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Orbital-resolved strong-field single ionization of acetylene
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We resolve the strong-field single ionization of acetylene into different channels by differentially normalizing
the lateral momenta of the directly escaped electrons from the aligned and antialigned molecules. Distinct electron
momentum distributions for different channels are observed using both near-infrared and ultraviolet femtosecond
laser pulses with Keldysh parameters close to 1. The results are interpreted as a signature of multiple ionization
orbitals.
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When a molecule is exposed to a near-infrared (NIR) strong
laser field, its electrons in the highest occupied molecular or-
bital (HOMO) are preferentially ionized. Meanwhile, a molec-
ular cation in the ground state is produced. However, some
studies showed [1–6] that, even for single-electron ionization,
the participation of the next lower-lying orbitals (HOMO-n)
cannot be neglected. For instance, it was demonstrated that
acetylene-vinylidene isomerization occurs in the excited cation
state of A 2�+

g via one-electron removal from the HOMO-1
of the acetylene (C2H2) [7–9]; whereas the removal of one
electron from the HOMO mainly generates the ground-state
molecular ion C2H2

+ [10]. The ultrafast electron ionization
initiates the succeeding molecular dynamics and provides
a knob to control the ultimate outcome of photon-induced
molecular reactions. Since electrons of different orbitals have
different binding energies, it is demonstrated [11] that the
energy shift of the discretized electron spectra produced
by the above-threshold ionization (ATI) in the multiphoton
regime probes the participation of various orbitals in the single
ionization of molecules. On the other hand, the tunneling
probability depends on the profile of the ionizing orbital as
approximately described by the molecular Ammosov-Delone-
Krainov theory [12,13] or the strong-field approximation
(SFA) [14,15]. Thus, the multiorbital dynamics in the tunneling
ionization regime can be imaged by the angular distributions
of the fragmentized ions [16,17] or the molecular-frame
photoelectron angular distributions (MFPADs) [2,5]. To do
that, the orientation of the molecular axis needs to be deduced
from the ejection directions of the fragmentized ions, a
method which is not applicable to channels of nondissociative
molecular ions.

The structure of the ionizing orbital is indeed imprinted in
the lateral momentum of the directly escaped electron [18]
filtered by the tunneling barrier. By differentially normalizing
the lateral momenta of the freed electrons from aligned and
antialigned molecules, the filter effect of the tunneling barrier
can be mostly removed. The structure of the ionizing orbital
can hence be clearly revealed, as was recently demonstrated
for the nondissociative single ionization of O2 and N2 using
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NIR ultrashort laser pulses [19]. In this paper, rather than for
different molecular species, we resolved various orbitals for
different ultimate channels in strong-field single ionization of
a C2H2 molecule. We found that the nondissociative C2H2

+

and dissociative (C2H+,H) channels are mainly created by
removing one electron from the HOMO and HOMO-1 of
the C2H2, respectively. Interestingly, orbital-resolved distinct
patterns of electron lateral momenta were observed for both
NIR and ultraviolet (UV) ultrashort laser pulses with Keldysh
parameters close to 1. The featured patterns of the released
electrons are interpreted as the signature of different ionizing
orbitals, which show great potential to resolve molecular
orbitals for even more complex molecules.

As schematically illustrated in Fig. 1, we performed experi-
mental measurements in the ultrahigh-vacuum chamber of the
cold target recoil ion momentum spectroscopy (COLTRIMS)
apparatus [20,21]. A femtosecond laser pulse from a multipass
amplifier Ti:sapphire laser system (50 fs, 790 nm, 10 kHz
femtolasers) was split into an aligning pulse (y polarized) and
an ionizing pulse (z polarized). The time delay between the
aligning and ionizing pulses, ti , can be finely adjusted using a
computer- controlled motorized stage in the arm of the ionizing
pulse. The two pulses were afterwards collinearly recombined
and focused by a concave silver mirror onto the supersonic
gas jet to impulsively align and singly ionize the molecule,
respectively. The molecular jet was produced by coexpanding
a mixture of 5% C2H2 and 95% He through a 30 μm nozzle
under a driving pressure of 1.5 bar. The intensities of the
aligning and ionizing pulses in the interaction region were
measured to be Ia0 = 8 × 1013 and Ii0 = 1.5 × 1014 W/cm2,
respectively. No ionization by the aligning pulse was observed.
The electrons and ions produced by the ionizing pulse were
accelerated by a weak electric field (∼7 V/cm) and detected by
two time- and position-sensitive microchannel plate detectors
at the opposite ends of the spectrometer. A homogeneous
magnetic field (∼8.3 G) was used to guide the freed electrons
to ensure detection efficiency in the whole 4π solid angle. The
three-dimensional momenta of the detected electrons and ions
were reconstructed during the off-line data analysis. Atomic
units (a.u.) are used throughout unless otherwise specified.

In our experiments, the event rates of the ion and electron
from the two detectors are 0.1 ions and 0.22 electrons per laser
shot, respectively. Governed by the intrinsic properties of the
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FIG. 1. (Color online) Schematic diagram of the experimental
setup. Molecules in the supersonic gas jet are impulsively aligned by a
y-polarized aligning pulse and subsequently ionized by a z-polarized
ionizing pulse. The ions and electrons are detected by two time- and
position-sensitive detectors at the opposite ends of the spectrometer
in the ultrahigh-vacuum apparatus of COLTRIMS. The insets show
the measured time-dependent evolution of 〈cos2φ〉 (red circles) and
the simulated 〈cos2θ〉 (blue line). The simulated distributions of the
rotational wave packet at the alignment and antialignment revivals
are also presented.

microchannel plate and the supplied voltage, the detection
efficiency of our detectors to detect one ion or electron is
about 0.5. The higher electron rate as compared to the ion rate
is due to the fact that the detected electrons are not only from
the single-ionization event but also from double-ionization
events where two electrons are produced for one doubly
charged molecular ion, and the ionization event involved
the background where only electrons are detected. Since
electron-ion coincidence requires both ion and electron to
be detected, we acquire the data using the ion signal as the
trigger, i.e., the event is recorded when there is one hit on the
ion detector. By using a momentum conservation gate along
the time-of-flight direction of |pz,C2H2

+ + pz,e| < 0.5 a.u.

for the C2H2
+ and the correlated electron, we directly

estimated the false electron-ion coincidence to be less than
25% in our measurement for this nondissociative single-
ionization channel. Based on the relative systematic error of the
coincidence data acquisition [22] for the C2H2

+ and (C2H+,H)
channels, we deduced that the false coincidence rate for the
(C2H+,H) channel is similar to that of C2H2

+. In addition to the
(C2H+,H) channel, the double-ionization-induced Coulomb
explosion channel of C2H+,H+) is also observed, which shows
a much larger kinetic energy release and therefore can be
readily distinguished from the (C2H+, H) channel.

Driven by the femtosecond aligning pulse, the C2H2 with
a rotational period of 14.2 ps is nonadiabatically aligned [23].
The field-free evolution of the impulsively excited rotational
states leads to periodical revivals of alignment (along the y

axis) or antialignment (confined in the x−z plane) at well-
defined time delays [10,24]. We characterized the alignment
degree using the average term 〈cos2φ〉, where φ is the
angle between the molecular axis and the field direction
of the aligning pulse in the polarization plane of a time-
delayed circularly polarized probe pulse. The molecular axis
is extracted from the relative momentum of the ejected

fragmentized ions of the two-body Coulomb explosion channel
of (CH+, CH+). The events of the (CH+, CH+) channel are
clearly selected from the measured data by using the two-ion
coincidence condition, i.e., the momentum conservation of
the two fragmentized ions. For a circularly polarized probe
pulse, the isotropic molecular orientation corresponds to
〈cos2φ〉 = 0.5; while the alignment and antialignment of the
molecule result in 〈cos2φ〉 being larger and smaller than 0.5,
respectively. The rotational temperature of the molecular beam
is very close to the translation temperature [25], which can be
experimentally estimated by Ttrans = �p2

y/[4 ln(4)kBm]. Here,
kB is the Boltzmann constant; �py and m are the full width
at half maximum (FWHM) of the momentum distribution in
the jet direction and the mass of the singly ionized molecule,
respectively. In our experiment we measure a momentum
width in the jet direction of �py ∼ 3.45 a.u. of the C2H2

+

ion created by a laser pulse linearly polarized along the z

direction. This results in an upper limit of the temperature
of the C2H2 in the supersonic gas jet of ∼14.2 K. As shown
in the inset of Fig. 1, by setting the rotational temperature
of 13 K, the numerically simulated arrival time of the first
alignment maximum and other revivals match well with the
experimental observations. It is also indicated by the broad
revival structure that only a few rotational states are involved.
As illustrated in the inset of Fig. 1, the time delay of the
ionizing pulse was adjusted to be either ti = 6.7 or 7.4 ps to
match the alignment and antialignment revivals, respectively.
To minimize the systematic errors caused by the fluctuation of
the experimental parameters, we acquired the data for 10 s at
each time delay and thereafter moved to the next one.

Although three-dimensional momenta of the freed electron
were measured, in the following discussion we focus on
the lateral momentum, i.e., the (px,py) projection for a
z-polarized ionizing pulse which carries the fingerprint of
the ionizing orbital and meanwhile is not streaked by the
oscillating laser field of the ionizing pulse. Here, about
4.9 × 107 and 7.8 × 105 events were acquired for the
C2H2

+ and (C2H+,H) channels, respectively. Figures 2(a)
and 2(b) display the (px,py) projections of the freed
electrons measured in coincidence with the C2H2

+ at
ti = 6.7 (alignment) or 7.4 (antialignment) ps, respectively.
The lateral momenta are dominated by the filter effect
of the laser-field-dressed potential barrier as predicted
by the tunneling theory �i(p⊥) ∼ 〈p⊥|�i〉 exp(−ζp2

⊥)
[19,26,27], where �i is the field-free molecular orbital,
and ζ is a parameter determining the filter strength. To
exclude the tunneling filter and extract the orbital information
carried by the lateral momentum of the directly freed
electron, we differentially normalized the electron spectra by
(px,py)norm = [(px,py)align−η(px,py)antialign]/[(px,py)align +
η(px,py)antialign], where η = Yalign/Yantialign is the yield ratio
of the electrons from the aligned and antialigned molecules.
As displayed in Fig. 2(c), a clear pattern is observed in the
low-energy region of the normalized momentum distribution
(enclosed in the dashed circle) as compared to the initial ones.
These low-energy electrons directly escape to the continuum
without additional interaction with the parent ion, standing
for the “clean” electron to reveal the structure of the ionizing
orbital. As shown in Fig. 2(d), a distinct pattern is observed
in the normalized lateral momentum distribution of the
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FIG. 2. (Color online) Lateral momentum distributions (px,py)
of the freed electrons from the (a) aligned and (b) antialigned
molecules measured in coincidence with the C2H2

+. The normalized
difference (px,py)norm is displayed in (c). (d) Normalized difference
(px,py)norm of the freed electrons measured in coincidence with the
(C2H+,H) channel. The units of the color bar are counts in (a) and
(b), and arbitrary in (c) and (d). The average bin content in (a) and
(b) is about 635 counts per bin with a bin size of 0.012 a.u. The bin
size is increased to 0.036 a.u. in (c) and (d) to enhance the visibility
of the normalized difference.

freed electron measured in coincidence with the (C2H+,H)
channel, indicating the participation of a different orbital as
compared to the C2H2

+ molecular ion. It is consistent with
recent observations [10] that the production of C2H2

+ and
(C2H+,H) channels is favored when the molecule orients
orthogonal or parallel to the polarization of the ionizing
pulse, respectively, for which the 1πu electron in HOMO
or the 3σg electron in HOMO-1 is preferably removed. As
compared to the orientation-dependent yield of the ions [10],
here we directly reveal the participation of various orbitals for
different ultimate channels by measuring the freed electrons
in coincidence with the ions.

The ATI peaks in the photoelectron energy spectrum are
shifted by the intensity- dependent ponderomotive energy.
Considering the variation of the laser intensity and thus the
ponderomotive energy in the interaction volume, the discrete
ATI peaks are smeared out here as compared to results in
previous work [11,28]. It is worth pointing out that after
the removal of one HOMO electron, the ground C2H2

+

may be excited, and finally fragmentizes into the (C2H+,H)
channel. Because of such sequential-excitation processes, the
fragment-correlated MFPAD for this process does not have
to coincide with that of the ground-state. For the possible
sequential-excitation process, photons of less than 400 nm
would be needed compared to the case of 800 nm pulses;
thus the MFPAD is expected to be distinct. However, similar
MFPADs are observed by comparing the electron momentum
distribution triggered by either 800 nm or 400 nm pulses (see
the following discussion). Therefore, we exclude a significant

contribution of this sequential-excitation process in the present
work, if there is any.

Although the scenario of an imaginary orbital using direct
electrons is developed in the tunneling ionization region which
is usually triggered by NIR laser pulses of long wavelength, it
is interesting to examine its validity using UV laser pulses in
the intermediate regime with Keldysh parameter close to 1. It
was demonstrated that the MFPAD is highly sensitive to the
electronic state of the molecule for the few-photon ionization
process [29]. Here, the UV pulse at 395 nm (z polarized) is gen-
erated by frequency-doubling a fundamental pulse at 790 nm
in a 150-μm-thick β-barium borate (BBO) crystal, which
was collinearly combined with the NIR aligning pulse and
afterwards focused to singly ionize the molecule. The intensity
of the UV ionizing pulse in the interaction region was measured
to be Ii0 = 1.1 × 1014 W/cm2. Correspondingly, the Keldysh
parameter for the UV pulse is calculated to be γ = 1.9, which
is twice as large as that of the NIR pulse, γ = 0.8. For the UV
ionizing pulse, about 4.9 × 107 and 6.0 × 105 events were
acquired for the C2H2

+ and (C2H+,H) channels, respectively.
Figures 3(a) and 3(b) display the (px,py) projections of the
freed electron correlated with the C2H2

+ from the aligned and
antialigned molecules, respectively. In spite of the similarity
in Figs. 3(a) and 3(b), distinct patterns in the low-momentum
region of the differentially normalized spectra (px,py)norm are
clearly visible, as shown in Figs. 3(c) and 3(d). It hence
validates the methodology of orbital imaging using direct
electrons freed by a UV pulse. As compared to the NIR
pulse, the momentum range of the direct electron carrying
the orbital information is significantly reduced by using a UV
pulse, characterized by its small ponderomotive potential.

In summary, we have experimentally observed distinct
normalized lateral momenta of direct electrons from aligned
and antialigned molecules in the strong-field single ionization
of C2H2, which are interpreted as a signature of multiple

FIG. 3. (Color online) As Fig. 2 but for a UV ionizing pulse
centered at 395 nm. The average bin content in (a) and (b) is about
619 counts per bin.
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ionization orbitals. The validity of this scenario is verified
using both NIR and UV ultrashort laser pulses with Keldysh
parameter close to 1. Our findings demonstrate the possibility
of distinguishing the participation of various orbitals in pro-
ducing different channels in the strong-field single ionization
of a polyatomic hydrocarbon molecule
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Jean-Claude Kieffer, M. Spanner, A. D. Bandrauk, J. Sanderson,
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