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Manipulating Parallel and Perpendicular Multiphoton Transitions in H, Molecules
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We demonstrate that dissociative ionization of H, can be fully manipulated in an angle-time-resolved
fashion, employing a polarization-skewed (PS) laser pulse in which the polarization vector rotates. The
leading and falling edges of the PS laser pulse, characterized by unfolded field polarization, trigger,
sequentially, parallel and perpendicular transitions of stretching H, molecules, respectively. These
transitions result in counterintuitive proton ejections that deviate significantly from the laser polarization
directions. Our findings demonstrate that the reaction pathways can be controlled through fine-tuning the
time-dependent polarization of the PS laser pulse. The experimental results are well reproduced using an
intuitive wave-packet surface propagation simulation method. This research highlights the potential of PS
laser pulses as powerful tweezers to resolve and manipulate complex laser-molecule interactions.
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Tailoring ultrafast laser pulses makes it possible to
manipulate ultrafast processes, such as breaking and
forming molecular bonds in stereochemical reactions.
Such pulse-shaped laser control technique leverages the
interaction of the laser field with the molecule. In the case
of linear molecules, the laser-molecule interactions depend
on the angle between the laser field polarization and the
molecular axis. This results in photon-coupled dipole
transitions between various electronic states that can be
classified into parallel and perpendicular transitions [1].
The former is favored when the laser polarization is parallel
to the molecular axis, inducing electron transfer between
two molecular orbitals with AA = 0, where 4 represents the
orbital angular momentum projection along the molecular
axis, while the latter is favored in a perpendicular case with
AL = %1. The parallel and perpendicular transitions occur
in laser-molecule interactions and dominate the fundamen-
tal physical processes, such as the attosecond photoelectron
emission delay [2-4], which can be further used to
manipulate molecular reaction pathways [5-9], to enhance
the coherent radiation [10-16], etc.

The control of parallel and perpendicular transitions
towards switching ultrafast reaction pathways is highly
desirable to be implemented in a coherent manner with
subcycle precision. One of the simplest but very powerful
techniques of tailoring the laser pulse, which may fulfill
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this requirement, is a generation of the shaped polarization-
skewed (PS) laser pulse [17,18]. In the PS laser pulse, the
polarization vector rotates from cycle to cycle and as a
result the linear molecule experiences parallel and
perpendicular transitions whose mixing ratio depends on
its orientation with respect to the instantaneous field
polarization of the PS pulse [see Fig. 1(a)]. Such PS laser
pulses have been used for causing unidirectional rotational
motion of molecules [17] and clocking ultrafast molecular
ionizations [18-20], but so far have never been employed
for controlling chemical reactions.

In the present Letter, we investigate parallel and per-
pendicular multiphoton transitions in dissociative ioniza-
tion of H, molecules using PS laser pulses. Our results
demonstrate the ability of the waveform-shaped PS pulses
to control reaction pathways through the manipulation of
hybrid parallel and perpendicular transitions. As depicted
in Fig. 1(a), the application of PS laser pulses leads to the
resolution and manipulation of reaction pathways, resulting
in unexpected proton momentum distributions. A wave-
packet surface propagation (WASP) simulation method
with an intuitive physical scenario is utilized to uncover
the underlying physical mechanisms that have never been
examined so far in the multiphoton region and well
reproduce the experimental observations.

© 2023 American Physical Society
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FIG. 1. (a) The sketch of the physical scenario. The linear
molecule with the molecular axis along ¢, undergoes parallel
(1s6, to 2po, state) and perpendicular (1so, to 2pm, state)
transitions at different instants when it experiences laser fields of
different polarizations within a PS laser pulse. The two-dimen-
sional fan-shaped structure on the left denotes the projection of
the PS laser pulse perpendicular to the propagation direction.
(b) Schematic illustrations of the experimental setup. The HWP is
utilized to control the incident linear polarization of the UV laser
pulse, as shown by a blue arrow (labeled as e,) before the
MOWP, to manipulate the relative strength of two orthogonal
components and thus the polarization waveform of the PS laser
pulse. The constructed UV laser pulse is focused into the
ultrahigh vacuum chamber, and protons are detected by a time-
and position-sensitive detector.

Experimentally, as schematically illustrated in Fig. 1(b),
a PS ultraviolet (UV) laser pulse is constructed by
propagating a linearly polarized femtosecond laser pulse
(54 fs, 395 nm) through a multiple-order wave plate
(MOWP) in conjunction with a Berek compensator (BC)
[17-20]. The time-dependent polarization evolution of the
PS pulse is characterized by using polarization-resolved
spectral interferometry [17]. The linearly polarized UV
pulse is produced by frequency doubling the near-infrared
femtosecond laser pulse delivered from a multipass Ti:
sapphire laser system in a BBO crystal. The polarization of
the PS UV laser pulse ¢y rotates from 135° (315°) to
45°(225°), shown by the light blue arrow in Fig. 1(a), in the
y-z plane defined by the orientation of the fast (e, violet
arrow) and slow (e,, yellow arrow) axes of the MOWP,
which converts the incident linearly polarized pulse (e,
blue arrow) into two orthogonally polarized subpulses
delayed in time in Fig. 1(b). For a given time lag (~32T
with 7= 1.33 fs being the optical cycle of the UV field
used here), the polarization waveform of the PS laser pulse
is determined by the projection of the incident linear pulse
along the fast and slow axes of the MOWP, which can be

finely adjusted by rotating the half-wave plate (HWP)
before the MOWP. It tunes the relative strength of the
leading and falling edges and thus the polarization wave-
form of the PS laser pulse. For instance, the blue fan-shaped
inset of Fig. 1(a) plots the y-z plane projection of the
electric fields of the PS laser pulse when the linear
polarization of the incident pulse is tuned to be along a =
45° with respect to the fast axis of the MOWP, as shown in
Fig. 1(b). In our experiment, the peak intensity of the PS
laser pulse when a = 0°, i.e., a linearly polarized laser
pulse, in the interaction region was calibrated to be
Iy = 1 x 10 W/cm?. The pulse energy of the incident
UV pulse keeps unchanged when the crossing angle « is
tuned in our experiment. The measurement is performed in
an ultrahigh vacuum chamber of cold target recoil ion
momentum spectrometer [21,22], where the protons pro-
duced from the strong-field dissociative (single and double)
ionization of H, are detected by a time- and position-
sensitive microchannel plate detector at the end of the
spectrometer. Here, the axis of the H, molecule is randomly
oriented in the jet, and the laser-field excitation selects
molecules of preferential orientations to be eventually
measured. The relatively slow rotation of the molecular
axis is not considered here compared to the ultrafast
dissociative ionization process.

Figure 2(a) displays the measured two-dimensional (2D)
proton momentum distribution from the dissociative (single
and double) ionization of H, driven by the PS laser field
shown as the inset (left bottom). The P1 and P3 protons emit-
ting to the directions of 45° (225°) < ¢, < 135° (315°),
coinciding with the polarization-spanned electric field profile
of the PS pulse, are produced via the parallel transition when
the molecular axis is parallel to the laser polarization.
Counterintuitively, there is a noticeable probability for
molecules to dissociate along the direction apparently devi-
ating from the laser polarization direction, i.e., the P2 and P2’
protons emitting to the directions around ¢, = 165° and
345°, which has never been observed previously in strong-
field dissociative ionization of H,. In the following, we
first identify the various pathways and then explore the
underlying physical mechanism governing the unforeseen
distribution.

The protons with distinguished kinetic energy releases
(KERgs), as displayed in the inset of Fig. 2(a), are denoted as
Pl (KER < 1.8 eV), P2 (1.8 eV < KER < 3.0 eV), and
P3 (KER > 3.0 eV), which are produced via different
reaction pathways and eject to different directions via
parallel or perpendicular transitions. By comparing the
proton KERs with that observed in a linearly polarized laser
pulse [23-29], P1 and P3 are inferred to be the one-photon
dissociation pathway of single and double ionization of H,,
respectively. As shown by the blue arrows in Fig. 2(b), for
P1 and P3, the ionization-launched nuclear wave packet
(NWP) moves outwards on the 156, curve and absorbs one
photon at R;, followed either by dissociation along the
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FIG. 2. (a) Measured momentum distribution of the protons
driven by a PS UV laser pulse with @ = 40° shown as the inset
(left bottom). The violet and yellow dashed lines denote the fast
(ef) and slow (e,) axes of the MOWP. The integrated KER
spectrum is shown in the inset. (b) The schematic illustration of
the one-photon dissociation pathway of single ionization (P1) and
double ionization (P3). The neutral H, molecule is ionized at its
equilibrium internuclear distance R,, and the launched NWP
moves outwards on the lso, curve and absorbs one photon
at Ry, followed either by dissociation along the 2po, curve, i.e.,
H* + H (P1), or by further multiphoton ionization at R, and
dissociation along the 1/R curve, i.e., H" + H*' (P3). Multiple
pathways via the parallel and/or perpendicular transitions to
generate the unexpected P2 and P2’ protons are depicted in Fig. 3.

2po, curve, i.e., H" + H (P1), or by further multiphoton
ionization at R, and dissociation along the 1/R curve, i.e.,
H* + H* (P3). Since the one-photon transition between
the 156, and 2po,, states is involved, the parallel transition
is dominant and the proton ejections are consistent with the
laser polarization directions as expected [30-33]. However,
as shown in Fig. 2(a), the protons of P2 eject to the
directions severely deviating from the laser polarization
directions and from those perpendicular to them, which
implies the participation of both the parallel and

(a) a=0° para (b)

FIG. 3.

perpendicular transitions in the dissociative ionization of
H, molecules, beyond all previous scenarios discovered in
a linearly polarized laser pulse.

To reveal the underlying physics of the P2 proton
ejections, we now discuss various routes via manipulating
the time-dependent polarization of the PS laser pulse (the
complete manipulation of reaction pathways as well as
the polarization waveforms are shown in Supplemental
Material [34]), looking into Fig. 3, where the experimental
results are shown in the left inset of each panel and the
relevant potential energy curves (including the 2px, state)
are plotted. The KER of the P2 is similar to that of the direct
dissociation pathway of double ionization of H, [26,27],
which can be further classified into the para route, the perp
route, and the para-perp route and can be angle-time
resolved using a PS laser pulse. When @ = 0°, a linearly
polarized laser pulse is constructed along the fast axis
shown by the blue inset between the potential energy
curves in Fig. 3(a). The P2 protons prefer to eject along the
laser polarization direction, indicating that parallel tran-
sitions are involved. Since no net photon energy gain
during the bond stretching is deduced from the KER of P2
protons, the process of absorbing a photon from the laser
field and subsequently emitting another one, both in
parallel transitions, should be involved by forming a
complete dynamical Rabi coupling (same as the Rabi
flopping of atoms) during bond stretching [35]. This
process is favored near the internuclear distance where
the one-photon resonant transition occurs for parallel-
oriented molecules, highlighted by the blue up-down
arrows around R; in Fig. 3(a). When the NWP propa-
gates along the lso, curve to R,, the H] molecule
will be ionized via five-photon ionization and dissociate
along the 1/R curve. This pathway may be named as the
para route.

O
2 , \
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Tunable PS laser pulses and corresponding anisotropic proton ejections in experiments and simulations. Here three typical

waveforms are shown in the inset to illustrate the manipulation of the time-dependent polarization characteristic and the proton
anisotropy. The corresponding measured KER spectra are depicted in the inset. The counterintuitive P2 protons are attributed to three
different routes: (a) para route, (b) para-perp route, and (c) perp route. Three scenarios depict that the molecule undergoes parallel and/
or perpendicular transitions at different instants when it experiences laser fields of different polarizations within a PS laser pulse.
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For a = 40°, as shown in Fig. 3(b), the laser field of the
PS pulse is spanned temporally to form a fan-shaped
profile. The H} molecule oriented around 165° experiences
parallel transition at instant 7, in the leading edge of the PS
pulse, as illustrated in Fig. 1(a), followed by absorbing
three photons via the perpendicular transition and transiting
from the 1so, to 2px, state at instant 7., highlighted by
three blue up arrows at R, in Fig. 3(b). The NWP on the
2pm, state has a great probability to be further ionized by
absorbing two photons and to dissociate along the 1/R
curve. This perpendicular transition has only been observed
in the single-photon dissociation of perpendicular-oriented
H, driven by XUV light [2,3,6,8]. Here we, for the first
time, resolve the perpendicular multiphoton transition in H,
by using a shaped PS laser pulse. Such a sequential parallel-
perpendicular pathway, called the para-perp route, leads to
unforeseen P2 proton ejections in the directions severely
deviating from the laser polarization as shown in Figs. 2(a)
and 3(b). Conversely, there is a small probability of the
NWP remaining on the 2px, state, which ends up with
slightly lower KER of the dissociative single ionization of
H,, labeled as P2’ in Fig. 2(a) and highlighted by the black
arrow in Fig. 3(b).

For a = 50°, the field strength in the falling edge of the PS
pulse is stronger than the leading edge, as shown by the inset
of Fig. 3(c). In this case, the leading edge of the PS pulse is
not strong enough to induce the dynamical Rabi coupling
and meanwhile, the falling edge can still excite the NWP to
the 2px, state, followed by the subsequent two-photon
ionization and Coulomb explosion, which may be named as
the perp route. It produces the proton ejection around 180°
labeled as P2, as shown in Fig. 3(c). Besides the perp route,
the strong falling edge of the PS pulse acts as a linearly
polarized field, still stimulating the para route and giving
rise to the strong generation of P2 protons with the same
directions as P1 and P3, which is even stronger than the perp
route. The parallel or perpendicular transitions and the
resulting proton KER spectra depend on the detailed wave-
form of the laser pulse, including the field strength, pulse
duration, and time-dependent polarization. As shown in the
inset of Fig. 3, although the KER peak positions of different
pathways are almost the same, their relative strength and thus
the profiles of the KER spectra change as a function of a.
Furthermore, by changing the time lag introduced by the
MOWP and BC from 32 T to 22 T, we found that the
unexpected pathway of P2 disappeared.

To verify the aforementioned physical scenario, we
perform numerical simulations using the WASP approach
[36], which is efficient and intuitive in comparison to
ab initio quantum simulation methods. The WASP
approach is realized via the introduction of quantum
elements including state transitions and phase accumula-
tions into the classical propagation of the NWP on the
potential energy surfaces of a stretching molecule [18-
20,37-39]. The key of the WASP method is to construct the

2D dissociating NWP superimposed from various disso-
ciation pathways, which can be written as

w(Ep, ¢p.1;) = ZWJ(Ek’(ﬁp’ )
7
= S IGEA by t)e ], (1)
7

where the kinetic energy E; and the molecular orientation
¢, define the 2D momentum space, ¢; is the instant of the
first ionization, y; is the dissociating NWP for pathway J,
G, is the Gaussian kinetic energy distribution, A; is the
overall transition amplitude, and ¢; is the accumulated
phase.

The initial NWP is launched at the equilibrium inter-
nuclear distance of the neutral H, molecule upon electron
removal at instant #;, which is scanned over the entire laser
pulse to match the experimental conditions. The subsequent
propagation of the NWP on the potential energy curves of
the Hj cation is described as the classical motion of a
particle with its reduced mass driven by the force F =
—dV(R)/dR [40], where V(R) denotes the involved 1sc,
or 2po, potential energy curve labeled with its correspond-
ing symmetry subscript, i.e., V, or V,. When the NWP
moves outwards to the photon-coupled resonant inter-
nuclear distance, it has a certain probability to absorb or
emit photons and transit to other electronic states, inclu-
ding the parallel and perpendicular transitions, and sub-
sequently, dissociate along new potential energy curves.

The single ionization probability Pg,;(#;) is calculated
according to the ADK theory [41]. For the aforementioned
various reaction pathways, the typical para-perp route is
taken as an example, where the parallel transition amplitude
between the 1so, and 2po, state at R; can be approxi-
mately described as A, = Q;,Qr7,/AV 5 [36], and the
perpendicular transition amplitude between the 1so, and
2pm, state at R, is described as A, = Q3 7,/40” [36,42].
Here, Qla) = Daa(Rl)gH ([)/2 and QR = DGJ(RR)SH(I)/z
denotes the dipole interactions between two o states
when the NWP moves at the resonant distance R; and
the Rabi coupling distance Ry, respectively, €, =
D,.(Ry)E,(1)/2 denotes the dipole interaction between
the ¢ and 7 states when the NWP moves to the resonant
distance R,, 7,,, and 7, denote the effective duration of the
two transitions in the molecular system, AV gz =
~V4(Ry,) +V,(Rg) denotes the detuning of the sub-

sequent Rabi coupling, and 4w? denotes the detuning of
the three-photon resonant transition. When the NWP is
populated on the 2px, state, the Hj will have a great
probability of being ionized due to the small ionization
potential, and the secondary ionization probability is
approximately described as Ppy(7) using the ADK model.
Thus, the whole transition amplitude of the para-perp
route can be calculated as A,, = A,A,/PsPp;. Here
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& = Ecos(¢, — ¢pg)and £, = Esin(¢, — ¢g) denote the
projection of the laser electric field parallel and
perpendicular to the molecular axis, respectively. During
the bond stretching of the molecular ion, the NWP will
accumulate a phase described as follows [36-38]:

n—1

n n—1
01 ==Y Ebn+> (—Diout+ > (=D 'z
=1 = =1
ROO
+ [ pimyar. 2)
0

where the first term denotes the evolution phase of the
nuclear eigenstate with the system energy E; and corre-
sponding stretching time Af;, the second term denotes the
evolution phase of the laser pulse with the absorption or
emission of the photons of @y, the third term denotes the
phase associated with the symmetry change of the elec-
tronic wave function upon quantum-state transitions, and
the last term denotes the dynamical phase of the NWP
moving on the potential energy curves.

The WASP simulation can capture the essence of the
classical and quantum elements in molecular dissociation
and bring an intuitive physical picture. Numerically simu-
lated momentum distributions of the ejected protons are
depicted in the right inset of each panel in Fig. 3, which
agree well with the experimental observations and verify
the underlying processes of parallel and perpendicular
multiphoton transitions in molecular dissociation. It is
worth mentioning that the para-perp route dominates the
generation of P2 when a = 40°, for which the orthogonal
laser field components at the leading and falling edges have
similar field strengths. When a = 50°, the leading edge of
the PS laser pulse is weak, and so is the parallel transition at
the leading edge, resulting in the suppression of the para-
perp route and thus the appearance of the perp route. We
further predict the contribution of the perpendicular tran-
sition in the circularly polarized laser pulse, which, how-
ever, is difficult to be picked out from the isotropic angular
distribution of the ejected protons.

In conclusion, we have experimentally observed unfore-
seen proton ejections in dissociative double ionization of
H, along the directions where the laser field vector is absent
by using a PS UV laser pulse. It is found to be originating
from the participation of the perpendicular multiphoton
transition at the falling edge of the PS laser pulse following
the parallel transition in the leading edge of the pulse. The
participation of parallel and perpendicular transitions is
further manipulated by finely controlling the time-depen-
dent polarization of the PS laser pulse. The underlying
physical scenarios are verified, and the experimental
observations are well reproduced using the WASP simu-
lation method. This phenomenon in H, observed here is
general and applicable to other molecules with various
electronic orbitals, and the time-dependent spatial

polarization characteristic of the PS laser field opens
new possibilities to observe and manipulate various
strong-field dynamics of molecules.
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