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Abstract

CrossMark

We experimentally investigate directional bond breaking in dissociative single ionization of H;
driven by circularly polarized two-color ultrashort pulses of counter- and co-rotating laser fields.
Trefoil or semilunar patterns of directional proton emission in a two-dimensional space spanned
by the laser fields are observed, which can be finely controlled by varying the relative phase of
the counter- or co-rotating circularly polarized two-color fields, respectively. Our results open

new possibilities to manipulate two-dimensional directional bond breaking of molecules by

strong laser fields.
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Driven by strong laser fields, electrons in a molecule can be
steered to localize at one of the nuclei when the bonds break.
This serves as a primary step for control of molecular reactions
and has attracted much attention in the past [1-3]. Governed by
the laser phase at the instant of ionization [4], the ultrashort
laser pulses of asymmetric fields, e.g. carrier-envelope-phase
stabilized few-cycle pulses [5-11] or two-color femtosecond
pulses [12-22], are efficient tools for controlling directional
bond breaking following strong-field ionization. Such control
can also be achieved using a time-delayed near-infrared fem-
tosecond pulse following the ultrafast ionization of an extreme-
ultraviolet attosecond pulse [23-26]. However, these direc-
tional bond breaking controls were mostly limited to one
dimension along the polarization of the laser field [4-20, 22—
26]. Recently, we demonstrated that two-dimensional control
of molecular bond breaking can be realized using an ortho-
gonally polarized two-color femtosecond pulse [21], where the
direction of the bond breaking is determined by the numbers of
photons absorbed from the laser fields of different colors.

In this paper, for the dissociative single ionization of H,
driven by circularly polarized two-color pulses of counter- or
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co-rotating laser fields, we observe two-dimensional trefoil or
semilunar patterns of directional proton emission in the
polarization plane. By varying the relative phase of the
polarization-gated two-color (PTC) pulse, the trefoil or
semilunar patterns can be finely controlled.

The PTC pulse created by two circularly polarized laser
pulses of different frequencies can be expressed as [27]:

E(t) = E\(t)[ sin (wit)e, + cos (wi)e; |
+ Ez(t)[isin (wat + ¢ )ey
+ cos (wat + ¢L)ez]

where E(f) = Eexp(-t*/17) (i = 1, 2), T3, Ejo, and w; are the
envelope, temporal duration, amplitude, and carrier frequency
of the circularly polarized laser pulses, ¢, is the relative phase
between the fields of different frequencies, and e, and e, are
the unit vectors along the y and z axes. The sign +/—
accounts for the circularly polarized pulses of same or
opposite helicities, respectively. As illustrated in figure 1(a),
the laser field of the PTC pulse consisting of the fundamental
wave (FW) at w; and its second harmonic (SH) at w, = 2w,
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Figure 1. (a) Experimental setup. (b) Schematic diagram of the involved potential energy surfaces and dissociation pathways of H," in the

two-color fields.

of the same or opposite helicities is featured with one or three
maxima in one oscillating cycle of the FW, respectively. The
two-color trefoil laser field has been investigated to multi-
directionally orient molecules [27], to produce circularly
polarized extreme ultraviolet light [28], and to probe two-
dimensional electron trajectories in order to separate the
rescattered and directly freed electrons [29]. Here, based on
the interference of the dissociating nuclear wave packets of
opposite parities [30-34], we demonstrate that the PTC pulse
can be used to two-dimensionally steer the directional bond
breaking in strong-field single ionization of Hj.
Experimentally, a linearly polarized femtosecond laser
pulse (25 fs, 790 nm, 10 kHz, Femtolasers) produced from a
multipass amplifier Ti:sapphire laser system is down-colli-
mated into a 150 pm-thick S-barium borate (8-BBO) crystal
to generate an SH pulse at 395 nm. The FW and SH pulses are
separated by a dichroic mirror after the 5-BBO crystal, then
adjusted to produce circular polarization of the same or
opposite helicities using two individual quarter wave plates in
each arm. The circularly polarized FW and SH pulses are then
collinearly recombined using another dichroic mirror. A
motorized delay stage in one of the arms is used to temporally
synchronize the FW and SH pulses. To finely tune the phase
¢, of the PTC pulse and meanwhile overcome the ineluctable
fluctuation of the relative optical path length between the FW
and SH arms due to air flow or mechanical vibration, a phase-
locking system based on the spatial interference of a reference
continuum-wave (CW) laser at 532 nm is employed [35, 36].
To do that, the CW laser is coupled into the FW and SH arms
and afterwards recombined via the same splitting and
recombination mirrors for the FW and SH pulses to ensure the
same optical pathways. The interference fringes of the CW
laser after the recombination mirror are imaged by a CCD
camera. The drift of the relative path length is extracted from
the swing of the interference fringes, which is afterwards
compensated by a piezo-based delay stage in the FW arm
using a feedback loop. The relative phase ¢; of the PTC pulse
is tuned in the same manner by finely moving the interference
fringes using the piezo-based delay stage. As schematically
illustrated in figure 1(a), the PTC pulse polarized in the y-z
plane is then focused onto a supersonic molecular beam of H,

in an ultrahigh vacuum chamber of COLTRIMS (‘cold target
recoil ion momentum spectroscopy’) [37, 38] by a concave
silver mirror (f = 7.5 cm). The intensities of the FW and SH
pulses in the reaction region are measured to be
Irw ~ 2.8 x 10 and Igy ~ 0.9 x 10*Wem ™2, respec-
tively. The temporal duration of the PTC pulse in the inter-
action region is estimated to be ~80fs by tracing the time-
delay-dependent single ionization yield as a cross-correlation
of the FW and SH pulses. The PTC pulse photoionizes H, to
H," by releasing one electron in the first step. The H," then
dissociates into H™ + H in the second step, hereafter labeled
as the H,(1,0) channel. The ions and electrons produced are
accelerated and guided by a weak homogeneous static electric
field (~8.5Vem ') and magnetic field (~9 gauss) to be
detected by two time- and position-sensitive microchannel
plate detectors [39] at opposite ends of the spectrometer. The
three-dimensional momenta of the ions and electrons are
retrieved from the measured time of flight and positions of the
impacts. Since the PTC pulse is polarized in the y-z plane, in
the following we restrict the discussion of the two-dimen-
sional directional bond breaking in the y-z plane.

The directional bond breaking in the dissociative single
ionization of H, is investigated by observing asymmetric
emission of H' in producing the H,(1,0) channel. To qualify
the asymmetric emission of H" in the polarization plane, we
define the asymmetry parameter A(py, p,, ¢r) = [N(py, p.
d)L) - N(Py’ Pz ¢L + 7T)]/[I\](pya Pz ¢L) + N(Py’ Pz,
¢r + m)], where N(py, p,, ¢r) is the measured H™ yield at
momentum p = (py, p,) and the relative phase ¢, of the PTC
pulse. The asymmetry parameter is positive if H' is preferred
to emit to ¢ " = tan”'(p,/ py) and negative if H™ is preferred
to emit to ¢H+ + 7 at ¢p. Figure 2(a) displays the measured
asymmetry of H' ejected in the (Py» P2) plane at ¢, = O for a
PTC pulse of counter-rotating laser fields. To determine the
absolute phase of the PTC pulse, the momentum distribution
of the freed electron is measured in coincidence with the
ejected ion. Due to the angular streaking of the PTC pulse, as
displayed in figure 3, the freed electron shows a momentum
asymmetric pattern similar to the profile of the driving laser
field [29], as illustrated in figures 3(a) and (d) for the counter-
and co-rotating two-color laser fields at ¢ = 0. Here the
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Figure 2. Measured two-dimensional asymmetry patterns of the directional emission of H in (py, p,) space at different phases ¢, of a
counter-rotating PTC pulse.
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Figure 3. Electric fields of the (a) counter- and (d) co-rotating PTC pulses at ¢; = 0, and the corresponding (b), (¢) numerically simulated and
(c), (f) experimentally measured asymmetric patterns of the freed electron in the polarization (y-z) plane
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laser phase ¢ = 0 is defined when one of the three lobes of
the trefoil laser field or the maximum of the semilunar laser
field orients along the y-axis. By merely considering the
streaking effect of the rotating laser field, it can be seen that
the freed electron released with an initial lateral velocity
perpendicular to the laser vector at the ionization instant ends
with a momentum pattern similar to the laser field but rotated
by 90°. The simulated asymmetric emission of freed electrons
for counter- and co-rotating PTC pulses in figures 3(b) and (e)
agree very well with the experiment, as shown in figures 3(c)
and (f) respectively. We thus can deduce the absolute phase of
the PTC pulse by measuring the momentum distribution of
the freed electron, for instance at ¢ = 0 as displayed in
figures 3(c) and (f). The asymmetric emission of H' shows a
trefoil distribution for the inner part and a spiral shape for the
outer part, resulting from two-dimensional interference of
different dissociation pathways, as will be discussed later on.
As shown in figures 2(a) and 3(a), we note that the orientation
of the trefoil pattern of the asymmetric emission of H differs
from the orientation of the laser field. This indicates the
important role of the laser-phase-dependent interference of
the dissociating nuclear wave packet, where the ejection
direction of the proton is governed by the number of absorbed
photons of different colors and does not necessarily coincide
with the electric field of the largest asymmetry [21]. The
asymmetry pattern rotates like a fan when the laser phase ¢
is continuously varied (see the animated movie in the sup-
plementary material®). Figures 2(b) to (f) display snapshots of
the two-dimensional patterns of the asymmetry at different
laser phases. The asymmetry pattern rotates by 180° when the
laser phase ¢ is increased by 7. We therefore can control the
asymmetric emission of H" in the polarization plane on an
attosecond timescale by finely adjusting the relative phase ¢,
of the PTC pulse.

The different ¢;-dependent distributions of the asym-
metry of the inner and outer parts in the (p,, p,) space is
clearly revealed in figure 4 for instance for 30° < ¢, " < 50°,
where the asymmetry is calculated as a function of the kinetic
energy of H', i.e. By, and the laser phase ¢,. The left panel
of figure 4 shows the measured yield of H versus Ey™,
where the events with Ey" greater or less than 0.6eV are
produced via different dissociation pathways. For the dipole-
allowed photon transitions between the 1so,” and 2pa, " states
of H,", the laser field component along the molecular axis
plays an important role when it dissociates into the H,(1,0)
channel [4, 40].

In the following, we would like to understand the
observed asymmetric emission of H of the H,(1,0) channel
using the basic picture of the dipole-allowed photon transi-
tions governed by laser field components parallel to the
molecular axis. The involved potential energy curves and
dissociation pathways of the single ionized H," in the two-
color laser fields are illustrated in figure 1(b) [21]. The two-
dimensional asymmetric emission of H' requires the

! See supplemental material for the movies of the measured two-dimensional
asymmetry patterns of the directional bond breaking as a function of the
phase of the counter- and co-rotating PTC pulses.
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Figure 4. Measured asymmetries as functions of the relative phase
¢y of a counter-rotating PTC pulse and the kinetic energy Ey ™ of H™
emitted to 30° < ¢* < 50°. The left panel is the Ey*-dependent
yield of H'. The top panel shows the asymmetry of the directional
emission of H' versus ¢, at low Ey " (0.1eV < Eg" < 0.3eV) and
high E4" (1.2eV < Ey" < 1.4eV) as indicated between the white
dashed lines. The solid curves are the numerical fits of the
measured data.

superposition of nuclear wave packets with the same kinetic
energies but opposite parities dissociating along the 1sag+ and
2po," potential surfaces [4-26]. The superposition of the
lwsy-1lwry pathway (propagation on the lsagJr surface tran-
sits to the 2po,” surface by absorbing one wsy photon, fol-
lowed by propagation on the 2po,” curve and coupling back
to the lsag+ surface by emitting one wpy photon, followed by
dissociation along the lsag+ surface) and the lwgy pathway
(propagation on the 1sag+ surface undergoes one-wgy~photon
transition to the 2pa, " surface, followed by dissociation along
the 2po, ™ surface) accounts for the directional emission of H™
at Ey" < 0.6eV. In contrast, the superposition of the net-
2wpy pathway (propagation on the lsagJr surface undergoes
three-wpy~photon transition to the 2pa, * surface, followed by
propagation on the 2po,” surface and then coupling back to
the 1sagJr surface by emitting one wpy photon, followed by

dissociation along the 1so,"

surface) and the lwgy pathway
(propagation on the lscrgJr surface undergoes one-wsg-photon
transition to the 2pa, " surface, followed by dissociation along
the 2pa, " surface) leads to the directional emission of H' at
Ey" > 0.6eV. For instance, the top panel of figure 4 plots the
measured asymmetry of the H' emission versus ¢, integrated
over Ey " intervals of 0.1-0.3 eV (low-Ey "), and 1.2-1.4eV
(high-Ey ™), respectively, fitted by A = Ay sin(¢, + dao)
where Ay and ¢4 are the amplitude and phase of the asym-
metry parameter. Depending on the phase of the laser fields at
the dipole-allowed transitions, the asymmetries of the direc-
tionally emitted H' at high- and low-Ey " are almost out of
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Figure 5. (a), (d) Ey"-dependent amplitude A, of the measured asymmetry integrated over ¢H+. (b), (c), (), () ¢H+-dependent phase ¢4 of
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fields are used to drive the dissociative single ionization of H,.
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Figure 6. Same as figure 2 but driven by a co-rotating PTC pulse.

phase for the counter-rotating PTC pulse. The amplitude A, of As compared to the trefoil laser fields, as illustrated in
the asymmetry parameter changes as a function of E; " [see figure 1(a), the co-rotating PTC pulse created by circularly
figure 5(a)], while the phase ¢4o varies continuously as a polarized two-color pulses of the same helicity experiences
function of ¢, " [see figures 5(b) and (c)]. Similar to the one field maximum per cycle. Correspondingly, as shown in
trefoil laser field, which has three maxima per cycle, the phase  figure 6, the asymmetry of H' ejected in Py, p,) space
bao at the low- and high-Ey " regions changes by 67 when exhibits a semilunar pattern for the inner part and a spiral
¢, " increases from —180° to 180°. shape for the outer part, respectively. The two-dimensional
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asymmetry pattern rotates in the (py, p;) space when the phase
¢, of the co-rotating PTC pulse increases continuously (see
the animated movie in the supplementary material'). As
shown in figures 5(d) to (f), the amplitude A, and phase ¢4¢
of the asymmetry parameter depend on the kinetic energy
Ey" and the emission direction ¢, of the ejected H*. The
phase of the asymmetry parameter changes by 27 when ¢, "
increases from —180° to 180°, in agreement with the profile
of the co-rotating PTC pulse, i.e. one field maximum per
cycle. Although the FW and SH pulses used to create the PTC
pulse have the same field intensities, the amplitude of the
measured asymmetry using the co-rotating fields is overall
larger than the counter-rotating fields.

In summary, using phase-controlled PTC pulses of
counter- and co-rotating laser fields, we demonstrate that the
emission direction of H' in the dissociative single ionization
of H, can be controlled in the two-dimensional space spanned
by the laser fields. Trefoil or semilunar patterns of the
directional H' emission are observed for the counter- or co-
rotating PTC pulses, respectively. The two-dimensional
interference of the nuclear wave packets of opposite parities
allows us to manipulate the directional bond breaking in a
two-dimensional space by finely tuning the relative phase of
the PTC pulse.
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