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Abstract

We have analysed angular distributions of the photoelectron yields arising
from strong-field ionization of diatomic and polyatomic linear molecules using
a leading-order intense-field S-matrix theory. For molecules with active
7 electrons the distribution is found to strongly depend on the degree of
molecular alignment, showing a nodal minimum along the laser polarization
direction as a characteristic signature.

The nonlinear interaction of molecules with an intense laser pulse has attracted considerable
experimental and theoretical interest recently (for reviews see, for example, [1, 2]). Single-
electron ionization is perhaps the most fundamental process initiated during the exposure
of a molecule to a strong field. A number of phenomena, e.g. charge resonant enhanced
ionization of molecular ions at critical internuclear distances or the suppression of ionization
of a neutral molecule to that of an atom with the same ionization potential, have been observed
and analysed. Most of the experiments have been performed on ensembles of molecules
with random orientation. Just recently it has become possible to measure the orientation
dependence of strong-field ionization in the case of N, molecules [3]. The experimental
observation supports theoretical predictions [4-8] that the total ionization rates of neutral
diatomic molecules depend on the orientation of the molecular axis with respect to the laser
field.

The dependence of ionization yields and related observables, such as photoelectron energy
spectra and angular distributions, on the spatial alignment of the molecule is important
for an understanding of strong-field molecular physics. For example, high harmonic
yields [9, 10] and molecular dissociation yields [11-13] are influenced by the angular
dependence of the ionization process. Spatial alignment of molecules is furthermore of great
interest in view of the variety of possible applications [13, 14], such as control of ionization
and dissociation pathways, rotational cooling, molecular trapping and focusing, pendular-state
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spectroscopy and the study of steric effects in chemical reaction dynamics. It is well known
from excitation—ionization experiments at low laser intensities that, in particular, photoelectron
angular distributions are sensitive to molecular orientation and provide a probe of the molecular
structure, symmetry and orientation (for reviews see, for example, [15, 16]). In view of the
recent experimental achievements in strong-field molecular ionization the question arises as to
how the highly nonlinear electron—field interaction at peak intensities well above 10> W cm =2
affects the angular distribution of the photoelectron yields depending on molecular orientation.

Below we analyse the photoelectron angular distribution of linear molecules subjected to
an intense linearly polarized laser pulse. It will be shown that, for molecules having an active
7 orbital, the degree of alignment of the molecular ensemble is reflected in the appearance of
anodal minimum along the laser polarization direction, as the cone angle of the distribution of
alignments, 8, decreases from § = 180° (random orientation) to § = 0° (complete alignment
along the polarization axis). The origin of the minimum lies in the presence of a symmetry-
induced node in the plane containing the molecular axis.

Our analysis is carried out using an extension of the so-called KFR (Keldysh—Faisal-Reiss)
theory [17-19] for atomic ionization in intense laser fields to the ionization of molecules
[20-22]. It corresponds to the leading order of the ab initio intense-field S-matrix theory and
involves nonresonant transitions of a molecule from the initial electronic ground state to the
final state of the molecular ion and the field-dressed Volkov electron (e.g. [23]). The angular
distribution of the ejected electrons, averaged over the distribution of the cone angles, can be
given in terms of the rate of differential ionization per element of solid angle d€2 along the axis
of electron detection, as [20, 22]
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where 7 is an unit vector along the molecular axis and 6; and ¢; are the angles with respect
to the polarization direction €. N, is the number of electrons in the active molecular orbital,
Z = 1 is the charge state of the molecular ion, Ey is the peak field strength of the laser and
I, is the ionization energy of the molecule. Jy(a; b) is a generalized Bessel function of two
arguments (e.g. [23]), where op = \/T/a) is the quiver radius (g = apé) and U, = 1 /4e? is
the quiver energy of an electron in a linearly polarized laser field of frequency w, intensity /
and polarization direction €. ¢y, is a plane wave and ¢; and ¢ are the initial and final ground
state wavefunctions of the neutral molecule and the molecular ion, which are obtained from
the quantum chemical GAMESS code, within the Hartree—Fock approximation and the Born—
Oppenheimer approximation [24]. k% /2 = Nw—U, — I, is the kinetic energy of an electron on
absorption of N photons from the field and Ny is the minimum (or threshold) photon number,
which has to be absorbed for ionization. The dominant part of a strong-field photoelectron
spectrum (without plateau) extends up to about 2U,, before it falls off exponentially. Therefore,
the sum over N in equation (1) has to be performed well beyond N = 2U,/w + Ny in order
to achieve convergence of the results. In practice, in the actual calculations up to 35 photon
orders are taken into account.

We note that the leading-order S-matrix approximation has been found earlier to account
well for the experimental signals from the diatomic molecules N, and O, [20], as well as for
the hydrocarbons C,H,, C,H,4 and C¢Hg [22], but not for the highly electronegative molecules
like F; [25]. For the present purpose we have therefore restricted our analysis below to linear
molecules of C, N and O atoms.
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The angular distribution of photoelectron yields is obtained by combining the fundamental
rates, equation (1), with the rate equations for the differential yields:

dPy(r; 1)
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where P, is the probability of finding the target molecule in the initial state, W(/, 8) =
[ dQdW(1, B)/dQ, and Pq is the probability of finding the ejected electron in the element of
solid angle d2. I (r, t) is the space—time profile of the laser beam. The equations are solved
under the constraint Py(t) + f dQPq(t) = 1 with Py(t = —o0) = 1 and the contributions
from all points in the laser focus are summed up. For actual computations we have used a
Gaussian pulse profile with a peak intensity Iy and centred around ¢ = 0 with a pulse width
v (FWHM) and a TEMy-mode Gaussian beam. We restricted the spatial variation to the axis
perpendicular to the propagation direction. The latter corresponds to experimental situations
in which the Rayleigh length of the laser beam is significantly larger than the dimensions of
the time-of-flight spectrometer.

We consider the angular distributions of photoelectrons emitted from an ensemble having a
given minimum cone angle of alignment, 8, measured with respect to the polarization direction.
This scenario is related, for example, to a two-pulse experiment in which the first pulse is used
to align the molecules (to a minimum cone angle ) and a second (ultrashort) pulse is used
to ionize it. Assuming that such an ultrashort pulse does not contribute to the alignment
of the molecule in a Ti:sapphire laser, we have calculated the angular distributions of the
photoelectrons in a short laser pulse (t = 10 fs (FWHM), & = 800 nm) for di- and polyatomic
molecules.

In figure 1 we present the results of calculations for N, (panel (a)) and O, (panel (b))
for a laser peak intensity Iy = 10'* Wcem™2, NO (panel (c)) and C; (panel (d)) for
Iy = 2 x 10 W cm™2. The fundamental rates, which are used in the rate equations for
the yields, are averaged over all possible orientations within the cone angle (cf equation (1)).
This angle 8 provides a quantitative measure of the degree of (adiabatic) alignment, e.g. 8 = 0°
corresponds to complete alignment while § = 180° corresponds to completely random
orientations. In the figures, polar angles are measured from the laser polarization direction
¢ (linearly polarized) in the laboratory frame. The angular distributions of the O,, NO and
C; (mw-symmetry), on the one hand, and N, (o-symmetry) molecules, on the other, show a
characteristic difference. In the case of N, molecules the distributions remain unchanged
for any degree of alignment. In contrast, O,, NO and C; distributions show the appearance
of a node along the polarization axis as the alignment angle is decreased from the random
orientations, 8 = 180°, toward complete alignment, 8 = 0°.

This behaviour can be understood qualitatively as follows. As pointed out at the outset
molecules with active orbitals of w-symmetry, like O,, NO and C7, possess a nodal plane
through the (body-fixed) molecular axis, which leads to a vanishing photoelectron angular
distribution along this axis. In a fully randomly oriented ensemble of such linear molecules
the minimum along the space-fixed axis due to the molecules that are aligned is washed out
by the addition of contributions from the overwhelmingly larger number of molecules that are
not oriented along the space-fixed axis. But, for an aligned ensemble of linear molecules the
body-fixed axis coincides with the space-fixed axis (alignment axis) and hence the node can
show up along the common axis. It might be expected that the influence of the nodal plane
would begin to be felt already below a certain cone angle, even when the alignment is not
exact. In fact, in the present case the minimum begins to appear for 8 =~ 30° (O,, NO) and
B =~ 15° (C;) and the height of the minimum as a function of § is seen to act as a relative
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Figure 1. Comparison of angular distributions of electrons from the homonuclear diatomics N, and
03, the heteronuclear diatomic NOV°’¢ 4 and the poyatomic C7. Results are obtained for ensembles
of molecules at different fixed cone angles of alignment. Laser parameters were A = 800 nm,
7 =10fsand Iy = 10'* W cm~2 for panels (a) and (b) and Ip = 2 x 103 W em 2 for panels (c)
and (d).

measure of the degree of alignment of the ensemble. The above interpretation applies to the
whole class of linear molecules having active 7 electrons, as exemplified in figure 1 for the
classes of homo- and heteronuclear diatomics as well as polyatomics.

Since intense-field ionization is a highly nonlinear process, ionization in the parameter
domain of interest (e.g. of a typical Ti:sapphire laser system) essentially occurs at the peak of
the laser pulse, at different positions in the laser focus. The angular distributions are therefore
expected to be dominated by that occurring at the peak intensity of the pulse. It is nevertheless
interesting to investigate, if the signature of the nodal minimum is affected, if the alignment
angle is made to vary from point to point in the laser focus due to the adiabatic variation of
the local intensity. To simulate, only qualitatively, the intensity dependence of the alignment
angle B(I(r, 1)) we adopt a slowly varying heuristic model’:

Iy—I(r;t)
Iy 2)

Notice that, when the initial intensity is zero, the alignment angle is 180°, corresponding to
a completely random distribution of molecular orientations and that for the peak intensity it
corresponds to the minimum cone angle 8. The angular distribution of the photoelectron yields
must now be calculated from equations (1) to (4), taken simultaneously together.

In figure 2 we present the results for A = 800 nm and a pulse duration ¢ = 100 fs for
(@) 0y, Iy =5x 108 W em™2, (b)NO, Iy = 10 W cm 2 and (¢) C, Iy = 103 W cm 2. Ttis

B (r, 1)) = 180° — (180° — B) cosz( 4)

4 For the heteronuclear molecule NO the yields for the two distinct positions of the nuclei with respect to the centre
of the molecular axis are averaged for each orientation.
5 For more elaborate dynamical models see, for example, [26, 27, 13].
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Figure 2. Comparison of photoelectron angular distributions for (a) Oa, Iy = 5 x 1013 W cm™2,
(b) NO, Iy = 10" Wem=2 and (c) C7, Iy = 1013 W ecm~2 calculated assuming an adiabatic
intensity-dependent cone angle, equation (4), minimum cone angle g, A = 800 nm and r = 100 fs.

seen that the characteristic minimum along the polarization axis is reached for full alignment
(B = 0°) for all molecules investigated. This behaviour is fully consistent with the results
shown in the previous figures obtained from the simplified fixed cone-angle calculations and
shows that the basic signature of the nodal minimum along the polarization direction for an
aligned ensemble is not washed out by averaging over the adiabatic variation of the local
intensity in the laser focus. The height of the minimum increases with the decrease in the
alignment and, for example, for O, the minimum turns into a maximum already at § = 15°.

In summary, we have shown by an intense-field S-matrix analysis that the photoelectron
angular distributions depend strongly on the degree of alignment of the molecular ensemble
when a linear molecule having an active orbital of 7-symmetry is exposed to an intense laser
pulse. The appearance of a nodal minimum along the polarization axis characterizes the
variation from random orientation towards complete alignment. This could be observed either
in a pump—probe experiment, in which the pump pulse aligns the molecules and the (very
short) probe pulse ionizes them, or in a single-pulse ionization experiment with an intense
slowly varying laser pulse.
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