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Abstract. We investigate from a theoretical perspective time-resolved photoionization of Ng
irradiated by a combination of a long infrared (IR) pulse with a dedicated train of attosecond
pulses (APT) in the extreme ultraviolet (XUV) range. The delay time of the attosecond train
with respect to the infrared pulse is systematically varied, in accordance with experiments. We
find marked oscillations of the ionization yield as a function of delay. We analyze the position
of maxima and minima of electron yield and trends with XUV frequency.

1. Introduction
Exploring the structure and dynamics of molecules and clusters has been one of longstanding
interests in many fields of science. Lasers provide invaluable probes of the properties of these
systems in a time-resolved manner. Ultrashort and ultrafast laser technology for molecular
dynamics has been marked by femtosecond pulses [1], which provide a nanometric imaging
of chemical reactions as well as a femtosecond time resolution of transition states. More
recently, high harmonic generations (HHG) from an intense near infra-red (NIR) laser pulse are
experimentally used for the construction of attosecond pulse trains (APT) [2]. The NIR pump
- APT probe setup is extensively used to trigger, monitor, and manipulate electronic motions
in various experiments [3, 4, 5, 6]. To explain and understand the numerous measurements,
different theoretical models have been developed. For small systems, such as H and He atoms,
it is possible to exactly solve the time-dependent Schrodinger equation and to compute related
observables as, e.g., photo-electron spectra (PES). For systems with a larger number of electrons
occupying distinct orbitals, the single-active electron approximation [7], which neglects any other
electron’s dynamics, can shed light on experimental results both qualitatively and quantitatively
in some cases. Another approach consists in Time-Dependent Density-Functional Theory
(TDDFT) [8] for the description of valence electrons dynamics, coupled non-adiabatically to
molecular dynamics for the ionic motion [9]. In this paper, we apply TDDFT to the study of
electron emission from the N9 molecule, irradiated by a NIR-APT laser setup, and we focus in
particular on the effect of laser polarization, ionic motion, and the XUV frequency of APT.
The paper is outlined as follows. In Section 2, the theoretical model and numerical details are
briefly introduced. Results are discussed in Section 3. Finally, a summary is drawn in Section 4.
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2. Theoretical approach
In the framework of TDDF'T, the dynamics of the N valence electrons is treated at the level of
Time-Dependent Local-Density Approximation (TDLDA) [10] augmented by an average-density
self-interaction correction [11]. The latter correction ensures a correct asymptotic decay of the
Kohn-Sham (KS) potential which is critical for a pertinent description of electron emission [12].
We consider here the 5 valence electrons of the N atom, while core electrons are coupled to
valence electrons via Goedecker-like pseudo-potentials [13]. The motion of the N°* ionic cores
is described by molecular dynamics, non-adiabatically coupled to TDDFT [9].

The laser interaction is treated in the dipole approximation. We here consider a combination
of a NIR laser pump and an APT probe, both polarized along the same direction [14] :

Eext(t) = ENIR(t) + Eatto(t) 5 (1)

Exm(t) = E§ " sin(wnint) fron (t) 2)
N-1

Eatto(t) = E(()atm) sin(wattot) 9 (1) Z [uio (0 = (AT+0Train)) (3)
a=0

where fr is a pulse envelope which reads :

Fr(t) = sin? (;w> O(L)0(T — 1) . (@)

0 stands for the Heaviside function. The NIR laser pulse is characterized by a wavelength of

800 nm (i.e., wng = 1.55 eV) and a total pulse duration Tng = 60 fs. Its field strength

EéNIR) corresponds to an intensity of 1012 W/ cm?. The APT consists in a succession of N = 21

attopulses of width Tatto = 0.3 fs. The amplitude of the train is modulated by the Gaussian
envelope g, see Eq. (3), centered at AT + NT}ain/2 and having a half-width of N'T};in/2. This
Gaussian profile is the same as that used in the experiment of [15]. The time separation between

the attopulses in the train is equal to half a period of the NIR pulse, i.e., 7/wnir. The field

strength E(()atto) of the APT corresponds to an intensity of 10° W/ cm?. A key parameter is the

delay time A7. It determines the phase along the NIR pulse at which the APT starts [3, 4]. In
the following, we always use pulses with the parameters given above. Only the delay time AT
and the frequency of the attopulses watto are varied.

Calculations are performed on a tridimensional coordinate-space grid [9, 16]. Occasionally,
a cylindrically averaged pseudopotential scheme (CAPS) is used [17]. The CAPS imposes a
cylindrical symmetry on the electronic wave functions but keeps an explicit ionic structure in
full 3D. In such calculations, the laser polarization is along the symmetry axis, while in full
3D calculations, it can take any directions. The electronic ground state is determined by the
damped gradient method [18]. Time propagation of the Kohn-Sham (KS) wave functions is done
with the time-splitting method [19]. Absorbing boundary conditions are used to remove outgoing
electrons at the boundaries of the numerical box [20]. The net ionization (Nesc) is approximately
calculated as the difference between the number of electrons in ground state (Ng) and that left

in the box after laser pulse is over, expressed as [21] Nesc(t) = Nej — / d®r p(r,t), where p(r,t) is
the time-dependent electronic density built from the KS wave functions. The electronic dipole

moment is defined as D(t) = [d®rp(r,t)r, and characterizes the electronic response of the
system in time.

3. Results

3.1. Impact of laser polarization and ionic motion

We first perform a scan on delay time A7, at the fixed XUV frequency watto = 35 €V, much
larger than the ionization potential (IP) of Ng at -egomo = 16.1 eV, where it is assumed that the
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negative highest occupied molecular orbital (HOMO) energy (egomo) is equal to the vertical IP
according to the Koopmans’ theorem [22]. Therefore, each XUV attopulse can easily promote
an electron from the bound states into the continuum. The NIR pulse, although strong, has a
frequency far below the IP and can hardly produce ionization alone. The lower panel of Fig. 1
shows the dipole signal of the underlying NIR pulse during the time window when APT is
introduced by the delay time Ar. It follows quasi-statically the NIR field thus oscillating with
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Figure 1. Key observables as functions of delay time A7 for a Ny molecule irradiated by a
combined NIR and XUV APT, as described in section 2, with waito, = 35 eV. Lower panel:
electronic dipole moment along the Ny molecule. Upper panel: net ionization with frozen ions
(close symbols) and moving ions (open symbols), obtained for a laser polarization along the No
molecular axis (circles) or perpendicular to it (triangles). Curves are drawn through the symbols
to guide the eye.

wnir. The upper panel shows the net ionization for 4 different cases, that is a laser polarization
along (circles) or perpendicular (triangles) to the No molecular axis, and with frozen (close
symbols) or moving (open symbols) ions. All cases show more or less pronounced oscillations
with A7. Those oscillation patterns with a periodicity of Tnir/2 were observed earlier and
explained by time-dependent localization of the electrons in Ny molecule [15], resulting from the
screening of the XUV laser field in a polarized Ny molecule.

In relation to the induced dipole (lower panel), we find that maxima of Neg. correspond to the
largest dipole moments, while minima of Neg. correlate with nodal points of the dipole signal.
For the cases with frozen ions, we observe that the aligned laser pulse produces more ionization
than the laser polarized perpendicular to the molecular axis. This is expected since the dipole
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moment is more responsive along the molecular axis than in the perpendicular one.

The overall pulse length Tir = 60 fs is much larger than the 14.14 fs period of Ny vibrations.
To explore the role of ionic vibrations, we compare the results obtained with frozen ions to those
with moving ions. The (more expensive) simulations are performed on a smaller, yet sufficient,
set of delay times, just covering one NIR period. Ionic motion dramatically limits the electron
yield by a factor of 3 for the aligned laser polarization, and also strongly reduces the amplitude of
the oscillations. The net ionization effect is less dramatic for the perpendicular polarization but
the amplitude vanishes almost completely. These reductions of oscillation by the ionic motion
can be explained by the fact that the molecular modes do not match the repetition times of
the external laser field, thus spoiling the phase relations which are needed to enhance electron
emission. The nearly full suppression of the oscillations in the perpendicular case is probably
due to the triggering of large molecular rotations that can perturb the response even more.

3.2. Dependence on XUV frequency

We now study the impact of the XUV attopulse frequency watto on the electron emission. A
variety of frequencies are used, well below threshold (we remind that IP=16.1 eV), close to
threshold, and well above. For such a scan, computations in full 3D are too expensive. Therefore,
the calculations have been performed in the CAPS and with frozen ions. The laser polarization
is fixed along the molecular axis. Figure 2 shows the net ionization as a function of the delay
time A7. One can notice that the net ionization obtained by 2D scheme is roughly a factor of 2
larger than that calculated from 3D calculations under the similar laser conditions, i.e., at 34 eV
in Fig. 2 and the toppest curve in Fig. 1. This is not surprising because the net ionization varying
with delay time of APT is associated with NIR laser pulse [15], the closer to the maximum of
NIR laser field (Tnir/2= 30 fs) the delay time, the larger the net ionization. Figure 2 reveals
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Figure 2. Net ionization as a function of delay time from Ny irradiated by a combined NIR
and XUV APT with frozen ions and in the CAPS (see section 2). Different XUV attopulse
frequencies are used as indicated by various symbols. The dashes emphasize the maxima and
minima.

that all frequencies produce qualitatively the same oscillation pattern with a period of Tnir/2,
and with all maxima and minima located at the same A7. However, for watto smaller than the
ionization threshold, excited states can be attained. And considering the finite width of the APT
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(about 5 —10 eV), the matching of laser frequencies delivered by the APT with eigenfrequencies
of Ny is expected to blur or to change the ionization pattern. This is not what we observe, since
the ionization oscillations all look independent of watto. This result is also at variance with the
calculations of Riviere et al [23] using the strong field approximation (based on the assumption
of a single-active electron) and for the He atom. They found two limiting cases. The first one is
for watto <IP : the maxima of ionization occur at the times for which the NIR dipole is maximal,
and the minima when the NIR dipole vanishes. The second case is for watto >IP+2U,,, where U,
is the pondermotive energy. Here, U,=0.06 eV, thus negligible. According to the findings of [23],
at the delay time for extrema there should occur maxima (minima) and minima (maxima) for
two distinct cases, respectively. Our calculations, on the contrary, do not exhibit such a reverse
behavior, since the maxima and minima are found for the same A7, whatever the value of wayto
with respect to IP. This indicates that the single-active-electron approximation is probably not
applicable in such a multielectron system as Ns. In particular, strong polarization effects in No
might play an important role in the electron emission.
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Figure 3. (a) Net ionization as a function of XUV frequency watto, deduced from Fig. 2. Circles:

maxima of ionization (NJ¥) at A7 = 26.62 fs. Triangles : minima (N2i") at A7 = 27.3 fs.

The dashed vertical lines are positioned at the absolute value of the single-electron energies of

No, see the main text. (b) Peak contrast between maximum and minimum of ionization, defined
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Figure 2 also shows marked changes in the amplitude with the XUV frequency. To better
vizualize these changes, we select two delay times, namely A7 = 26.62 fs corresponding to a
maximum of yield, and A7 = 27.3 fs corresponding to a minimum. The net ionization at these
two instants is drawn as a function of the XUV frequency wagto in panel (a) of Fig. 3. In order
to illustrate the variation of net ionization with wato, the absolute value of calculated single-
electron energies of Ny is marked by dashed lines in ascending order as 16.1 eV, 17.8 ¢V, 18.3
eV, and 32.8 eV. It is found that the frequency dependence of the maximum is very similar
to that of the minimum. They both increase with waito, reach a maximum around 20 eV, and
then decrease. These behaviors are consistent with multi-photon processes for waito < IP, with
a larger ionization as soon as watto comes closer to the IP (less and less photons are required),
and with one-photon processes for waito > IP where the effective field strength goes down as
w2, according to the Keldysh parameter [24].

max min
esc Nesc

Nazsx 4 Nain
in panel (b) of Fig. 3 as a function of waito. We observe a steady decreases of the contrast. In
other words, the larger XUV frequency, the less visible the oscillatory pattern. In the studied
frequency window, the decrease follows approximately a linear trend. The most remarkable
contrast in the present study are seen at the lowest frequency 8.2 eV (reaching 13%), while the
weakest signal with a contrast of only 2.3% occurs at the largest frequency 34 eV. We remind that
the attopulse intensity and the duration of individual pulse are kept constant in this frequency
scan. At very high waito, ionization as such has no time to set in and therefore, to be sensitive

to the delay time. Mind also that the absolute values of the ionization are very small (< 10™%).

A further interesting quantity is the peak contrast defined as P = . It is shown

4. Conclusions

In this contribution, we have studied from a theoretical perspective trends of ionization from a
Ny molecule after the irradiation by an external laser field constructed from the combination of
a near-infrared (NIR) pulse and a train of attosecond XUV pulses (APT). This is a typical set-
up in recent experiments aiming at time-resolved measurements of electron dynamics in small
molecules. The measurements show a strong dependence of ionization on the delay time between
the NIR pulse and the APT.

We have simulated the electronic dynamics by means of time-dependent density-functional
theory augmented by a self-interaction correction and optionally coupled to molecular dynamics
for the molecule ions. The laser pulse parameters have been chosen according to the
aforementioned experiments. The calculations confirm the appearance of marked oscillations
in the net ionization with delay time separated by half a period of the NIR pulse. We found
that the maximum of yield is always correlated with the extremum of the dipole signal (from the
response to NIR field). The electron emission is larger in case of frozen ions than in the case of
moving ions, which corresponds to the realistic scenario for experiments in the gas phase. The
laser polarization aligned with the molecular axis also delivers a higher ionization, compared
with the case of a perpendicular polarization. The amplitude of the oscillations with delay
time shows marked trends: it increases with XUV frequency for frequencies below ionization
threshold, and decreases for frequencies above, having therefore a maximum near threshold. The
contrast of the yield (relative amplitude) decreases monotoneously with XUV frequency.

The present study shows that there are indeed robust time-resolved signals in the electronic
emission induced by the NIR-APT setup. Some of the observed trends are consistent with
expected behaviors. However, other trends need more analysis to be clearly explained. Work in
this direction is in progress.
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