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Orientation-dependent dissociative ionization of H, in strong elliptic laser fields: Modification
of the release time through molecular orientation
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We investigate the photoelectron angular emission distributions obtained by strong-field dissociative ionization
of H, using cold target recoil ion momentum spectroscopy. In the case of employing laser light with an ellipticity
close to 0.9 and an intensity of 1.0 x 10'* W/cm?, we find that the most probable release time of the electron
does not generally coincide with the time when the laser field maximizes. The release time is affected by
the molecular orientation. In addition, we observe that the width of the release-time distribution depends on
molecular orientation. We attribute this observation to the two-center interference.
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I. INTRODUCTION

At which time is an originally bound electron released
when an atom is exposed to a strong laser pulse? This question
is closely related to the strong-field-induced tunnel-ionization
rates and if such release times depend on the properties of
the orbital of an atom, molecules, and even solids exposed
to the ionizing field [1]. A powerful experimental technique
to access these ultrashort time scales is attosecond-streaking
employing a time-dependent electric field in the terahertz or
optical regime. This streaking field accelerates the electron
once it is in the continuum and the momentum transferred
depends on the electron release time. Thus, measuring the
final momentum allows one to infer the release time of the
detected electron with attosecond precision [2,3]. A particu-
larly intuitive implementation of this idea is angular streaking
in which one uses close to circularly polarized femtosecond
pulses [4-9]. In strong-field ionization employing circularly
polarized light, the emission direction of the electron (in the
polarization plane) encodes the release time of the electron
with high precision: The rotating electric field of the fem-
tosecond laser acts as ultrafast clockwork and the measured
electron momentum vector serves as the hand of the clock.
This concept is well-known as the “attoclock” [10]. Despite
its conceptual simplicity, this technique paved the way to mea-
sure attosecond phenomena with femtosecond laser pulse. The
most widely used observable in angular streaking experiments
is the angle at which the electron count rate maximizes. After
accounting for the influence of the ionic Coulomb field, this
angle is usually associated with the time at which the electron
most likely appears in the continuum (i.e., the “release time”).
A second important observable is the width of this angular
distribution. Until today angular streaking or attoclock mea-
surements have been mostly limited to atomic targets [4,5]
and only very few cases involving molecules or moleculelike

“khan @ atom.uni-frankfurt.de
Tdoerner @atom-uni.frankfurt.de

2469-9926/2020/101(2)/023409(5)

023409-1

species have been reported so far [6,7,11]. If an atom is
ionized by a strong laser field, the photoelectron most likely
escapes the atomic potential at the peak of the laser’s electric
field, because the tunneling process depends in a strongly
nonlinear manner on the laser intensity. For a molecule, the
ionization rate depends additionally on the orientation of the
molecular axis with respect to the instantaneous electric field
vector [12], which has been attributed to the shape of the
ionized molecular orbital.

In this paper, we investigate how the interplay between
the molecular orbital and the driving laser field influence
the polarization-plane photoelectron angular emission dis-
tribution in dissociative ionization of H,. We show that in
the case of strong-field ionization of H, the most probable
electron emission angle (and thus the most-probable release
time) depends on the molecular orientation with respect to
the laser polarization. Additionally, it is demonstrated that the
width of this angular distribution depends on the molecular
orientation, too. The latter issue has been recently addressed
theoretically by Serov et al. in their numerical simulation of
the attoclock approach [13]. Figure 1 illustrates the scheme
which we employed to access the electron release time as a
function of the molecular orientation.

II. EXPERIMENT

In this experiment, elliptically polarized intense laser
pulses with a duration of 100 fs at a central wavelength of
790 nm were generated by a Ti:sapphire femtosecond laser
system (Wyvern-500, KMLabs). The ellipticity (¢) of the
pulse was approximately 0.9. To produce elliptically po-
larized pulses, we used a combination of a quarter-wave
(A/4) plate and a half-wave (1/2) plate which were placed
before the entrance window of the experimental chamber.
Inside the vacuum chamber, the laser beam was focused by
a spherical concave mirror (f = 60 mm) onto a cold super-
sonic H, gas jet. The gas jet was produced by means of
a supersonic expansion of H, gas through a 30-pum noz-
zle with a driving pressure of 1.2 bar at room temperature

©2020 American Physical Society


https://orcid.org/0000-0002-1343-8031
https://orcid.org/0000-0001-5036-234X
https://orcid.org/0000-0002-9245-9059
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.101.023409&domain=pdf&date_stamp=2020-02-18
https://doi.org/10.1103/PhysRevA.101.023409

ARNAB KHAN et al.

PHYSICAL REVIEW A 101, 023409 (2020)

90 streaked electron

(a) 120

150 30

<::180 0
tunnel exit\ ™ ST 7
-150 -30
-90 - - ADK-rate
90 =-= Molecular Orbital

(b)

FIG. 1. Schematic representation of the molecular attoclock
scheme for a clockwise rotating laser field. The scheme allows for
a mapping of the electron release time to momentum space that
is experimentally accessible. The two-sided red (dark gray) thick
arrow corresponds to the molecular axis. The brown (black) thin
arrow represents the direction of the tunnel exit in the plane of
polarization at the instant of ionization (release time). The green
(light gray) thin arrow indicates the most-probable electron emis-
sion angle ({Oeec)) Which corresponds to this release time. (a) The
molecular axis is oriented along the peak of the laser electric field.
(b) Same as panel (a) but for a different molecular orientation. The
ionization probability differs due to the changed relative angle of the
tunneling direction and the molecular orientation [red (dark gray)
dash-dotted line]. As a result, the release time is altered, which yields
a change of the most probable electron emission angle ((Geec)). All
the angles are measured relative to the major axis of the polarization
ellipse.

(300 K). We measured the three-dimensional momentum
distributions of the H* ion and the electron, in coincidence,
by using the cold target recoil ion momentum spectroscopy
(COLTRIMS) [14,15]. The spectrometer used here has an
ion arm consisting of a 18.2-cm acceleration region and
a 40.0-cm drift region and an electron arm with an ac-
celeration length of 7.8 ¢cm. The H' ions and photoelec-
trons were accelerated by a homogeneous electric field of
423 V/cm towards two microchannel plate detectors

equipped with delay-line anodes [16]. A superimposed mag-
netic field of 10.1 G was employed in order to confine the
electrons inside the spectrometer volume. We used a laser
intensity of 1.0 x 10'* W/cm?2. The intensity calibration was
done by examining the photoelectron distribution from single
ionization of argon using circularly polarized laser pulses. To
obtain an accurate measure of the peak intensity at the center
of the focal volume, the experimental electron radial momen-
tum (per = vV pﬁy + pgz) distribution was compared with the
Monte Carlo-based semiclassical two-step model [17]. In this
simulation nonadiabatic initial conditions were extracted from
the strong-field approximation (SFA) [18]. Using this method,
we obtained a peak electric field strength of 0.043 a.u. for the
elliptically polarized laser pulse.

III. RESULTS AND DISCUSSION

Strong-field dissociative ionization of Hj is typically con-
sidered a two-step process:

H, + nhw — Hyt + €7, (D

H,* + mhow — H' + HC. )

In the very first step, the H, molecule is photoionized [see
Eq. (1)]. The resulting H,* ion is created in a broad su-
perposition of vibrational states (on a lsoéf potential curve)
and further nuclear dynamics is driven by the laser field.
During its vibational motion the H,™ ion can absorb further
photons from the laser field and dissociate into H* and H° [see
Eq. (2)] [7,19-21]. There are two well-known channels for
H,* dissociation: The one-photon (1w) channel and the net-
two-photon (net-2w) channel. In the 1w channel, the H,™ ion
absorbs one photon from the laser field and is electronically
excited to the repulsive 2po, potential energy curve on which
it dissociates. In the net-2w channel, the H, ™ ion is excited
to the 2po,” potential energy curve by absorbing three pho-
tons at small internuclear distance. The nuclear wave-packet
generated moves along that potential energy curve to a larger
internuclear distance at which one photon is emitted, yielding
a transition to the lscrg+ potential curve along which the
molecule finally dissociates. One can easily separate these two
channels experimentally by the proton kinetic energy spectra
(or proton momentum distribution in the laser polarization
plane). The net-2w channel yields kinetic energy higher than
that of the lw dissociation. Here, we discuss only the net-
2w channel as this channel is easy to distinguish regarding
interchannel mixing compared to the 1w channel [22].

Figure 2(a) shows the measured correlation of the electron
emission angle (6¢je.) and the ion emission angle (6;o,) in the
polarization plane (see Fig. 1 for the definition of the angles).
After performing a columnwise normalization of the correla-
tion plot [see Fig. 2(b)], it is evident that the distribution has a
varying slope, and it is not equal to 1. Hence, for a particular
variation of 6y, Oelec Varies less. For example, in the range
—70° < Bion < 50° a change of 6;,, of almost 110° results
in a change of only 15° in O¢.. To visualize this, the most-
probable electron emission angle (6. ) is plotted as a function
of 0,0y in Fig. 2(c). This observation can be understood con-
sidering a simple model in which the ionization probability
is a product of the photoelectron angular distribution for
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FIG. 2. (a) Correlation plot of the electron emission angle (6ejec)
and the ion emission angle (6;,,) within the polarization plane. The
plot is restricted to the net-2w dissociation channel. (b) Same plot as
panel (a) but after normalizing each column to one (see text). (c) Blue
(gray) circles profile panel (a) depicting the most probable electron
emission angle ((fec)). The profile has been created by restricting to
an angular range of 0° < 6 < 180° [in Fig. 2(a)]. The peak of
the electron angular distribution occurs at +81.0° in this range. (See
Fig. 1 for the definition of the angles.) Red (dark gray) solid line:
Corresponding profile obtained from our simulation.

perfectly circularly polarized light which mimics the shape
of the molecular orbital and the Ammosov-Delone-Krainov
(ADK) rate [23]. Since the variation in the ADK rate (which
is a property of the laser field) is much steeper than the
molecular orbital angular distribution (which is a property of
the molecule), the electron angular emission distribution is
dominated by the properties of the laser electric field while

the molecular orientation has only a week effect. This is
illustrated in Fig. 1 and the quantitative result from the simple
model is shown in Fig. 2(c) [red (dark gray) solid line].

For this quantitative modeling, we use a parametrization
of the measured electron angular distribution for circularly

polarized light, v/sin? @ + n2 cos? @ [24]. Here, n reflects the
asymmetry between the long axis and the short axis of the
angular-dependent ionization probability. We find a value of
n = 1.55 which has been optimized to match the experimental
variation of the angular profile [see Figs. 2(b) and 2(c)].
This value matches perfectly with the molecular strong-field
approximation calculation as reported in Ref. [24].

Neglecting the Coulomb interaction after tunneling, the
electron emission angle () is determined by the vector
potential at the instant the electron exits the tunnel (i.e., the
release time). We assumed that the Coulomb interaction after
tunneling introduces an offset that is independent of the re-
lease time of the electron. [25]. Thus, the Coulomb interaction
after tunneling leads to a constant shift in the streaking angle
(see Fig. 1). A classical model calculation further confirms
this negligible change in the offset angle (on the level of
0.1°) for different orientations of H,. Within this assumption,
our measurement provides direct access to the photoelec-
tron release-time difference for different molecular orienta-
tions. The observed variation of the streaking angle (fcjec)
in [Fig. 2(c)] of approximately 15° %+ 3° corresponds to a
difference in the most-probable release time of 110 4 22 as.

In the next step, we explore how the width of the photoelec-
tron angular distribution depends on the molecular orientation
with respect to the major axis of the polarization ellipse of the
laser pulse. In Fig. 3(a) we show the distribution of 6gje. in
the plane of polarization for three different orientations of H,
(along the major axis, along the minor axis, and perpendicular
to the polarization plane). If the molecule is oriented along the
minor axis of the light’s polarization ellipse, the photoelectron
distribution is broader, while for the major-axis alignment
case the distribution is narrower. The width of the angular
distribution for the perpendicular orientation is in-between
the widths of the two other cases. The three orientations
correspond to cases where the HT ions are ejected into an
angular interval of £15° around the maximum (major axis)
and the minimum (minor axis). For the third case we select
H,™" ions emitted into an angular interval of +40° with respect
to the light propagation direction.

We follow Ref. [13] and argue that this change of width of
the emission pattern is a consequence of two-slit interference.
For its fundamental nature, H, has long been a strong can-
didate for investigating the impact of two-center interference
on many interaction processes like ion or electron scattering
and electron emission induced by ion, electron, and pho-
ton impact [26-32]. In the case of laser-induced ionization,
the large tunnel-exit position and the Coulomb interaction
with the residual molecular ion make the double-slit analogy
less obvious [33]. However, very recently laser-field-induced
double-slit interference has been seen by Kunitski et al.
in the molecular-frame photoelectron angular distribution of
dissociating Ne, ™ ions [33]. To estimate the effect of the two-
center interference on the width, we approximate the angular
distribution as a product of an angular distribution from a
single-center emission [Pgc(ferec )] and an angular distribution
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FIG. 3. Photoelectron angular distribution in the polarization plane for three different orientations of the H, molecule with respect to

the laser polarization: (a) Experimental distributions (6.,

= BOelec + 9.0°: the experimental distribution has been shifted to 90.0° for an easy

comparison with the simulation). (b) Calculated distribution incorporating the interference pattern (Pyc for keee = 0.9 a.u.) using Eq. (3)
modulated by Pgc(Geiec). The two panels on the right depict the interference pattern (Prc, broad distributions) for different orientations of the
molecule [given by the red (dark gray) circles connected by the black solid line] along with the Pgc(6elec) (narrow distributions always aligned
along 90.0° and —90.0°). The arrows show the direction of the major and minor axis of the laser field. (¢c) The H, molecule is aligned with the

major axis. (d) The H, molecule is aligned with the minor axis.

Prc given by the interference between the emission contri-
butions from two single centers separated by the internuclear
distance R with an electron momentum k... as suggested by
Serov et al. [13]. For an orientation of the internuclear axis in
the polarization plane at the angle 6;,,, we obtain

R
Prc o cos’ [kelei 08 (Belec — 9,-0.1)] 3)

The double-slit contribution Prc is shown in Figs. 3(c) and
3(d) for the two cases of the molecule being aligned along
the major (6;,, = 0°) axis and the minor (6;,, = 90°) axis of
the polarization ellipse. The single-center angular distribution
Psc(Belec) can be roughly estimated using the ADK rate for an
ionization potential of [, = 15.4 eV and the field strength as
given by the polarization ellipse. The theoretical result of Py¢
and the product Pgc(Beiec) - Prc is shown in Fig. 3(b).

This simple model nicely reproduces the experimental
observation of the variation of the width of the electron
angular distribution with molecular orientation [see Fig. 3(a)].
The physical effect is that for an orientation of the molecule
parallel to the major axis the zero order interference fringe
provides a function which peaks along the maximum of
the single-center distribution and thus narrows it down, while

for the molecular orientation perpendicular the central fringe
of the double slit points at . = 0° and 180° [Fig. 3(c)]
enhancing the wings of the angular distribution.

IV. CONCLUSIONS

In conclusion, in this paper, we demonstrate that the inter-
play between the shape of a molecular orbital and the ADK
rate allows us to intuitively understand attosecond electron
release time in dissociative ionization of H, using the an-
gular streaking method. In contrast to the atomic case, we
can disentangle the electron release-time difference occurring
for different molecular orientations with respect to the laser
polarization vector. This has been done by analyzing the pho-
toelectron and ion angular emission distributions measured in
coincidence.
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