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SPECIAL TOPIC — Strong-field atomic and molecular physics

Coulomb exploded directional double ionization of N,O molecules in
multicycle femtosecond laser pulses®
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We experimentally investigate Coulomb exploded directional double ionization of N,O molecules in elliptically po-
larized femtosecond laser pulses. The denitrogenation and deoxygenation channels are accessed via various pathways. It
leads to distinct asymmetries in directional breaking of the doubly ionized N, O molecules versus the instantaneous laser
field vector, which is revealed by tracing the sum-momentum spectra of the ionic fragments as a recoil of the ejected elec-
trons. Our results demonstrate that the accessibility of the Coulomb exploded double ionization channels of N, O molecules
are ruled by the detailed potential energy curves, and the directional emission of the fragments are governed by the joint
effects of the electron localization-assisted enhanced ionization of the stretched molecules and the profiles of the molecular

orbitals.

Keywords: strong-field ionization, directional molecular bond breaking, ultrafast dynamics of molecules
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1. Introduction

Driven by a strong laser field, a molecule might break af-
ter removal of one or several electrons. The directional break-
ing of the molecular bond can be steered by using waveform
controlled intense ultrashort laser pulses, which is significant
for the manipulation of molecular chemical reactions. Gov-
erned by various mechanisms, it can be achieved by control-
ling the carrier envelope phase (CEP) of near-infrared few-
cycle laser pulses!'=! or the relative phase of two-color multi-
cycle femtosecond laser pulses.[!%-13] Recently, the directional
bond breaking control was realized in two-dimensional space
by using phase-controlled orthogonally or circularly polar-
ized two-color laser fields. 1181 However, the molecular bond
breaking control mainly focused on the diatomic molecules,
and only few triatomic!'®! and polyatomic molecules?>~2*]
were investigated which are more interesting with rich dynam-
ics.

In the present work, we experimentally investigate the
Coulomb exploded double ionization of N,O molecules,
where two different channels are produced, i.e., NoO —
NOT + N* 4 2e~ (labeled as denitrogenation channel) and
N>O — NJ + O™ +2e~ (labeled as deoxygenation channel).
As illustrated in Fig. 1(a), an elliptically polarized multi-cycle
near-infrared femtosecond laser pulse is employed to drive the
strong-field breaking of the molecules. Although this kind of
optical symmetric laser pulse cannot control the directional
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breaking of the molecular bond, the bond breaking is intrin-
sically asymmetric and depends on the instantaneous vector
of the oscillating laser field. We reveal such instantaneous
asymmetry of the molecular bond breaking by gating on the
ejection direction of the ionic fragments and tracing their sum-
momentum spectra which encodes the instantaneous vector of
the laser field at the ionization instants. Distinct asymmetries
are observed and quantitatively analyzed for the denitrogena-
tion and deoxygenation channels, allowing us to reveal various
pathways.

2. Experimental setup

The measurements were performed in a standard reaction
microscope of cold target recoil ion momentum spectroscopy
(COLTRIMS),>32%] a5 illustrated in Fig. 1(a). The molecu-
lar beam propagates along +y and interacts with laser pulses
(25 fs, 790 nm, 10 kHz) propagating along +x after the focus-
ing mirror (f =75 mm) inside the ultrahigh vacuum apparatus.
The polarization of the laser field is adjusted by using a half
wave plate and a quarter wave plate in the laser beam. The
intensities of the linearly polarized and elliptically polarized
laser fields are the same in our experiments and estimated to
be Iy ~ 6.0 x 10'* W/cm?. For the first ionization potential
of NyO (~ 12.9 eV),[?7] the corresponding Keldysh parame-
ter is calculated to be y ~ 0.43 and thus we are mostly in the
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tunneling regime. As shown in Fig. 1(a), the elliptically po-
larized laser field rotates from +z to +y in the polarization
plane, with major and minor axes of the laser field along y and
7 axes, respectively. The photoionization created ionic frag-
ments were accelerated by the weak spectrometer field and to
be detected in coincidence by a time and position sensitive mi-
crochannel plate detector at the end of the spectrometer. The
three-dimensional momenta of the detected ions were recon-
structed from the time-of-flights and the positions of the im-
pacts. Atomic units (a.u.) are used throughout unless other-
wise specified.
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Fig. 1. (a) Scheme of the experimental apparatus. (b) Relevant potential en-
ergy curves of the N, 0%, adopted from Ref. [35]. The gray band indicates
the Frack—Condon vertical transition range for the photoionization of N,O.

3. Results and discussion

Figure 2(a) displays the momentum distributions of the
denitrogenation and deoxygenation channels in y-z plane
driven by a y-polarized laser field. The concentrated distri-
bution along the laser polarization indicates that the molecular
bond is more easily broken when the molecular axis is paral-
leled to the laser field. The angular distribution of the deni-

trogenation channel is relatively broader than the deoxygena-
tion channel, in agreement with previous measurements per-
formed using few-cycle near infrared laser pulses.*”! In the
following, rather than control of the breaking of the molecu-
lar bond, we will focus on the intrinsic directional breaking
of N»>O molecules as a function of the instantaneous vector
of a near-infrared elliptically polarized (¢ ~ 0.86) multi-cycle
femtosecond laser pulse.

Driven by elliptically polarized laser fields, the electron
recollision excitation is mostly suppressed and thus the double
ionization of molecules mainly occurs via a sequential pro-
cess by releasing two electrons one after the other. The sum-
momentum of the two emitted electrons is the convolution of

28.291 Iy our counter-clockwise rotat-

two individual electrons.|
ing elliptically polarized laser field, the electrons are mainly
released when the instantaneous laser field points to the —y
(or +y), which will end with a final momentum along —z (or
+z) as a consequence of angular streaking of the elliptically
polarized pulse.*°! According to the law of momentum con-
servation of the breaking system, the correlated molecular ions
receive an equivalent drift momentum in the opposite direc-
tion. Therefore, the electrons sum- momentum is mapped into
the sum-momentum spectrum of the correlated fragment ions,
€.2., PZsum = DPZionl + PZion2 = —(PZe1 + Pze2) along the z axis,
along which direction our apparatus has the best momentum
resolution. The sum-momentum of the fragment ions reveal
the instantaneous vector and strength of the rotating laser field
at the instant of the electron release.

As mentioned above, the strong laser field ionization dy-
namics of N>O depend on its bond orientation with respect to
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Fig. 2. Two-dimensional momentum distributions of the denitrogenation and deoxygenation channels driven by a linearly polarized (a)
or elliptically polarized (b) laser field. The red arrow represents the polarization of the laser field. (c) The profiles of the HOMO and
HOMO-1 of N,O, where the nuclei N-N-O lie from the left to right sides.
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the light polarization. The molecules aligned parallel to the
major axis of the elliptically polarized laser field are predomi-
nantly ionized, as shown in Fig. 2(b). In the following discus-
sion, we focus on the parallel orientated molecules by select-
ing fragment ions emitting within a conical angle of 30° with
respect to the major polarization axis of the elliptically po-
larized laser field. The measured kinetic energy release (KER)
dependent ion sum-momentum spectra along the z axis (pZsum)
for the denitrogenation and deoxygenation channels are dis-
played in Figs. 3(a) and 3(d), respectively. Similar KER-
dependent ion sum-momentum spectrum was observed for the
denitrogenation channel in Ref. [21]. Rather than qualitatively,
here we quantitatively analyze the asymmetries of the direc-
tional bond breaking of the doubly ionized N,O molecules.
Meanwhile, we distinguish the KER-dependent asymmetries,
e.g., the high- and low-KER regions, of the fragmentation
channels. This quantitative analysis allows us to identify dif-
ferent pathways towards various double ionization channels.
The red solid curves and blue filled squares in Figs. 3(a) and
3(d) represent the (pzgum integrated) KER spectrum and (KER
integrated) pzgum distributions, respectively. Here, the KERs
of the fragments are carefully determined by calibrating the
KER of the Coulomb exploded double ionization channel of
the Ar dimers!®!! measured in the same experimental setup.
The three peak structure of the pzgm spectrum corresponds
to four possible sum-momenta of two sequentially released

(2932] The central peak results from the events where

electrons.
two electrons are ejected to opposite directions; while the two
side peaks are filled by events where two electrons escape to
the same side of the molecule. Asymmetric distributions of
PZsum are observed when we select the fragment ions N or
O™ flying to +y or —y, which are displayed in Figs. 3(b)—
3(c) and 3(e)-3(f) (blue or red filled squares) for the denitro-
genation and deoxygenation channels in different KER ranges,
respectively. The asymmetric pzgm spectra of two Coulomb
exploded double ionization channels indicate that the N,O
molecules are preferred to be ionized when the laser field
points from N to O, which agrees with previous observations
using phase-controlled two-color femtosecond laser pulses or
CEP controlled few-cycle laser pulses. 2033

To get quantitative insights of the asymmetric dissocia-
tive double ionization of N,O molecules, we numerically fit
the ion sum-momentum spectra by considering the convolu-
tion of the momenta of two sequentially released electrons, [*°]
as shown in Figs. 3(b) and 3(c) (denitrogenation channel), and
in Figs. 3(e) and 3(f) (deoxygenation channel) (solid curves).
For the denitrogenation channel, distinct asymmetries in pzgm
spectra are observed for the low KER (< 6.3 eV) and high
KER (> 6.5 eV) regions. For the low-KER region, the numer-
ical fits return pze; = 0.82 a.u, pzer = 0.84 au, AL /A1 =
1.09, and Ay /A»+ = 1.37. Here pzek are the magnitudes of
the momenta of the released first (k = 1) or second (k = 2)

electrons (corresponding to the strength of the laser field at
the ionization instants), and Az, are the releasing probabili-
ties of the first (k = 1) or second (k = 2) electrons when the
laser field vector points from N to O (44 ) or from O to N
(Ak—) along the molecular axis, respectively. Thus, the ratio
of Ay /Ax= stands for the asymmetry of the release of the first
(k= 1) or second (k = 2) electrons by laser field vectors paral-
lel or anti-parallel to the molecular bond. For the high-KER re-
gion, the numerical fit returns pze; =0.78 a.u, pzer =0.93 a.u,
Ajx/A1x = 1.05, and A1 /Ar+ = 1.51. However, for the
deoxygenation channel, the asymmetry of the pzgm spectra
are very similar at different KER ranges. The numerical fits
return pze; = 0.76 a.u, pzer = 0.93 au, AL /A1 = 1.02,
and Apy /A = 1.97 for the low-KER (< 7.0 eV) region,
and pze; = 0.78 a.u, pzer = 0.95 a.u, Ajy/A;x = 1.02, and
Any /Ar+ = 1.98 for the high-KER (> 7.5 eV) region. The
different asymmetries of the pzg,m spectra correlated to the de-
oxygenation channel as compared to the denitrogenation chan-
nel suggests various pathways towards these two fragmenta-
tion channels.

The electronic configuration of the ground state of the
N,O molecule is (16226%362)(462562) (602 1n*702274).127]
As shown in Fig. 2(c), the intramolecular electron density
mainly concentrates around the N atoms for the HOMO and
HOMO-1. The profile of the molecular orbital plays impor-
tant roles in the laser field vector dependent ionization of
molecules and thus the directional breaking of the molecular
bond. Meanwhile, the binding energy of the electrons or the
corresponding potential energy of the excited states governs
the accessibility of various channels. As shown in Fig. 1(b),
the potential curve of the lowest state correlated to the denitro-
genation channel (right) is very shallow and thus more likely
to dissociate as compared to that correlated to the deoxygena-
tion channel (left). Therefore, the denitrogenation channel is
preferred to be accessed by populating on the lower states than
the deoxygenation channel which associates to higher excited
states. It agrees with the fact that the yield of the denitrogena-
tion channel is 5.6 times of the deoxygenation channel in our
experiments.

As shown in Fig. 1(b), the three lowest electronic states
(x,'A,'x ") of the N, O dications are populated by removing
two HOMO electrons, and the 3IT and 'IT states of the N,O
dications are occupied by individually removing two elec-
trons from the HOMO and HOMO-1, respectively.[?7-343]
The photon ionization created nuclear wave packet (NWP) on
the shallow £~ and 'A states may directly dissociate to NO*
and N fragments, leading to the denitrogenation channel at
high and low KERs, respectively. For instance, as illustrated in
Fig. 1(b), for the denitrogenation channel with a dissociation
limit of 28.8 eV, a KER of 7.1 eV is expected when it starts
to dissociate from the equilibrium distance of the molecular
bond (Rn-n = 2.09 a.u.) with a potential energy of 35.9 eV

093301-3
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Fig. 3. The KER-dependent ion sum-momentum (pzsum) distributions of the denitrogenation (a) and deoxygenation (d) channels in ellip-
tically polarized laser field, respectively. The red solid curves and blue filled squares in panels (a) and (d) represent the (pzsum integrated)
KER spectrum and (KER integrated) pzqum distributions, respectively. The pzgm distributions integrated over different KER ranges of
the denitrogenation ((b), (c)) and deoxygenation ((e), (f)) channels (blue or red filled square) by gating the emission of the fragments N
and OF to +y or —y directions, respectively. The blue or red solid curves in panels (b), (c) and (e), (f) represent the fitting curves of the
measured three peaks structure by using two Gaussians functions (see text).

on the X~ state, which agrees well with the observed value of
7.0 eV in our experiments. The relatively lower yield of the
low-KER region is because that the molecule needs to absorb
one more photon from the laser field to populate the 'A state
for the subsequent dissociation as compared to the high-KER
region which directly dissociates along the X~ state.

For the low-KER region of the denitrogenation channel,
the drift momenta of the first and second electrons are almost
equal which indicates that they are released by laser fields of
similar intensities, i.e., either within a tiny time window or at
different time with one in the rising edge and the other in the
falling edge of the laser pulse. However, for the high-KER re-
gion, the drift momentum of the second electron is much larger
than the first electron, which indicates that the second electron
is released by a higher field strength.?®! Since the low-KER
peak was absent in few-cycle laser pulses where the molecu-
lar bond does not have enough time to stretch,?%! we suggest
that the first and second electrons are released in the rising and
falling edges of the multi-cycle laser pulse separated by the
bond stretching in producing the low-KER peak of the deni-
trogenation channel. Although the saturation effect in intense
laser fields will also result in similar final momenta of the first

136] whose influence should be minor for

and second electrons,
the modest laser intensity used in our experiments. After the
first ionization step, the molecular bond will stretch, which re-
arranges the distribution of the remaining electrons and alters
their response to the light. For instance, the mechanism of
electron localization-assisted enhanced ionization37#!1 will
boost the ionization rate around the critical internuclear dis-
tance of the stretched molecule by releasing the electron from

the up-field core at a relative low laser intensity. The denitro-

genation channel is preferred to be produced when the laser
field points from O to N owing to the mechanism of electron
localization-assisted enhanced ionization, which is opposite
to the expected asymmetry governed by the molecular orbital
profile of HOMO in producing the low-KER region. As a re-
sult, the observed asymmetry of the low-KER region is smaller
than the high-KER region. Many states of N,O™ are dissocia-
tive, for instance by populating the high vibrational levels of
the X211 state, the N-N bond of the N,OT might stretch to a
large separation for the enhanced ionization of the second elec-
tron. It may transit to the TA state at around Ry.N = 3.2 a.u.
and afterwards dissociate with an expected KER of 6.2 eV,
which agrees well with observed value of 6.2 eV in our exper-
iments. Hence, in addition to the profile of the molecular or-
bital, the intramolecular rearrangement of the electron density
distribution after the first ionization step, e.g., the electron-
localization assisted enhanced ionization of stretched molecu-
lar ion, also plays an important role in the directional breaking
of molecules. It depends on the detailed conditions of the ex-
periments, such as the temporal duration and intensity of the
laser pulses. %)

Now let us discuss the pathways towards the deoxygena-
tion channel. As shown in Figs. 3(b), 3(c), 3(e), and 3(f),
the asymmetry of the pzgym spectrum of the deoxygenation
channel is larger than the denitrogenation channel. Accord-
ing to the numerical fits of the pzgym spectra, the first elec-
tron released from HOMO is almost symmetric with respect
to the laser field vector and molecular orientation; while the
second electron released from HOMO-1 is more inclined to
be released by laser field pointing from N to O. The pathway
leading to the deoxygenation channel is as follows. By re-

093301-4



Chin. Phys. B Vol. 28, No. 9 (2019) 093301

moving one HOMO and one HOMO-1 electron, an NWP is
created on the bound state of N,O?T, e.g., °IT state. It af-
terwards may be photon-coupled to the repulsive states (e.g.,
3A or 3%+ states) and dissociate into N2+ and O™ fragments
with different dissociation limits and thus a widespread KER
spectrum. As shown in Fig. 2(a), the relatively broader angu-
lar distribution of the denitrogenation channel is observed as
compared to the deoxygenation channel. Although the possi-
ble effects of dynamics orientation or angle-dependent post-
dissociation may involve,*?! they actually cannot be excluded
in our experiments, and their influence on the angular distri-
butions are similar for various fragmentation channels. We
hence attribute the observed different angular distributions of
the denitrogenation and deoxygenation channels to the release
of electrons from different molecular orbitals, e.g., the HOMO
and HOMO-1 are four-lobed and bat-shape, respectively, as
displayed in Fig. 2(c).

4. Conclusion

In summary, we have experimentally investigated

Coulomb exploded directional double ionization of N,O
molecules in multi-cycle femtosecond laser pulses. By gat-
ing on the ejection direction of the fragment ions, asymmetric
spectra of ion sum-momentum were observed for both the den-
itrogenation and deoxygenation channels, which indicates that
the molecule prefers to be broken when the laser field points
from N to O. Our results reveal the intrinsic asymmetry of
the bond breaking versus the instantaneous vector of the laser
field, which is determined by the joint effects of the profiles
of molecular orbitals and the electron localization-assisted en-
hanced ionization of the stretched molecules in strong laser
fields.
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