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Carrier Envelope Phase (CEP) dependence of double ionization in molecules at high laser
intensities — 2-D model for Hy and HeH',

by

André D. Bandrauk*, Huizhong Lu
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Université de Sherbrooke (Québec) J1IK 2R1

*Canada Research Chair

email: andre.bandrauk@USherbrooke.ca

Recent advances in ultrashort intense laser pulse technology allows for unprecedented study of
laser matter interaction on the time scale of a few optical cycles [1]. For few cycle pulses the
electric field, E(t)=Eq(t) cos(wt+$) depends strongly on the phase ¢ of the carrier wave of
frequency o with respect to the pulse envelope Eq(t). ¢ is called the carrier envelope phase, CEP.
Spatiotemporal variation of electromagnetic pulscs E(t) consisting of very few cycles are now
precisely known and can be shaped with attosecond precision via control over ¢.

We have previously demonstrated by numerical simulations that intense few cycle laser pulses
produce asymmetries in strong-field ionization of one electron atomic 3-D model systems [2] and
that such asymmetry follows a universal CEP dependence which can be used to measure the
duration of subfemtosecond pulses [3]. We investigate in the present work double ionization in a
2-D mode! of Hp and HeH' and its dependence on CEP effects. The 2-D model allows for
calculation of the angular dependence of the double electron ejection by intense 800 nm laser
pulses in molecules and to compare to recent experimental results in Ar atoms [4]. Comparisons
are also made at large internuclear distances where Charge Resonance Enhanced lonization,
CREI dominates [5].

[1] T. Brabee, F. Krausz, Rev. Mod. Phys. 72, 545 (2000).

[2]  S.Chelkowski, A.D. Bandrauk, A. Apolonski, Phys. Rev. A71, 053815 (2005); Opt. Lett.
29, 1557 (2004).

[3]  A.D. Bandrauk, S. Chelkowski, H.S. Nguyen, Phys. Rev. AG8, 041802 (2003).

[4] X Liuetal., Phys. Rev. Lett. 93, 263001 (2004).

[5] G. Lagmago Kamta, A.D. Bandrauk, Phys. Rev, Lett. 94, 203003 (2005).
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Physicists have directly measured the electric fiald
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of a light pulse for the first time.
| Search the archive
The oscillation of the electric field in a laser pulse has
Find been measured for the first time by physicists in Austria
- | and Germany. The technique could be used to study
ultrafast dynamics in atoms and molecules (Science 308
1267).

Ferenc Krausz and co-workers at the University of
Vienna, the University of Bielefeld and the Max Planck
Institute for Quantum Optics sent an extreme-ultraviolet
laser pulse with a duration of just 250 attoseconds (250
x 10718 §) into a gas of neon atoms, along with the
longer femtosecond (1075 s) pulse that they wanted to

measure. This second pulse contains only a few cycles of "

the electr Il field. The d pulse ionises
the neon atoms, and the electrons that are released are
then accelerated by the electric field of the longer pulse.
The duration of the electron bunch Is much shorter that
the timescale over which the electric field of the
femtosecond pulse changas.

The energy of the accelerated electrons - which can be
measured with a spectrometer - depends on the strength
of the electric fleld in the femtosecond pulse. By varying
the relative timing of the two pulses and measuring how
the electron energy changes, it is possible to bulld up a
plcture of the electric field in the longer pulse. The
method reveals that the light pulse has a duration of 4.3
femtoseconds.

"Our techniqué can measure the dynamic evolution and
the exact value of the electric field for few-cycle light
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return
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E(t) is symmetric. Newton equations:
dv. 10A 1 g,(t) .
LAY S L Vp=e— A(t0)=-—°(—°-)- sin(wt, + @)
dt c ot c 17

if p=0, v,(-t,) =—v;(t,) = symmetric photoclectrons
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Figure 31. The asymmetry coefficient a(#) as 8 finction of the absolute phase ¢ for the Jaser
intensity £ = 3.1 % 10 W em~2 and A = 00 nm for various pulse durstions < given in the inset,
obtained from a solution of the TDSE. From [61).
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Figare 32, The ssymmetry coefficlent a(¢) from a semiclassical model with (solid line) and
without (dashed line) the Coulomb atiraction by the jon, as a function of the CE phase @, for the
laser intensity £ = 10" W om™? and pulse duretion of 3.9 fs. From [6€).

Since E(1,) = E(i.), the quasistatic emission rates al these two times are identical provided
the envelope funetions at these two times have identical values (as is the case for envelope 1).
The lower part of figure 33 shows the electron trajectories starting at £, and /. calculated from
Newton's equation in the abaence of the Coulomb field. Initially, they fake off in the same
direction. However, the one that deparis at the Tater time 1. turns around after the field £(1)
has changed sign. Thereby, this trajectory refums to the ion and experiences (in the spacetime
region shown shaded) strong Coulomb attraction by the jon [112], in contrast 1o the electron
that was set free at the earlier time #,. The Coulomb field will defiect the electron from ils
ariginal direction. Since the electronic wave packet can be envisaged as a divergent bundle
of trajectories, the net effect will be a focusing in the direction of the laser polarization. This
desiroys the original b-f symmetry for the case of the envelope 1, which has the same valve
al the Iwo fimes 1, and 7 and corresponds to the cosine pulse. In order to compensate the
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Nonsequential Double Ionization at the Single-Optical-Cycle Limit
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Singularity-Free Methods for the Time-Dependent
Schroedinger Equation for Nonlinear Molecules in Intense
Laser Fields — A Non-Perturbative Approach

André D. Bandrauk*, HuiZhong Lu

ABSTRACT. We present a new methed for the nonperturbative numerical so-
lution of the Time-Dependent Schreedinger Equation, TDSE, for molecules in
intense laser fields, using cylindrical/polar coordinates systems. For cylindri-
cal coordinates systems, after use of a split-operator method which separates
the # direction propagation and the (z,y) plane propagation, we appr
the wave function in each (z,y) section by a Fourer serie (3 em(p)ei™?)
which offers an exp ial converg in the ¢ direction and is naturally
plicable for polar di system. The coefficienta (cm(p)) are then cal-
culated by a Finite Difference Method (FDM) in the p direction. We adopt
the Crank-Nicholson method for the temporal propagation. The final linear
system consists of a set of independ di ional (p) linear and
the matrix for every one-dimensional linear systems is sparse, so the whole
linear system may be very efficiently solved. The most important advantage
of the new method is that it is unitary at all steps and is analytically con-
vergent every where even near the p = D origin, in contrast to most other
numerical method based on cylindrical/polar coordinates systems which are
not unitary and introduce a numerical singularity at p = 0. We also illustrate
ita generalization to the case of dimension D=4, to treat two electrons in the
Ha molecule.

1(5g 109

1. Introduction

The current advent of ultrashort intense laser pulses [1] necessitates the devel-
opment of nonperturbative numerical methods to solve problems of interaction of
lasers with molecules [2]. Because of efficiency, in many cases one uses cylindrical
coordinates for the numerical solution of the 3-D Time Dependent Schroedinger
Equation, TDSE, for linear molecules exposed parallel to an intense laser pulse:
HY [3, 4, 5, 6], Hy [7]. Generally, we use the split-operator method or the ADI
(Alternating Direction Implicit Method [8]) method which separate the propaga- q
/

tion in the different directions. This process reduces a lot of computing time and
is very precise [8]. After splitiing, one must propagate the wave function in each
section plane in the polar coordinate. Polar coordinates have also been rsed in
2-D simulations of molecular alignment [5). But in the polar coordinate system,
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