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Abstract

By solution of the time-dependent two-electron Schrédinger equation, en@ustrate
that strong-field ionization in combination with electron correlation in moleculedazlize
bound electron wave packets in molecules. The wave-packet creatmremed by the emis-
sion spectrum in high-order harmonic generation, which is sensitive to tiiaimn and re-
combination phase difference between different ionization channelhiyidoogen molecules
at stretched internuclear distance, we find that the ionization phaseeditfebetween the ger-
ade and ungerade channels is in the range froamd 1.51, indicating that the bound wave

packet is initially either on the same side as the outgoing electron or delocalized.

| ntroduction

The observation and control of atomic motion in moleculethefemtosecond time scale by using
femtosecond laser pulses is a well established area ofralsk®ngoing efforts have been under-
taken to extend ultrafast wave-packet manipulation tatelaavave packets on the attosecond time
scale? The natural approach to this task is excitation with attoadgulses’ which are formed by
high-order harmonic generation (HHG) in laser-irradiad¢ains. HHG stands for the conversion
of many laser photons into a high-energy photon. It can berstdod by the semiclassical three-
step model* an electron escapes by tunneling from the highest occuptaithh the electron is
then accelerated in the strong oscillating laser field ang me@ombine with its parent ion to emit
coherent extreme ultraviolet radiation. It has emergedigver, that attosecond processes can be
studied without attosecond pulses by analyzing directydiinamics of atoms and molecules in
strong laser fields,e., by observing the particles and radiation from laser-iatatl systems:®

A large variety of such molecular imaging methods based eretactron recollision process has
been proposed Particularly HHG has become an important tool to investighe electronic and
geometric structure of molecuf&s*and ultrafast dynamic$1°~1This is possible because the re-
combination of an electron and a molecular ion is sensititeé molecular structure. For instance,

HHG spectra from simple two-center molecules exhibit ertielue to structural interference, thus
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providing information about the internuclear distatl€e?®More generally, the correspondence be-
tween HHG spectra and photorecombination cross sectisgbd®n clearly demonstrated by the
success of the quantitative rescattering theory for HiGhe minima observed in HHG spectra
from aligned CQ molecules, however, depend on the laser interfsiindicating that a purely
structural explanation is not sufficient. Recent experiralesnid theoretical work suggests that the
involvement of lower-lying molecular orbitalse., multichannel HHG:316is responsible for the
intensity dependence of the minimum position. Tunnelirgfra lower-lying orbital creates the
molecular ion in an excited electronic state and the coltengmerposition of electronic states re-
sults in bound electron wave-packet dynamics during thersstep of HHGL® Since HHG with
multiple channels must connect the same initial to the sama dtate of the molecule, it records
the information about multielectron dynamics and the sagement of electrons upon tunneling
ionization. Therefore high-harmonic spectroscopy is bépaf resolving correlated electron dy-
namics with attosecond temporal resolut®@n26 Interestingly, this approach allows to determine
the initial shape and location of the hole left by a tunnektertron. For N molecules, a counter-
intuitive phase difference of between the main ionic states was fouffdmplying an unexpected
initial location of the hole, possibly due to electron ctat®n during tunneling ionization. A
theoretical study of the electron-electron interactionryionization suggests that an attosecond
correlation pulse produced by the departing electronifatéls ionization from deeper orbitads.

In this paper, we solve the time-dependent Schrddingertiegueo confirm that correlated
strong-field ionization processes create bound electrore\packets. As a model, we employ a
one-dimensional bimolecule with fixed nuclei. We develop a method to determireinitial
shape of the remaining bound electron wave packet and tkusriization phase. In their pioneer-
ing work, Smirnova and coworkers have assumed the ionizat@se to be 0 o to reproduce
the experimental harmonic spect®?2° In our study, we investigate the dependence of the phase
on the internuclear distance and the laser intensity. Wey ghat the location of the hole left by
tunnel ionization can be manipulated by varying the lase@misity. Although the intuitive picture

of ionization from lower-lying orbitals does not readilyyp in the case of K with its doubly



occupied Hartree-Fock orbital, it is still possible to gssdifferent Dyson orbitals to the differ-
ent ionization channels, which correspond to the eleatrstaites of the K ion. The internuclear
distance is chosen larger than the equilibrium distancederao make the energy gap between
the ground and first excited states of the ion comparabletivétaser frequency, so that the elec-
tronic rearrangement dynamics occurs on the sub-lasée-tipee scale and influences the HHG
spectrumt® We show that a double-channel HHG model using the numeyicalculated time-
dependent ionization phase partially explains the extrentae HHG spectrum. These extrema

cannot be understood in a single-channel picture.

1D Mode€

The time-dependent Schrodinger equation (TDSE) for thedlgotron wave functiot?(xy, o, t)

describing 1D H in a laser fieldE(t) reads (atomic units are used)
02 02
[ ath(X]_,Xz,t) = —?1 — 72 -l-V(Xl,Xz) + (Xl-I-XZ)E(t) l-|J(X;|_,X2,t) Q)

whereV (xg,x2) =U (X1) +U (x2) + W(x3—X2) with U (x) = “-W(x—R/2) —W(x+R/2) andW(x) =
(X2 41)~ 2. Trapezoidally shaped 1200 nm laser pulses with a totatiduraf 4 optical cycles and
linear ramps of one optical cycle are used. The time evaigtarts from the ground state which is
obtained by imaginary-time propagation. The split-oparatethod?® is applied to solve the TDSE
with 2048 time steps per optical cycle. The HHG spectrum taiokd as the Fourier transform of

the time-dependent dipole acceleratfdhi,e.,

2
Sw) ~ '/ < W()|(1+ BV + 2E(1)|W(t) > ddt| . )

For comparison, we consider also a laser-field-free setupshich harmonics are generated by
collision of a Gaussian electron wave packet that is imtipiepared heading towards the molec-

ular ion in the ground state. The continuous emission spectrom the collision shows the effect



of molecular structure on HHG in the absence of multichamfigcts or distortions due to the
laser field. We use the wave-packet collision instead of ai$tsiformulal® in order to include

Coulomb effects exactly in the determination of the struataffects. The initial state for this cal-
culation is a superposition of the two-electron groundestaj(x1,x2) and a symmetrized product

of the ionic ground statgg(x) with a Gaussian wave packgg(X),

W(x1,%2) = a Wo(X1,%2) + B Fdg(X1) Yo(x2)], (3)

whereSis the symmetrization operator for the two coordinatges<;. The Gaussian wave packet
We(X) = exp(— (X —x0)?/(20?)+ikx) is initially centered axo = 80a.u. witho = 0.3a.u., moving
with a central momenturk= —1.3a.u. toward the molecular ion. We setg = 10° to mimic an

HHG process in a weakly ionized system.

Results and Discussion

The HHG spectra at various internuclear distances are showAigure 1 in comparison with
the smooth HHG spectra from the wave-packet collision. Aalsinternuclear distancefR(=
l.4a.u. andR= 2a.u.), we find that the minimum in the collision spectrumwscat the same
frequency as in laser-induced HHG. This shows that the gggn of the harmonic intensity is
a purely structural effect. Indeed it originates from destive two-center interferencé-20 As
the internuclear distance is increased, the energy\Mgapetween the ionic ground state and first
excited state is reduce® & 5.2a.u.,AE = 0.0566a.u.R = 6a.u.,AE = 0.0302a.u.). Therefore,
ionization to the excited ionic state may start to play a.rods can be seen from Figures 1(c)
and (d), the minima in the collision spectra appear at fraqies different from the laser-induced
spectra. This demonstrates that ionization to the ioniampicstate is not sufficient to explain HHG
at increased distance.

To investigate the strong-field ionization process in maogtaill, we consider blinteracting

with a half-cycle pulse. The two-electron denghy(x;, X»,t)|? at the peak of the half-cycle pulse
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Figure 1. (Color online) HHG spectra for 1DoHat various internuclear distances. The laser
intensity is 3x 10W/cn? in (a),(b) and 4< 10" Wi/crm? in (c),(d). Dashed lines: spectra emitted
by collision of a Gaussian wave packet with the molecular ion

(with positive electric field) is shown in Figure 2 fR=6a.u. using two different laser intensities.
The major part of the density resides in a ground-statega with the two electrons located on
opposite sides of the molecule. Additionally, there is dgrescaping towards negative valuexof
or Xo, representing single ionization. For the lower intensitg,see that both electron coordinates
are negative in the ionizing pairte., ionization localizes the remaining bound electron at itee s
that is on the same side as the outgoing electron. For theshigtensity, the coordinate of the
bound electron can be positive or negative, indicating@ination of the remaining electron.

In order to obtain a more quantitative description, we dakeuthe wave function of the bound
electron. First, the bound wave paclggix;, k,t) at timet after the half-cycle pulse for outgoing

electron momenturk is obtained as the overlap between the two-electron wawitmand the
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Figure 2: (Color online) Two-electron density at the peak ti#-cycle pulse foR=6a.u. (a)
Laser intensity 2 104 W/cn?. (b) Laser intensity & 10 W/cn?.

outgoing electron approximated as a plane waee,

B0 kt) = [ €™ wie)Woa 0 die. @)

We use a window functiom(x) =

o T Trsie to eliminate the inner part of the wave
function, where the ground state is located. We relate themembum of the outgoing electron
to the ionization time; by the classical expressidn= —fth(t/)dt/. The bound wave packet
is propagated backwards in time using the one-electron Tid®k the same half-cycle pulse
as in the two-electron TDSE, yielding the initial bound waacket x (x1,tj) at the ionization
time t;. Since the tunnel ionization rate is exponentially sevsito the ionization energy, we
only consider the two most important channels, namely t@eidnh in the gerade ground state
¢4 or ungerade first excited stayg,. For every ionization time, we calculate the populations
|Cq.ul? Of the two states and their relative phage= arg(C,/Cq) from the complex amplitudes

Cgu = (Pgulx(ti)). Our convention for the ionization phageis thatg = O refers to the bound

electron located opposite to the outgoing electron. This &ccordance with the definition in the
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Figure 3: (Color online) Relative phase between the ungeradgarade states versus ionization
time. Solid lines: intensity 210 W/cm?. Dashed lines: intensity>4104 W/cn?. Left panel:
R=5.2a.u. Right panelR=6a.u.

work by Smirnova and coworkers, where the ionization phagss to the phase difference of the
ionizing wings of different Dyson orbitals.

The two states are found to be almost equally populated miirtternuclear distancd? =
5.2a.u. andR=6a.u. Figure 3 shows that the ionization phase depends dagbeintensity,
especially when the internuclear distance is large. Thigates that the location of the ionization-
induced hole depends on the laser intensity as well. Theation phase depends weakly on the
ionization time. For the lower intensityx2.0' W/cn¥, the phase stays closetpi.e., the bound
electron starts on the same side as the outgoing electramisitonsistent with the mechanism of
enhanced ionization via the ion-pair st&fe=or the higher intensity 4104 W/cn? andR= 6a.u.,
the phase is nearr82. Phases far from 0 and imply a delocalized wave packet in the process
of moving from one nucleus to the other. Varying the laseznsity allows us to vary the phase,
therefore opening a possibility for controlling the electtocalization.

As shown in Ref. 25, the ionization phase is encoded in the Hp&tsum. To extract this
information, we introduce a recollision model for desanidpithe extrema in the HHG spectrum.
The essential ingredients of the model are the ionizati@sehthe bound-electron motion, and the
recombination phase. We assume that at tinodsse to recollision, the system is in a superposition

of the two-electron ground statdy(xy,Xo,t) = LIJo(xl,xz)e—iEOt and a symmetrized product of a



bound ionic wave packep™ with a continuum wave packegi:(x,t),

l-|J(X;|_,X2,t) = al-Po(Xl,Xz,t) +BS{W+(X1,t)lIIC(X2,t)]. (5)

If the two ionic states are equally populated and if thereadaser-induced excitation between

ionization and recombination, the ionic wave packet is

L,U+(X,t) _ <¢g(x) + ¢U(X)e—iwr+i¢> e—iEgr (6)

with w = AE and Eg being the I—{ ground-state energy. However, in the presence of the laser
field, we deduce from our calculations that the wave packstdlate approximately with the
laser frequency and therefore we setequal to the laser frequency. The travel time-t—t;
determines the dynamical phase accumulated after ionization. The molecular ground state a

large internuclear separation is well approximated by tb#lét-London-type function

Wo(x1,%) = % (Bg(x0) Bg(%) — Bu(x2) bu(x2)) @)

The Dyson orbitals corresponding to the ionic stapgsand ¢, are thenDg = v/2(¢g|Wo) = @g
andDy = v/2(¢y|Wo) = — . The emission spectrud(Q) is proportional to the modulus squared

of the Fourier transform of the dipole-velocity expectati@alue®!
Va(t) = i{W(t)|d1+ 02| W(1)). (8)

Setting the continuum wave packet to a plane wewex,t) = € Ext with momenturk, using
linear combinations of atomic orbitals for the statgsand ¢y, keeping only continuum-bound
transitions, and neglecting exchange contributiétesads (within a temporal saddle-point approx-
imation) to the result

S(Q) ~ 1—sin(|k|R) sin(wt — @). 9)



We have assumed that the excited-state channel has the rsg@ctories as the ground state (ne-
glecting the difference in ionization energy) and we hawedubat the recombination matrix ele-
ments for the gerade and ungerade states differ by a phas®ofhe harmonic photon energy
is the sum of the kinetic recollision energy and the ionaatpotentiallp, i.e, Q = Ex+1p. The
travel timeT is obtained classically using the short trajectéty\Ve evaluate the interference pat-
tern predicted by Eq. (9) using the numerically obtainedzaton phasep from Figure 3. To this
end, the ionization time is mapped to harmonic order acogrtti the classical recollision mod@l.
In addition to the HHG spectra we calculate the time-fregyetistributior?* using the Gabor
transform3® The results are shown in Figure 4 and Figure 5 for two diffelaser intensities. Fig-
ures 4(a),(b) show clear minima in the short trajectory tdrmediate harmonic orders, namely at
about harmonic 69 in Figure 4(a) and harmonic 57 in Figurg.4¢bthe HHG spectra, these min-
ima are visible, but less pronounced due to the summationshat and long trajectories. Using
the recollision model with the ionization phase from Fig8réhese minima are well reproduced.
At the same orders, there is no interferemce minimum in thg toajectory, showing clearly the
sensitivity to the electron travel time, which is expectednultichannel interference. The model
does not reproduce well the minimum at the lower harmonieiod® in Figure 4(c). This may be
due to a low-energy failure of the model, which is based onglaaves and Coulomb-free trajec-
tories. In general, however, the model reproduces therestf the numerical calculations well.
This is seen also for the higher laser intensity in Figurelte $tructures in the short trajectory in
the range-4fs<t < —2fs in Figures 5(a),(b) are consistent with the model. Theaiat earlier
times comes from the rising edge of the laser pulse and shmilébe compared to the model.
For R= 6a.u., the model now uses a phase significantly alip\eee Figure 3(b). Choosing the
phase constant and equal to zeragmitoes not satisfactorily reproduce the numerical results Th
is apparent by inspection of the minimum at harmonic ordérihZigure 5(d). Only the correct
choice of phase in the interference model reproduces themainThe HHG spectrum thus pro-
vides the information on the electron localization. Thidimogl of observing the electron dynamics

can be adapted to more complex systems once the electrates sind transition matrix elements
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Figure 4. (Color online) Time-frequency analysis and HHGcszeof H, for the laser intensity
2 x 10*W/cn?. Also shown are the emission spectra obtained using thélissmo model, Eq. (9),
with the ionization phase from Figure 3 (thick solid lineg)= 1 (thick dashed lines) ang = 0
(thick dotted lines). Left paneR=5.2a.u. Right PaneR= 6a.u.

are known.

Conclusion

In summary, we have provided numerical evidence for boungvpacket creation by strong-field
ionization of two-electron molecules. The location of thiial wave packet can be controlled by
varying the laser intensity. A simple recollision model basn applied to predict how the positions
of interference minima in the HHG spectrum depend on the \paw&et localization. The model

shows good agreement with the numerical TDSE results pedwidat the correct ionization phase,
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Figure 5: Same as Figure 4 but for the intensity 20 W/cn?.

i.e., the correct initial wave-packet location, is used. Ourifigcdemonstrates the power of high-
harmonic spectroscopy for molecular imaging on the suldeedond and Angstrom scale. It may
provide a new possibility for experimental investigatidnamization mechanisms such as the ion-

pair-type enhanced ionization obH
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