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We analyze the elementary processes leading to the double ionization of Dg molecules
by a single femtosecond intense laser pulse. From the total kinetic energy release of the
two D7 ions which exhibits distinct peaks depending on the laser intensity, pulse length
and mean wavelength, we show that the double ionization of D2 by a short femtosecond
laser pulse can serve as a molecular clock. We discuss how to read such a clock correctly
and how to choose laser parameters so the clock can be read more accurately.
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sequential double ionization.

1. Introduction

The motion of atoms in molecules and most of chemical reactions occur on a
timescale of femtoseconds and picoseconds. The general scheme to track such mo-
tion has been clear for sometime: generate a short-lived excitation of the system
to initiate a reaction, and then follow the changing atomic structure of the reac-
tant over varying time intervals. With the availability of femtosecond lasers, time
resolved study of processes involving such movements have been achieved.! In such
typical pump—probe experiments, the time resolution of the experiment is limited
by the duration of the pump and/or the probe pulses. With the vibrational periods
of Hy and Dy molecules in the range of a few tens of femtoseconds, pump—probe
experiments cannot be used directly to study their dissociation or ionization dy-
namics. However, in a series of recent experiments,?~* it has been demonstrated
that the time evolution of the dissociation and ionization dynamics of Ho and D,
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can be probed with a single femtosecond pulse by measuring the kinetic energy
release (KER) of the products. In such experiments, the oscillating laser electric
field serves as the pump at the early cycles, while the electric field at the later cycles
provides as the probe. To read the dissociation or ionization time (or the molecular
clock) correctly from the measured KER, a thorough theoretical understanding of
the reaction dynamics is needed. In this review, we outline the basic theoretical
model for understanding these experiments and how to read the molecular clocks
accurately. We will describe the double ionization of Dy specifically, even though
the theory clearly can be applied to Hy with little modifications.

The double ionization of D in an intense laser pulse is depicted schematically in
Fig. 1. The D2 molecule is ionized initially at some time to when the laser electric
field is near the peak. This first ionization provides the “pump” and releases an
electron into the laser field. It also starts the molecular clock by sending out a
nuclear vibrational wave packet. The clock stops and the time is measured when
the second electron is ionized. Since the second ionization leads to two bare Dt
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Fig. 1. Schematic of processes involved for Dy double ionization in an intense laser field.
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ions, the distance of the two nuclei at that time can be deduced from the total
released kinetic energy of the two DT ions. The molecular clock is read from the
calculated time of propagation of the nuclear wave packet to this distance. To read
the clock accurately one needs to understand the double ionization dynamics to
determine factors that limit the precise reading of the clock.

In Fig. 1, we depict the time-dependent electric field of a typical Ti-Sapphire
laser pulse. The D3 molecule is assumed to be ionized by tunnelling from its equilib-
rium distance at £y when the electric field is near the maximum. This first ionization
launches a nuclear wave packet, where the motion of the wave packet is governed
by the ground electronic potential curve of D;. There are three well-known “mech-
anisms” where the DJ ions can be further ionized:

(1) the rescattering (RS) process,
(2) the sequential ionization (SI), and
(3) the charge resonance enhanced ionization (EI).

In RS, the tunnelled electron is driven back at around ¢, (see Fig. 1) by the laser
field to excite or ionize the parent ion. If it is excited the DJ is ionized immediately
after the laser field reaches the next maximum at ¢} or later such as tj. In SI, the DJ
is ionized at later laser cycles (such as at ¢} or ¢;) when the wave packet travels to
larger internuclear separations where the ionization energy becomes smaller. Since
the binding energy of DJ is higher than that of Do, SI is important only at higher
laser intensity. For the EI, it occurs at large internuclear distances where the two
lowest nearly degenerate o4 and o, potential curves are coupled strongly by the
laser field and tunnelling ionization is strongly enhanced. At lower laser intensities,
EI is the main ionization mechanism; it is characterized by small kinetic energy
release and has been extensively studied in the past.®~!! The typical kinetic energy
peaks from these three ionization mechanisms of D are sketched in Fig. 1.

Among the three ionization mechanisms discussed above, it is not desirable to
use the EI to read a molecular clock. EI occurs at large internuclear distances where
the potential curves are rather flat such that precise internuclear distance cannot be
accurately deduced from the measured kinetic energy release. Furthermore, it occurs
near the outer classical turning point of the nuclear wave packet and ionizations
from multiple returns would mess up the clock. We can exclude EI by concentrating
only on ionizations where the released kinetic energy is more energetic. Both RS
and SI can be used to read the molecular clock, with SI being the main mechanism
for lasers at higher intensity. Since the electric fields needed to ionize Dy and D
are quite different, SI is best studied with short pulses where the weaker electric
field at the early cycles of the pulse ionizes Dy, and the Dj is further ionized at the
later cycles where the peak field is substantially higher, e.g., at laser intensity above
10'® W/cm?.12 For the RS, it is best for laser intensity below 2 x 104 W/cm?.2~4
Of course RS and SI will coexist at peak intensities in between.3:14

Among the three mechanisms, for the 800 nm laser, the shortest time that can
be measured is the first return time for the RS process, which is around 1.9 fs. The
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time for SI depends strongly on the pulse duration. For laser pulses of the order
of 10 fs, the SI occurs at about 4.0 fs later. For EL, it occurs first at about 10 fs
after the first ionization. To read the clock more accurately, i.e., to extract the
molecular clock more precisely from the measured kinetic energy release spectra,
the ionization dynamics has to be analyzed carefully. We will focus mostly on the
RS here since it has the richest underlying physics involved. It is also the most
important mechanism for producing higher D+ kinetic energies. The SI mechanism
is relatively straightforward, see Tong and Lin.1®

In the rescattering mechanism for double ionization, one needs to calculate
tunnelling ionization rates of Do from the ground state, the excitation cross sections
of Dj by the returning electron and the further ionization of DJ from its excited
electronic states at different internuclear distances. These electronic processes have
to be folded with the time-dependent nuclear wave packet in order to extract the
time information from the kinetic energy spectra of D" ions that are determined
experimentally. The theoretical modelling is described in Section 2. Results from
the theory are compared to some recent measurements in Section 3. Final remarks
are given in Section 4.

2. Description of Double Ionization of D, by the
Rescattering Mechanism

2.1. Tunnelling ionization

The molecular clock starts with the first ionization of Dy. While the so-called
ADK16718 theory of tunnelling ionization for atoms has been around for many
years, it has failed to describe the ionization of molecules.’24 Only recently has
the ADK theory been extended to molecular targets.?> This MO-ADK theory has
been used to interpret the so-called ionization suppression of molecules2® and the
extension of high-order harmonic generation cutoff in molecules.?®6 The MO-ADK
theory also predicts the dependence of the ionization probability?” on the align-
ment of the molecular axis with respect to the laser polarization. Such alignment
dependence has been confirmed experimentally recently.!28:29 The advantage of
the MO-ADK theory is that the ionization rates are expressed in analytical form
—— the parameters needed in the theory for each molecular orbital are only calcu-
lated once. The ionization is assumed to follow the Frank-Condon principle. Even
though a recent experiment®® demonstrated the dependence of the vibrational level
distributions on the laser intensity, especially for the higher vibrational states, the
vibrational wave packet is not sensitive to these variations. Following the ionization,
a nuclear vibrational wave packet is created and the tunnelled electron is thrown
into the laser field. The nuclear wave packet is assumed to be moving in the field of
the ground electronic state potential curve of DJ since the effect of the laser field
on the motion of the heavy nuclei is small.
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2.2. Rescattering energy spectra

In the rescattering model,3! the tunnelled electron will be driven back when the laser
changes its field direction. The returned electron will collide with the parent ionic
core to excite it or ionize it. The rescattering is modelled similar to the method
used by Yudin and Ivanov3?32 for the double ionization of helium. The ionized
electron is treated classically, under the combined force from the laser field and
the residual Coulomb interaction from the D‘{ ion. For simplicity, the latter is
approximated by an effective charge Z. = +1 at the midpoint of the internuclear
axis. To calculate the trajectory of the ionized electron, we solved the equation of
motion (Newton’s second law) with the initial condition that the ionized electron is
at (z,y,2) = (0,0, zp), where 2 is the position where the electron tunnels, obtained
from the combined potential of the ion and the electric field of the laser. The initial
velocity v is assumed to have a distribution as described by the ADK model (atomic
units m = h = e = 1 are used throughout the paper unless otherwise indicated),

g(v) oc e VR/F (1)

In this model, the tunneiled electron is ejected isotropically with a Gaussian distri-
bution in velocity, i.e., we consider the ejected electron have initial velocity in both
the transverse and longitudinal directions. For each initial time ¢y or phase ¢g that
gave birth to the ionized electron, the classical equation of motion is solved to obtain
the trajectory. The distance of the electron from the center of DJ ion is monitored
for over seven optical cycles for long pulses or till the end of the laser pulse if the
pulse is shorter. The distance of closest approach of the electron from the ion and
the time when this occurs for each trajectory are recorded. From these data, the
impact parameter b and the collision energy T' of the corresponding electron—ion
impact (no laser field) excitation or ionization are obtained. For tunnelling ioniza-
tion starting at to right after the peak of the electric field of each half cycle, the first
time the electron will revisit the ion core is near ¢;. Without being scattered, it will
revisit the core again approximately at each half optical cycle later, at t9,%3,....
However, the kinetic energies of the returned electron at to, ¢4, ... are much smaller,
and are not important in general. Figure 2 shows the typical energy spectra of the
returning electron. For tunnelling ionization occurred before the peak of the laser
field, the electron can revisit the core only near t3, and they are indicated as t3 in
the figure. In the meanwhile, the average internuclear separation of DJ (and Hy)
at these times increases, and they are tabulated in Table 1 for laser pulses with
mean wavelength of 800 nm.

2.3. Electron impact excitation and ionization

For each impact parameter b and kinetic energy T of the returning electron, we
need to calculate the electron impact excitation and ionization cross sections of
DJ at each internuclear separation R. Different from the He' case, there are few
experimental or theoretical cross section data available for D . Thus we have to







