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The development of attosecond laser pulses allows one to probe the inner workings
of atoms and molecules on the timescale of the electronic response **. In molecules,
attosecond pump-probe spectroscopy enables investigations of the prompt charge
redistribution and localization that accompany photo-excitation processes, where a
molecule is lifted from the ground Born-Oppenheimer potential energy surface to
one or more excited surfaces, and where subsequent photochemistry evolves on

femtosecond timescales. Here we present the first example of a molecular



attosecond pump-probe experiment. H, and D, are dissociatively ionized by the
sequence of an isolated attosecond pulse and an intense infrared few-cycle pulse. A
localization of the electronic charge distribution within the molecule is measured
that depends — with attosecond time-resolution — on the delay between the pump
and probe pulses. The localization is shown to rely on two mechanisms. In
mechanism I, it arises due to quantum mechanical interference between
dissociation channels involving the Q; *Z,* doubly-excited states and ionization
continua where the infrared laser alters the angular momentum of the departing
electron. In mechanism 11, the charge localization arises during dissociation of the
molecular ion and is due to laser-driven population transfer between the 1sey and
the 2po, electronic states. These results open the way for attosecond pump-probe
strategies to investigate the complex molecular dynamics that result from the
coupling between electronic and nuclear motions beyond the usual Born-

Oppenheimer approximation.

Following the successful development of isolated attosecond (1 as = 107 s) laser
pulses less than a decade ago,” pioneering work on their use in studies of atomic photo-
excitation and —ionization,®’ and in studies of electron dynamics in solids,® has raised
the prospects that the molecular sciences may similarly benefit from the introduction of
attosecond techniques. While the timescale for chemical re-arrangements that involve
elaborate motion of the constituent atoms is necessarily in the femtosecond (1 fs = 10
s) domain, the electronic re-arrangement that accompanies the sudden removal or
excitation of a selected electron is intrinsically faster. Indeed the removal of electrons
that are involved in chemical binding may result in hole dynamics on sub- or few-fs
timescales in a wide range of systems including bio-molecules and bio-molecular

complexes.>*® Extremely fast molecular dynamics involving electron correlation can



also be initiated by the excitation of doubly-excited states and by subsequent auto-

ionization processes.!**?

The application of attosecond laser pulses to molecular (auto)-ionization and
electron localization requires suitable experimental diagnostics. EXisting experimental
implementations of attosecond techniques ***° do not readily lend themselves towards
intra-molecular electronic re-arrangement processes. Here we introduce the
measurement of angular asymmetries in the momentum distributions of fragments that
result from dissociative ionization as a tool that is directly related to charge dynamics.
As a benchmark, we investigate the dissociative ionization of hydrogen molecules (Ho,
D,). In the following we will mainly present experimental results for the case of Dy,
where the highest quality data was acquired. Likewise, we present computational results
for the case of H,, where the close-coupling calculations presented below allow a more
extensive exploration of the experimental conditions. To validate these calculations we
will occasionally compare with H, measurements, whose quality is lower but which

show analogous behavior to the D, measurements.

The choice of the hydrogen molecule as the subject of our investigation follows a
rich tradition.’”'® An attractive feature of H. is that its (intense field) dissociative
ionization can frequently be understood in terms of the two lowest electronic states of
the molecular ion, namely the 2Zg+(1scs@,) and %%, (2poy) states (see Figure 1a). In our
experiment (see Methods), the combination of an isolated attosecond XUV pulse®® with
a spectrum that extended from 20 to 40 eV and a (time-delayed) intense 6 fs FWHM IR
pulse, with identical linear polarization, produced ionic fragments H" and D*. The
velocity and angular distribution were measured.”® In D* ion kinetic energy spectra
recorded without the IR beam (Figure 1b), a broad kinetic energy distribution is
observed, consistent with earlier experimental and theoretical work.?* To interpret these

(see Figure 1c) and all later results, we have solved the time-dependent Schrddinger



equation (TDSE) for H, by using a close-coupling method that includes the bound
states, the 2ZgJ'(lscsg) and the 2Z,"(2poy) ionization continua, and the doubly excited
states embedded in them.? The calculations take into account all electronic and
vibrational (dissociative) degrees of freedom, and include the effect of electron
correlation and interferences between different ionization and dissociation pathways
(see Methods). From here on, we will focus on the detection of fragments from
molecules that are aligned parallel to the laser polarization axis. Therefore in the

calculations only states of ¥ symmetry were included.

Upon XUV excitation, several pathways lead to dissociative ionization. The
relative weights depend on the photon energy and the observation angle of the ionic
fragment with respect to the laser polarization.?! Up to hv = 25 eV, direct ionization
forms the 2ZgJ'(lscsg) state , and releases a small fraction (2%) of low kinetic energy (Ex
< 1 eV) ionic fragments. Between hv = 25 eV and hv = 36 eV, a parallel transition
preferentially excites molecules aligned along the polarization axis to the doubly-
excited Q; '%," states. Subsequent auto-ionization to the 2Zg+(lscsg) state produces
fragments with a kinetic energy that spans the entire range of 0-10 eV, but lies primarily
between 2 and 7 eV.?* 2 Direct ionization to the repulsive *%,*(2poy) state becomes
possible at hv = 30 eV. Above hv = 38 eV the full range of internuclear distances
sampled by the ground state of H, can participate in this channel, leading to high-energy
fragments (Ex = 5 - 10 eV). Above 31 eV, a perpendicular transition preferentially
excites molecules that are orthogonally aligned to the laser polarization axis to the Q;
11, doubly-excited states. These states auto-ionize to both the 2Z@,+(lscsg) and the
2y."(2pou) states, resulting in ionic fragments with kinetic energies of 1-5 eV and 5-8
eV, respectively® Since the evaluation of the kinetic energy distributions in the
experiment forces us to include ionic fragments within a 45 degree cone around the

laser polarization axis, involvement of the Q, 'T1, states cannot a priori be ruled out.



When the molecule furthermore interacts with a few-cycle IR pulse, a number of
changes occur in the fragment kinetic energy distributions. Experimental D* and
calculated H* kinetic energy distributions are shown as a function of the relative delay ¢
between the attosecond and IR pulses in Fig. 1d and 1e. Note that in view of the very
demanding nature of the computations, calculations could be performed for IR
intensities up to 3-10%> W/cm? and for XUV-IR delays of up to 12 fs. Experimentally

we estimate the IR intensity may have been higher by as much as a factor of 2.

At low energy (Ex < 1 eV) bond-softening of the bound 2ng(lscsg) vibrational
wave packet by the IR pulse is observed. The bond-softening peaks at t = +10 fs, when
the wave packet finds itself near the outer turning point of the potential energy
curve.?*% When the XUV and IR pulses overlap (z ~ 0 fs), a strong increase of the ion
signal at high energy (around 8 eV) is observed, accompanied by a decrease at
intermediate energies (3 eV < Ex< 5 eV). Based on the close-coupling calculations, we
believe this enhancement is due to an increase of the excitation cross-section of the 2poy,
continuum due to IR-laser induced mixing of the 2poy and 1sog States. The increase may
furthermore contain contributions from photo-ionization of the Q, *=," doubly-excited
states by the IR laser. For larger time delays (z > 8 fs), the kinetic energy distribution
above 1 eV does not change appreciably with delay and resembles the distribution

obtained in the absence of the IR field (see Fig. 1b and 1c).

Dissociative ionization of H, lends itself to the observation of both laboratory-
frame and molecular-frame asymmetries. The former corresponds to an asymmetry in
the fragment ejection along the laser polarization axis, while the latter corresponds to a
(anti-)correlation in the direction of emission of the ionized electron and the ionic
fragment. Laboratory-frame asymmetries were previously observed in dissociative

ionization of D, by a carrier-envelope phase (CEP)-locked infrared laser pulse,® while



symmetry-breaking in the molecular frame was observed in single-photon XUV

dissociative ionization of H, and D, mediated by auto-ionization of the Q, ‘I, state.?’

In the present experiment laboratory-frame asymmetries A(Ex, 7) were defined as

A(Ek, 7) = {NL (Ex, 7) — Nr(Ex, 7)) }{NL (Ex, 7) + Nr(Ex 1) + O} (1)

where Ni_r(Ey7) indicates the number of ions arriving within 45 degrees from the
polarization axis on the left and right side of the detector and &'is a small number that

prevents a singularity when N (Ex, ) + Nr(Ex 7) vanishes.

Over almost the entire kinetic energy range where D resp. H" ions are formed,
asymmetries are observed that oscillate as a function of z, as shown in Figure 2a and 2c.
Delaying the IR laser by one-quarter of the IR period (650 as) or by one-half of the IR
period (1.3 fs) leads to a disappearance or reversal of the electron localization. The
phase of the asymmetry oscillations strongly depends on the kinetic energy of the

fragment that is measured.

The asymmetries can be understood by writing the two-electron wave function of

singly-ionized H; as:

¥ = ¢1[1s0g(1) elg(2)]g+ Ca[150g(1) elu(2)]u + Ca[2pou(L) elu(2)]g + Cal2pou(l) elg(2)]y

where, for simplicity, the wave function has not been anti-symmetrized with respect to
electrons 1 and 2, and the ionized electron 2 is described by a continuum orbital of well
defined energy ¢ and angular momentum Iy or l,. The observation of a fragment
asymmetry relies on the formation of a mixed-parity superposition state that contains
contributions (at the same fragment kinetic energy and for the same angular momentum

I, or ly) from both the 1soy and the 2poy, states. This can be recognized from the

)



following expressions for wave-functions of H," + e that have the bound electron

localized on the left or right proton:

L = [Lsogy(1) + 2pou(1)] elgu(2)
Pr = [1sog(1) — 2pou(1)] elgu(2) (3)

From equations (1-3), it is very easy to see that

NL(Ek,t) — NR(Ek,t) =4 Re [C1 Cs* + ¢y Cg*]

Thus a laboratory frame asymmetry is formed by a mixed-parity superposition where
the continuum electron has the same angular momentum Iy in both ionic states, (C1,Cs #
0) resp. (ca,cs # 0).%° In contrast, a molecular frame asymmetry is caused by an
interference of the first (second) and the third (fourth) term in equation (2) (c1,c3 # 0 or

C2,Cs £ 0).%

A(Ex,7) can be accurately evaluated from the two-electron wave function obtained in the
close-coupling calculation. As can be seen in Figure 2b, the close coupling calculations
reproduce the occurrence of oscillations in A(Ex,z) with the periodicity of the IR laser.
The asymmetry oscillations are very pronounced for delays up to 7 fs and kinetic
energies above 5 eV and decrease in amplitude for delays beyond 7 fs and kinetic

energies below 5 eV.

In the absence of the IR, the XUV photo-ionization produces a two-electron wave
function where only c, and c, are non-zero, thereby precluding the observation of a
laboratory-frame asymmetry. The IR laser can cause an asymmetry either by changing
the wave function of the continuum electron or by changing the wave function of the
molecular ion. The former occurs as a result of the influence of the IR laser during the

photo-excitation process (this will henceforth be called: mechanism I, Fig. 3a), while



the latter occurs as a result of the interaction of the molecular ion with the IR laser

during the dissociation process (this will henceforth be called: mechanism 11, Fig. 3c).

The asymmetry oscillations in Figure 2b in the region where the XUV and IR
pulses overlap (t < 8 fs) occur under conditions where XUV-only ionization produces
high-energy fragments (from excitation of the 2po, state) accompanied by the emission
of an s-electron (c4 # 0). However, the interaction of the IR laser with this photoelectron
redistributes the wave function over several angular momentum states, including the p-
continuum (c3 # 0, see figure in supplementary information). At the same time, auto-
ionization of the Q; ',(1) state (and, to a lesser extent, direct ionization) leads to the
formation of a dissociative wave packet on the 1scgy state that is primarily accompanied
by the emission of a p-electron (c, # 0, see figure in supplementary information).
Further support for the involvement of the Q; '%,"(1) state is suggested by results of a
close-coupling calculation in which direct excitation to the 1scy state by the XUV pump
was artificially suppressed (see Fig. 3b): fringes in the region t <7 fsand Ex > 5 eV are
then still apparent, even though no wave packet is initially produced in the 1soq state.
To summarize, our mechanism | (Fig. 3a) explains the asymmetry oscillations that are
observed for temporal overlap of the XUV and IR pulses in terms of the interference of
a wave packet on the 1soq state that is mainly formed by auto-ionization of the Q
3.7 (1) doubly-excited state with a wave packet on the 2poy state that is formed by an
XUV photo-ionization process where the continuum electron absorbs one or more

photons from the IR field.

Mechanism | can only occur when the XUV and IR pulses overlap. In contrast,
mechanism 11 requires that the IR has a high intensity during the dissociation of the
molecule, irrespective of whether the IR and XUV pulses themselves overlap. The IR-
laser can induce population transfer between a wave packet dissociating on the 2po,

state and the lsoy state (see Fig. 3c). Since the close coupling calculations were



restricted to intensities < 3x10™ W/cm? and to the excitation of =-states, this mechanism
is only weakly visible in Fig 2b. Nevertheless this mechanism is expected to be
dominant at the intensities where the experiments were performed and clearly shows up
in calculations performed by numerical integration of the 1D TDSE that describe the
evolution of a vibrational wave packet initially placed in the 2po, state of the H," (see
Fig. 3d). Moreover, under our experimental conditions the potential involvement of the
Q, 1, doubly excited states implies a larger population of the 2poy states than in the
calculations and, therefore, a reinforcement of the asymmetry at long delays in the

region Ex > 5eV.

Similar results as in figure 3d are obtained by an even simpler semi-classical
Landau-Zener (LZ) model (see Methods). In this model the IR-laser induced population
transfer during dissociation can be understood in terms of so-called quasi-static states,
which are the eigenstates of the 1so¢/2poy two-level problem in the presence of a (static)

electric field:

¥1 = cos O(t) (1sag) + sin 6(1) (2poy)
¥, = -sin 0(t) (1sag) + cos O(z) (2poy) (@)

where 6(2) is related to the splitting wo(R) between the 1sog and 2poy states and to the

IR laser-induced dipole coupling Vgu(R,t) = -u(R)E(t) by*®
tan 26(t) = -2V, (R)/wo(R) ©)

Early on, when wo(R) >> u(R)Ey(t), the Landau-Zener transition probability is small and
the nuclear wave packet remains in ¥,. When wo(R) = u(R)Eo(t), the nuclear wave
packet breaks up into a coherent superposition of the quasi-static states, which now
furthermore begin to resemble the localized states ¥, and ¥g. Towards the end of the

dissociation, wo(R) << u(R)Ey(t), the nuclear wave packet switches between the two
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quasi-static states. This merely reflects the fact that the electron is no longer able to
switch from left to right and ensures that the localization acquired in the intermediate
region persists. The correlated dependence of the asymmetry on Ex and 7 is caused by
the dependence of the localization process on the internuclear distance where the

nuclear wave packet is launched.

Rapid electronic processes on timescales extending down into the attosecond
domain define our natural environment, and are at the heart of photo-physical, photo-
chemical and photo-biological processes that sustain and enable life. In this work the
first comprehensive experimental and computational effort has been presented aiming at
and demonstrating the utility of attosecond pulses in molecular science thereby
establishing a point of departure for the direct investigation of (multi)-electron
dynamics in molecular systems, such as electron transfer/localization and auto-
ionization, and of the coupling between electronic and nuclear degrees of freedom on

timescales approaching the atomic unit of time.

Methods summary

Experimental methods. To generate both beams, linearly polarized few-cycle IR laser
pulses with a controlled CEP were divided into a central and annular part using a drilled
mirror. The polarization state of the central part was modulated in time using two
birefringent plates in order to obtain a short temporal window of linear polarization
around the center of the pulse. This laser beam was focused in a Krypton gas jet to
generate an XUV continuum via high-order harmonic generation.?® A 100 nm aluminum
filter was used to eliminate low-order harmonics and the IR radiation, and provided a
partial dispersion compensation of the transmitted XUV light. In this way single
attosecond pulse with a duration between 300-400 as were produced.'® The attosecond

pulses were focused using a grazing incidence toroidal mirror into the interaction region
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of a Velocity Map Imaging Spectrometer (VMIS). The annular part of the original IR
beam was focused by a spherical mirror and collinearly recombined with the attosecond
pulse using a second drilled mirror. The relative time delay between the two pulses was
changed with attosecond time resolution using a piezoelectric stage inserted in the
interferometric setup. The XUV and IR laser beams were crossed with an effusive
H./D, gas jet that emerged from a 50 um diameter capillary that was incorporated into
the repeller electrode of the VMIS.*® lons generated in the two-color dissociative
ionization were projected onto an MCP + phosphor screen detector. 2D ion images were
acquired using a low-noise CCD camera, and allowed retrieval of the 3D velocity

distribution of the ions.
Methods

Experimental methods. To generate both beams, linearly polarized few-cycle IR laser
pulses with a controlled CEP were divided into a central and annular part using a drilled
mirror. The polarization state of the central part was modulated in time using two
birefringent plates in order to obtain a short temporal window of linear polarization
around the center of the pulse. This laser beam was focused in a Krypton gas jet to
generate an XUV continuum via high-order harmonic generation.?® A 100 nm aluminum
filter was used to eliminate low-order harmonics and the IR radiation, and provided a
partial dispersion compensation of the transmitted XUV light. In this way single
attosecond pulses with a duration between 300-400 as were produced.*® The attosecond
pulses were focused using a grazing incidence toroidal mirror into the interaction region
of a Velocity Map Imaging Spectrometer (VMIS). The annular part of the original IR
beam was focused by a spherical mirror and collinearly recombined with the attosecond
pulse using a second drilled mirror. The relative time delay between the two pulses was
changed with attosecond time resolution using a piezoelectric stage inserted in the

interferometric setup. The XUV and IR laser beams were crossed with an effusive
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H./D, gas jet that emerged from a 50 um diameter capillary that was incorporated into
the repeller electrode of the VMIS.*® lons generated in the two-color dissociative
ionization were projected onto an MCP + phosphor screen detector. 2D ion images were
acquired using a low-noise CCD camera, and allowed retrieval of the 3D velocity

distribution of the ions.

Numerical methods. The two-electron close-coupling calculations have been
performed by using an extension of the method reported in Ref. 2. Briefly, we have

solved the seven dimensional (7D) time-dependent Schrodinger equation

[I—]O(rl,rz, R)+V(t)—i§jcb(r1,r2, R,1t)=0

where ry, I, are the position vectors of electrons 1 and 2, respectively (two times 3D), R
is the internuclear distance (1D), H° is the H, field-free non relativistic Hamiltonian, ®
is the time-dependent wave function, and V(t) is the laser-H; interaction potential in the
dipole approximation which is a sum of two terms corresponding to the XUV and IR
pulses separated by a peak-peak time delay 7, V(t) = Vxuv(t) + Vir(t+7), , with
frequencies axuy and g, and durations Txyy and Tr, respectively. Each pulse has a

cosine square temporal envelope and is given by the analytical formula

k
0 elsewhere

t' T T
. Alcos?| FE | for——k <tk
V) =P (T j 2 2

where ¢’=t for the XUV pulse, ¢ '=t+z for the IR pulse, and p is the dipole moment. In all

calculations we have used mxuy = 30 €V, Txuy = 400 as, ly,, = (A%, f ok, = 10°

W/cm?, wr = 1.65 eV, Tir = 16 fs (corresponding to a pulse duration of 6 fs FWHM),

Low = (A%, f @2y, = 3102 Wiem?, and zhas been varied from 0 up to 12 fs. The

TDSE has been solved by expanding the time-dependent wave function @ in a basis of

fully correlated H, vibronic stationary states of ;" and X," symmetries, which include
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the bound states, the non-resonant continuum states associated with the 1scq and 2po,
ionization channels, and the lowest Q; and Q; doubly excited states. In doing so, the
TDSE is effectively 6D and the results are exclusively valid for H, molecules oriented
parallel to the polarization direction. The electronic part of the vibronic states is
calculated in a box of 160 a.u. and the nuclear part in a box of 12 a.u.. The size of these
boxes is large enough to ensure that there are no significant reflections of electronic and
nuclear wave packets in the box boundaries for propagation times smaller than 7 +

(Txuvt Tir)/2. Non-adiabatic couplings and molecular rotations have been neglected.

The two-electron wave function that is obtained in the close-coupling calculation
lends itself to a detailed analysis of the mechanisms that lead to the measurement of
laboratory-frame asymmetries in the dissociative ionization of the molecule. As an
example, the figure in the Supporting Information shows the angular momentum and
electronic state-resolved delay dependence of H' ions with a fragment kinetic energy in
the interval <7.5 eV, 8.5 eV>. Angular momentum |y and I, stand for l= (1sc4el)q and I,
= (2poyel), for 1 = 0 (Squ-wave), | = 2 (dgy-wave),.... and lg = (2poyel)g and I, = (1scgel)q
for I =1 (pgu-wave), | = 3 (fy-wave),.... A (time-dependent) asymmetry is expected
when for a given angular momentum a substantial population is simultaneously present

in both the 1so4 and the 2pg, states (g and u).

In analyzing mechanism Il, we have performed 1D TDSE calculations that
describe the evolution of a wave packet initially located in the 2po, state and centred at
the H; equilibrium distance. In these calculations, only the 1scy and 2po, state were
included and the IR pulse was launched at different times to simulate the delay t
between the pump and the probe pulses. We have also used the Landau-Zener model in
which the transition probability between the two-dressed states of eq. (4) is given by %

— 7105 (R)
4o n(R)E, (1)

W:exp[
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where wr is the carrier frequency of the laser and where Ey(t) is the envelope of the
laser pulse. This has been used to evaluate the probability for a diabatic transition and,
hence, the population in the quasi-static states. This leads to an asymmetry parameter

that is similar to that obtained from the 1D TDSE calculations.
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Figure 1: Dissociative ionization of hydrogen by an XUV-IR pulse sequence (a)
Photo-excitation of neutral hydrogen leads to the excitation of the Q; (red) and
Q2 (blue) doubly-excited states and ionization to the 1scyand 2pc, states, which
can be followed by dissociation.; (b) experimental D* and (c) calculated H*
kinetic energy distributions with only the isolated attosecond laser pulse

present, with only the few-cycle IR laser pulse present, and for two delays
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between the XUV the IR pulse ; (d) experimental D" and (e) calculated H*
kinetic energy distributions as a function of the delay between the attosecond

pulse and the IR pulse.

Figure 2: Asymmetry in XUV+IR dissociative ionization of hydrogen (a)
Experimentally measured asymmetry parameter for the formation of D*-ions in
two-color XUV+IR dissociative ionization of D,, as a function of the fragment
kinetic energy Ex and the XUV-IR delay. A fragment asymmetry is observed that
oscillates as a function of the XUV-IR delay and that strongly depends on the
kinetic energy.; (b) Calculated asymmetry parameter for the formation of H* ions
in two-color XUV+IR dissociative ionization of H, as a function of the fragment
kinetic energy Ex and the XUV-IR delay, obtained using the close-coupling

method described in the text; (c) similar to (a) but for H*-ions

Figure 3: Mechanisms that lead to asymmetry in XUV+IR dissociative
ionization. (a) asymmetry caused by the interference of a wavepacket
launched on the 2po, state by direct XUV ionization or rapid ionization of the Q;
s, states by the IR, and a wavepacket on the 1scy" state resulting from
autoionization of the Q; 'X," states. Blue arrows signify the role of the XUV
pulse, and red arrows that of the IR pulse; purple lines and arrows signify
dynamics that is intrinsic to the molecule; (b) close-coupling calculations where
direct photo-excitation to the 1lscy state has been excluded, supporting the
notion that the Q; autoionizing states play an important role in the localization
dynamics; (c) asymmetry caused by the interference of a wavepacket that is

launched on the 2po, state by direct XUV ionization and a wavepacket on the
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1scy state that results from stimulated emission during the dissociation process;
(d) time-dependent asymmetry calculated by a two-level calculation where the
wave function of the dissociating molecule is considered as a coherent

superposition of the 1s64 and 2po, states.
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