is directly visualized without
a reconstruction procedure and information of the involved
states. Thus, our scheme can be straightforwardly extended
to monitor the attosecond charge migration in more
complex molecules by directly decoding the phase of the
transverse momentum amplitude from the hologram in
PEMD. This represents a general and efficient approach for
direct observation of the ultrafast electron dynamics in
molecules. Furthermore, the hologram also records infor-
mation of the nuclear dynamics (parametrized by the phase
of scattering amplitude a) [24]. Recent experiment has
shown the imprint of the coupled electronic and nuclear
dynamics in the hologram [19]. Thus our scheme has the
potential to probe the coupled nuclear and electronic
dynamics in molecules, which will be an exciting prospect.
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