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Abstract

CrossMark

Charge migration during light—matter interaction is one of the most fundamental processes
which plays a key role in chemical and biological processes of molecule. The measurement of
this process requires the extreme temporal and subatomic spatial resolutions. Here, we show
that a scheme based on infrared pump and short extreme ultraviolet probe technique enables us
to trace the laser-controlled electron motion with high spatiotemporal resolution. By
numerically solving the time-dependent Schrodinger equation for H” combined with a simple
double-slit model, we demonstrate that the laser-controlled charge migration can be directly
reconstructed from the interference patterns of the photoelectron spectrum.

Keywords: electron motion, attosecond photoelectron spectroscopy, interference

(Some figures may appear in colour only in the online journal)

1. Introduction

Tracing ultrafast electron motion during light—matter interac-
tion is indispensable for understanding and manipulating the
chemical and biological processes of atoms and molecules.
The observation of these dynamics is the central goal of ultra-
fast science. As the progress in attosecond technique, it is
possible to monitor and steer the electron motion on their
natural timescale (1078 s). Several schemes, such as attosec-
ond transient absorption [1-3], attosecond streaking [4—6] and
attosecond electron wave packet interferometry [7-9], have
been successfully applied to observe these exceedingly fast
processes.

Charge migration is the most fundamental photoinduced
electron dynamic in chemical and biological systems and in
materials. Exploring ultrafast charge migration allows one for
probing electron correlation and controlling chemical reac-
tions [10—14]. The recent work first reports the observation
of charge migration in phenylalanine [15]. Charge migration
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arises from a coherent superposition of the multiple elec-
tronic states, which leads to a time-dependent oscillation of
the charge density in a molecule. This process can be trig-
gered by extreme ultraviolet (XUV) excitation or by strong-
field ionization generally. Charge migration immediately after
ionization of iodoacetylene has been experimentally investi-
gated using high-harmonic spectroscopy [12]. This experiment
demonstrated that the position and the shape of the electron
hole created by strong-field ionization can be controlled by
altering the orientation of the molecule. Recently, another type
of recollision-based measurement, strong-field photoelectron
holography, has been applied to visualize the valence elec-
tron motion in H; with high spatial and temporal resolutions
[14]. However, these recollision-based reconstruction proce-
dures limit the time window to half an oscillating period of the
laser field for visualization of electron motion.

The time-resolved pump—probe techniques have the poten-
tial to overcome this limitation. Upon projection of an ini-
tial state onto accessible excited states with an intense pump
pules in a molecule, the time evolution of the coherence can
be monitored by a second delayed probe pulse, leading to

© 2021 IOP Publishing Ltd  Printed in the UK
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the time-resolved photoelectron spectroscopy. Photoelectron
spectroscopy has great potential to assess the transient molec-
ular structure and electron dynamics. So far, the laser-induced
electron diffraction has been widely used to probe the ultrafast
nuclear dynamics in molecules [16—18]. Recently, the time-
resolved photoelectron diffraction produced by a circularly
polarized attosecond pulse has shown its potential to mon-
itor the ultrafast charge migration in H;r [23]. The migra-
tion dynamics are decoded from the asymmetric diffraction
angular patterns, which indicates that the angular-resolved
measurement is required for such reconstruction procedure.
However, quantitative retrieval of the electron motion is yet
to be implemented. In order to obtain high temporal resolu-
tion in a pump—probe experiment, the generation of ultrafast
laser pulse is required generally. Despite the pulse duration is
disputed, multiple groups have reported broadband soft x-ray
harmonics, which correspond to the pulse duration of several
tens to one hundred attosecond [19-22]. Such ultrafast laser
pulse allows for the imaging of electronic motion on its natural
timescale.

In the present work, we propose a new approach to image
the laser-controlled charge migration in molecules by analyz-
ing the interference patterns in photoelectron spectra generated
by a linearly polarized XUV probe pulse. The prototypical
molecular ion H is used to demonstrate this method as a
benchmark model. An infrared (IR) pump pulse, which cre-
ates electronic coherence between the ground state 1so, and
the excited state 2po,, is synchronized with a delayed short
XUV probe pulse. This setting enables us to interrogate the
laser-controlled electron dynamics. By numerically solving
the time-dependent Schrodinger equation and analyzing the
interference patterns of the photoelectron spectrum with a sim-
ple double-slit model, the laser-driven electron motion is com-
pletely determined with attosecond temporal and picometer
spatial resolutions.

2. Principles and theoretical model

Our approach is illustrated by considering the molecular
hydrogen ion H , which can be obtained from ionization of
the neutral molecule or by x-ray resonant Raman processes
[24]. Theoretical model with fixed nuclear distance, which
has been widely used in many researches [14, 23, 25-27], is
adopted to demonstrate our proof-of-principle method. This
simple model has shown its ability to provide reliable informa-
tion in laser—matter interaction. We assume that the H;™ molec-
ular ion is aligned. The spatial orientation control of molecules
can be achieved experimentally since the molecular fragments
determine the alignment with high accuracy following ioniza-
tion [28, 29]. The Hj is excited by an intense pump pulse to
create a coherent superposition of 1so, and 2po, states. This
leads to the asymmetric charge distribution along the molecu-
lar axis. As illustrated in the left column of figure 1(a), the evo-
lution of molecular electron density along the internuclear axis
x 1is displayed using one dimensional model. The pump and
probe pulses are both linearly polarized along the x direction.
One can observe that the electron charge is equally distributed
across the two nuclei at the beginning, which indicates that

H2+ is in its ground state. Upon the arrival of the pump pulse,
the laser—matter interaction redistributes the electron density
rapidly. The electron migrates from one nucleus to the other
witha period of T = 27 /(E, — E,), where E, and E, represent
the eigen-energy of lso, and 2po, states, respectively. Dur-
ing this interaction a short XUV probe pulse is introduced and
photo-ionizes the electron via single photon ionization. Super-
position of the electron wave packet emitted from the two
nuclei produces interference patterns whose properties depend
on the molecular structure and electron distribution. This phe-
nomenon was predicted by Cohen and Fano earlier [30]. The
photoelectron spectrum detected along x axis is displayed in
the right column of figure 1, which shows a modulation that
assembles the seminal Young’s double slit interference. The
phase as well as the depth of the modulation in the photoelec-
tron spectrum is sensitively depending on the arrival time of the
XUV pulse, corresponding to different charge distributions on
the two emitters upon ionization.

Analysis of the two-center interference gives access to
internuclear distance, electron distribution and phase differ-
ence between the two nuclei, which can fully determine the
charge migration of H;r . Suppose that the electron wavefunc-
tion in nucleus A (B) has the amplitude of |a(r)| (|b(¢)|) and
the phase of ¢, (¢,,). We adopt the LCAO approximation [31],
and the initial wavefunction can be written as (atomic units are
used):

WJO(V, l)> = [|a(t)||¢1s(r+R/2)>ei¢u(z) i |b(t)‘
X W)ls(r - R/2)>ei¢h(t)] e*iEgt’ )

with [t/ ,(r)) being the hydrogen ground state. e ~£¢’ represents

the rapid phase evolution of the initial state. The wave packet is

ionized into continuum under the plane wave approximation,
Y - .. .

where |1 (r, 1)) o< e e~1'2!, The transition amplitude 7'(k) to

the continuum with asymptotic momentum k can be written in

velocity gauge as:

“+o00
T@P = | / (e, DIAX(E — 10) - plabor, D) drf?

o0

+oo ptoo k2 .,
=| / / e el TIA( — 1) - 7 [a(n)e
- —00

X Y(r + R/2) + b (r — R/2)] e ' dr dt|?
x o |M(k)|*|Ex(K* /2 — Ep)|* [|a(te)|* + |b(t0)[*
+ 2la(to)||b(to)| cos[kR + ¢4(to) — &p(t0)], )

where Ax( — 1) is the vector potential of the XUV probe pulse
and the Gaussian envelope of Ax(f) has maximum at the time
tp. p is the momentum operator. Equation (2) describes the
main characteristics of the molecular photoelectron spectrum.
The intensity of the photoelectron spectrum is determined by
|M(k)|?|Ex(K* /2 — E,)| term, where Ex(k* /2 — E,) represents
the spectrum of XUV pulse. M (k) describes the transition prob-
ability amplitude from the hydrogen ground state to the contin-
uum with momentum k, which are accessible via quantum sim-
ulation. By normalizing the prefactor |M(k)|*|Ex(k* /2 — E,)|,
equation (2) is reduced to a typical two-center interference
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Figure 1. Schematic presentation of exploring charge migration processes in H;L . The H;‘ is aligned along x direction and the internuclear
distance is fixed at R = 5.2 a.u.. A coherent superposition of 1so, and 2po, states is created and controlled by a linearly polarized pump
pulse, which leads to the time evolution of electron density as shown in the left column. Subsequently a delayed XUV probe is induced to
ionized the molecule. Comparing the right column of figures (a) and (b), the interference patterns are sensitively dependent on the arrival
time of the XUV pulse, corresponding to different charge distributions on the two emitters upon ionization.

pattern. Note that although equation (2) can be used to well
describe the photoionization process in a qualitative way, the
neglecting of the Coulomb effect hinders its direct application
for accurate measurement of the exceedingly fast evolution of
charge distribution. The most critical point is that the momen-
tum of the ionized electron within the Coulomb potential is not
consistent with the asymptotic momentum k, and can accumu-
late additional phase. We define an effective momentum kg of
the ionized electron, which is given by ke = /2(k%/2 — E,).
The meaning of the assumption is that the decrease in the
electronic kinetic energy upon leaving the Coulomb potential
is given by the ionization energy —E, on average [32]. By
simply substituting the asymptotic momentum with the effec-
tive momentum in equation (2), the interference term can be
rewritten as:

1(k) = |a(to)|* + |b(to)|* + 2|a(to)||b(to))|

x cos[/2(k2/2 — Ep)R + ¢alto) — dp(t0)].  (3)

Equation (3) essentially describes the interference results
of the photoelectron spectrum with satisfactory accuracy.
For electrons with a particular energy, its yield corresponds
to a single point in the interference pattern. Therefore, the
simulated pattern is the energy spectrum of photoelectron
that emitted along the laser polarization direction. It can
be applied to determine the molecular charge migration
using the following procedure. Firstly, destructive interference
occurs when /2(k? /2 — Eg)R + ¢a(to) — ¢p(to) = 2n+ Dm
(n=0,1,...). And when the Hi is in its ground state, the
relative phase between the two nuclei is A¢® = ¢, — ¢, = 0.
The internuclear distance R is associated with the modula-
tion period of the photoelectron spectrum along the momen-
tum axis, and can be directly evaluated from two adjacent
interference minima in the photoelectron spectrum. Secondly,
the cosine term also indicates that the variation of the rel-
ative phase between the two emitters upon photoionization
shifts the interference minima. For the minimum position of

the same order, the expression is given by A¢(fy) — A¢s =
[kegr(to) — kﬁff]R, where the superscript g represents that H;
is in its ground state. This can help us determine the rel-
ative phase at time 7. Lastly, the prefactor 2|a(f)|/b(zo)|
of the cosine term, which is determined by the modula-
tion depth of the oscillation, can be easily obtained by
(k) max — I(k)min]/[l(k)max + 1K) min].- I(k)max(min) represents
the maximum (minimum) intensity of the photoelectron spec-
trum. Combining with the normalization condition |a(to)|> +
|b(9)|> = 1, the electron occupation |a(t)|* and |b(t)|? can be
reconstructed. The reconstructed procedure mentioned above
can be applied for each delay, which can completely determine
the complex-valued electron distribution on the two nuclei as a
function of time, corresponding to the laser-controlled charge
migration of H .

The photoelectron spectrum is calculated by solving the
time-dependent Schrodinger equation in one spatial dimen-
sion:

2

ox?

Velx) = —1/y/(x —R/2)*+ 1 — 1/+/(x + R/2)*> + 1 is the
soft-core potential of Hi, which is aligned with the internu-
clear distance R along the x axis. The laser-molecule interac-
tion V1 (f) = —E(t)x is treated in the length gauge and dipole
approximation. E(t) is the electronic field consisting of a linear
polarized pump pulse and a delayed XUV pulse:

i%\ll(x’ n= + Ve(x) + VL) | Y(x,1) “4)

E(t) = Ege 2™ 26/T)? cos(wrt)
T Expe 2 A/ cogtiont — 1), (5)

where Ej (Exo) and Ty, (Tx) represent the amplitude and dura-
tion of the pump (probe) pulse, respectively. The polarized
direction of the laser field E(¢) is consistent with R and 7 is
the time delay between the two pulses.

In the practical calculation, the initial wave function is
prepared by imaginary time propagation. TDSE is integrated
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Figure 2. (a) The photoelectron spectrum of H;L by using 800 nm pump pulse with the intensity of 2 x 10" W cm~2 and a synchronized
115 eV, 40 as XUV pulse. The internuclear distance of H;L is fixed at 5.2 a.u.. The label XUV first represents the XUV pulse arrives before
the IR pulse. (b) Time evolution of the population Py, (7) and P2, (7) in the ground state and the excited state of the H2+ driven by the IR
pump pulse alone. (c) The interference patterns /(k) extracted from the simulated spectrum (a). Solid line presents the momentum variation
of the interference minimum. The 2|a(t)||b(o)| term obtained by calculating [/(k)max — 1(K)min]/[1(K)max + 1(k)min] is presented in (d).

using the split-operator spectra method [33] on a Cartesian grid
from —200 to 200 a.u.. The time step is fixed at Ar = 0.01
a.u. and the spatial step is Ax = 0.02 a.u.. The photoelectron
spectrum is calculated by using the wave-function splitting
technique [34].

3. Results and discussions

In our simulation, a four-cycles, 800 nm IR pump with an
intensity of 2 x 10" W ¢cm™2 is applied to start the laser-
molecule interaction. Later, a linearly polarized 115 eV XUV
pulse with an intensity of 1 x 10'>2 W cm~2 is adopted to ion-
ized Hy . The duration of the XUV field is 40 as to ensure
a wider energy range of the ionized photoelectron, which is
required for visualizing multiple interference minima. The
simulated results show that the interference patterns of the pho-
toelectron spectrum depend sensitively on the internuclear dis-
tance. Two types of spectra are introduced to trace the charge
migration of H . Details are presented in the following.
Figure 2(a) shows the calculated photoelectron spectrum
of H3 at a specific internuclear distance R = 5.2 atomic units
(a.u.). The scenario consists of an IR pump pulse, which cre-
ates the electronic coherence between the ground and first
excited states, and a delayed XUV pulse, which ionizes the
electron into continuum in the present of IR pulse. As shown
in figure 2(a), the photoelectron energy oscillates along the
delay axis at the edge of the spectrum, which is similar to the
attosecond streaking experiment. In addition to this, the results
show completely different features compared with attosecond

streaking. Apparently, the photoelectron distribution gradually
splits into two parts with the increase of delay [35]. A dis-
tinct minimum of the electron distribution appears at around
zero delay and starts oscillating along the delay axis. More-
over, quantum beat signals appear, which are attributed to
the ionization from multiple bound states. All the features in
the photoelectron spectrum are induced by the resonant tran-
sition between lso, and 2po, electronic states. A qualita-
tive interpretation is given based on figure 2(b). At R=15.2
a.u., the molecular eigen-energy for the ground state lso,
and the first excited state 2po, are E, = —0.898 a.u. and
E, = —0.841 a.u., respectively. The pump pulse has a cen-
tral energy wp, = 0.057 a.u.. Figure 2(b) illustrates the time
evolution of the populations Py, (1) = | (1150, (X)[¢0(x, 1)) |2
and Py, (1) = [{(¥2pe, (X)|10(x, 1)) [*. Tt shows a clear inversion
between 1so, and 2po, states which is caused by a laser-
driven Rabi process. It can qualitatively explain the struc-
tures of the photoelectron spectrum in figure 2(a). The ground
Iso, state and the excited 2po, state have different symme-
tries: wlmg (x) = ¢1mg(—x) for the ground state and 130, (X) =
—pe, (—x) for the excited state, which corresponds to a 7
phase difference of ¢,(#)) — ¢, (o) when electrons are ionized
from these two different states. Thus, the momentum position
of the destructive interference of 1so, coincides with the con-
structive interference of 2po,,. At delay = —87) in figure 2(a),
it is easy to calculate from equation (3) that constructive
interference occurs around k& = 2 a.u.. With the increase
of the population of 2po, state, the momentum of interfer-
ence minima changes along the delay axis. Later, destructive



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 165601

1

(a)

0.8
c
9 06
'Es' .
Q.
304
S
02 Simulation
0 ----Retrieved
-8 -4 0 4 8
Delay (T,)

X Chen et al
e . . . . .
(b) — Simulation
- - - Retrieved
©
s O
=
(]
8
c-Tr
o
27 . . . . . . .
-8 -4 0 4 8

Delay (To)

Figure 3. Reconstructed results of the charge migration in H;‘ at R = 5.2 a.u. (a) Time evolution of the electron occupation in one of the
nuclei. The red solid line and the dashed line represent the simulated and retrieved results, respectively. (b) The delay-dependent phase
difference of the wave function on the two nuclei. The reconstructed (dashed line) and simulated (red solid line) results show a great

agreement.

interference occurs at the same momentum (k = 2 a.u.) and
delay = 0, which corresponds to the cross point of the two
time-dependent populations. At positive delays, the destruc-
tive interference results in the splitting of photoelectron spec-
trum, which indicates that the electron population is dominated
by the 2po, state. Secondly, quantum beat signals appear as
long as the superposition of 1so, and 2po, states is formed.
The interference between photoelectrons ionized from two
pathways leads to the oscillating structure, with the period
determined by the energy difference of the two involved states.

These characters in the photoelectron spectrum are essen-
tially determined by the separation, amplitudes and phases
of the electron wave function located on the two nuclei. As
discussed in section 2, equation (3) is a quantitative descrip-
tion of the photoelectron spectrum, which can be applied to
trace laser-controlled electron motion. Note that equation (3)
describes a photoelectron spectrum without considering the
effect of the IR pulse on free electrons. When applying
the reconstruction procedure, it is important to eliminate the
‘streaking’ effect on the spectrum. The ‘streaking’ effect
describes the momentum shift of an electron ionized into
a laser-dressed continuum which is given by Ak = Ay, (7)
according to the momentum conservation [36]. Ap,(7) is the
vector potential of the IR pulse at ionization time. The pure
interference term /(k) in figure 2(a) is accessible by eliminat-
ing the ‘streaking’ effect and then dividing the spectrum by the
\M,(k)|?|Ex(k* /2 — E,)|* term as described in the principle.
The result is displayed in figure 2(c), where the intensity of
the photoelectron spectrum is in logarithmic scale for clearly
observing the variation of interference minima.

The 2D spectrogram of figure 2(c) contains a wealth
of structural and dynamic information of the laser-driven
charge migration process, which can be accurately retrieved
using equation (3). There are two interference minima at
large negative delays in figure 2(c) at asymptotic momentum
ki = 1.267 a.u. and k, = 2.749 a.u., respectively. The effec-
tive momentum, which accounts for the Coulomb effect,
can be calculated by ke = [2(k2/ 2— Eg)]%. We obtain that
kiefe = 1.844 a.u. and ker = 3.058 a.u., respectively. Accord-
ing to equation (3), these two adjacent minima correspond to

a phase variation of 2. Thus, the retrieved internuclear dis-
tance is R = 27 /(koetr — kiefr) = 5.176 a.u., which is pretty
close to the actual value of 5.2 a.u.. Moreover, the solid line
in figure 2(c) depicts the delay-dependent momentum k(7) of
one of the interference minima, which is determined by the
phase difference between two nuclei upon ionization. One can
see that k(7) remains constant at the beginning and gradually
decreasesto k = 2 a.u. (—4T, to 4T() when the laser-molecule
interaction induces a phase difference between the two nuclei.
When the IR pump is over, k(7) maintains an oscillation similar
to a sinusoidal function. Following the reconstruction proce-
dure in section 2, the delay-dependent relative phase, given by
Ap(ty) = [ker(to) — kﬁff]R, can be retrieved (dotted line) and
compared with the TDSE simulated result (red solid line) as
shown in figure 3(b). The time dependent electron occupation
la(tp)|? in one of the nuclei can be also traced by calculating
(K)max — I(K)min]/[I(k)max + I(k)min] combined with the nor-
malization condition |a(ty)|*> + |b(to)|* = 1. Figure 3(a) shows
the reconstructed and simulated occupation. Both the recon-
structed phase difference and occupation show excellent agree-
ment with the simulated results, confirming the accuracy of our
method.

The delay-dependent dynamics of the occupations and
phase difference on the two nuclei can be interpreted by the
laser-driven Rabi process as well. As shown in figure 3(a),
the occupations are the same in the two nuclei around
delay = —8T), which indicates that H is in its ground state.
Later, the formation of a superposition induced by the IR pump
results in an oscillation. At delay = —T, the occupation oscil-
lation has the largest contrast almost approaching unity, this
indicates that 1so, and 2po, states have almost the same pop-
ulation and thus form a coherent superposition that leads to
charge rapidly hopping between the two nuclei as shown in
figure 3(a). Then the oscillation contrast gradually decreases
and reaches a minimum at delay = 27, which corresponds
to the maximum population of 2po, state. Similar dynamics
can be deduced from figure 3(b). The oscillating structure in
figure 3(b) also indicates the formation of the 1so, and 2po,
superposition. A 7 phase jump occurs at delay = —T'y, which
means that the superposition is dominated by 2po, state there-
after. Meanwhile, there is also a minimum of amplitude at
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Figure 4. Reconstructed results of the charge migration in H;‘ at R = 10 a.u. (a) and (b) are the same as figures 2(a)—(d) are the same as

figures 3(a) and (b), except for a different internuclear distance.

delay = 2T, when the phase difference is close to 7 as shown
in figure 3(a). At this moment, electrons are almost evenly dis-
tributed in the two nuclei but with opposite signs in the wave
function. This indicates that 2po, is the dominant component
at 27.

To demonstrate the universality of our approach, figure 4(a)
shows photoelectron spectrum for a different internuclear dis-
tance R = 10 a.u.. The parameters of the pump and probe
pulse remain the same. For the large internuclear distance case,
strong coupling between the ground state and the first excited
state emerges due to the charge-resonance effect [37]. Mean-
while, larger internuclear distance results in multiple interfer-
ence minima in the spectrum. By substituting R = 10 a.u. into
the cosine term in equation (3), we can obtain that two inter-
ference minima appear at k = 1.5 to k = 3 a.u., which leads to
the three-peaked structure in the photoelectron spectra. Fol-
lowing the same procedure, /(k) is obtained and displayed
in figure 4(b). Four minima appear corresponding to differ-
ent interference orders and the delay-dependent momentum
of each minimum is almost the same. The delay dependent
oscillation of each interference minimum represents the phase
difference between the two nuclei, which is proportional to
the vector potential of the IR pump [38]. The eigen-energy
of the ground state is £, = —0.771 a.u. at R = 10 a.u.. We
extract the effective momenta for the two minima k; = 1.914
a.u. and k, = 2.612 a.u. and the reconstructed internuclear dis-
tance is R = 10.28 a.u.. The retrieved occupation and phase
difference between two nuclei are displayed in figures 4(c)
and (d), respectively, which are in excellent agreement with the
TDSE simulation results. For both cases (figures 3 and 4) using
different internuclear distances, R can be reconstructed with
picometer spatial resolution. Meanwhile, the temporal resolu-
tion is only restricted to the delay step size of the pump—probe
experiment, which is typically on the order of a few tens of
attosecond [39, 40].

The method is presented within the fixed nuclear frame.
In order to study how the delocalization of the nuclear wave
packet would affect the reconstruction process, we statically
add the contribution of the nuclear delocalization by calcu-
lating the interference patterns for a range of nuclear dis-
tances around Ry = 5.2 a.u. and weighting them by a Gaussian
probability distribution. The Gaussian distribution is given by
W(R, ) = e~2In 24R=R0*/P \yhere [ represents the FWHM of
the Gaussian distribution. The final photoelectron spectrum
which considers this distribution is calculated by I(k, 7,1) =
ST |W(R,D|*I(k, T,R). 1(k, T, R) represents the photoelectron
spectrum of H;r at fixed internuclear distance R. Figures 5(a)
and (b) display the calculated spectrum for / = 0.05 a.u. and
[ = 0.2 a.u., respectively. The main spectral characteristics of
these two spectra are the same as figure 2(a). However, it is
obvious that the delocalization of the nuclear wave packet
smears out the electronic dynamics and corresponding diffrac-
tion patterns, especially for figure 5(b). At delay = T, destruc-
tive interference around k = 2 a.u. almost disappears. The
charge migration of figures 5(a) and (b) is retrieved by our
method and compared with the TDSE simulation results for
fixed nuclear distance Ry = 5.2 a.u. For [ = 0.05 a.u., the
retrieved occupation and phase difference (black dash line in
figures 5(c) and (d)) are close to the fixed nuclear results.
For [ = 0.2 a.u., the delocalization effect results in a notice-
able difference due to the smoothness of the interference min-
ima. The evolution of the phase difference between the two
nuclei (dotted line in figure 5(d)) however is less affected by
the delocalization and can still be captured. Besides, nuclear
motion induces and alters electronic coherences and popula-
tions via non-adiabatic couplings [41-43]. Although vibra-
tional motion of nuclei reduces the electronic coherence,
we consider it appropriate to ignore the vibrational motion
for cases when the characteristic time scale of the charge
migration process is much less than the vibration period [23].
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Figure 5. Analysis of the effect of the nuclear wave packet delocalization. (a) and (b) The calculated photoelectron spectrum for / = 0.05
a.u. and [ = 0.2 a.u., respectively, where the delocalization is considered by using a Gaussian distribution. (c) and (d) The retrieved
occupation and phase difference from (a) and (b) compare with the TDSE simulation results for fixed nuclear distance Ry = 5.2 a.u. (red
solid line). Black dash line for / = 0.05 a.u. and dotted line for / = 0.2 a.u..

Furthermore, a localized nuclear wavepacket such as the inner
or outer turning points of a moving wavepacket is preferred
for accurate dynamics reconstruction. More detailed and quan-
titative results require the establishment of a moving nuclei
model, which will be subject to future study. We believe that
the method has potential ability to monitor the molecular dis-
sociation and electron localization [44]. For large molecules,
the photoelectron distribution is determined by the symme-
try of the initial state and the molecular geometry. In this
case, multicenter interference will occur and the interference
structures will become more complicated. Thus in order to
probe the time-dependent charge location, further analysis
on interference patterns in higher dimensional space will be
required.

4. Conclusion

In conclusion, we have proposed a new method for imaging
the laser-controlled charge migration in diatomic molecules by
analyzing the interference patterns in the photoelectron spec-
trum. An IR pump pulse creates a time-dependent coherent
superposition of electronic states and a subsequent linearly
polarized XUV pulse is used to ionize the excited molecule.
Based on a simple double-slit model, the interference patterns
give access to the internuclear distance and also the time-
dependent occupation of electron on each nucleus and phase
difference of the electron wave function on the two nuclei.
Such information completely determines the charge migra-
tion. The accuracy of this method is confirmed by compar-
ing with TDSE simulated results at different internuclear dis-
tances, R = 5.2 a.u.and R = 10 a.u., respectively. This method

has potential ability to monitor the electron charge migration
during nuclear motion and provides a new thought to trace the
electron motion for large molecules.
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