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Dissociative tunneling ionization of nitric oxide (NO) in linearly polarized phase-locked two-color fem-
tosecond intense laser fields (45 fs, A = 800 and 400 nm, total field intensity / = 1 x 10'* W/cm?) has been
studied by three-dimensional ion momentum imaging. The N* fragment produced by the dissociative ionization,
NO — NO* + e~ — Nt + O + e, exhibits a butterflylike momentum distribution peaked at finite angles with
respect to the laser polarization direction. In addition, a clear dependence on the relative phase between the two
laser fields is observed, showing that the tunneling ionization occurs efficiently when the electric field points
from N to O. For the highest kinetic energy component, the observed orientation dependence is well explained
with theoretical calculations by the weak-field asymptotic theory for the 27 highest occupied molecular orbital
(HOMO). On the other hand, the peak angle shifts toward the laser polarization direction as the kinetic energy
decreases, indicating that pathways other than direct ionization from the HOMO contribute to the dissociative

ionization.
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I. INTRODUCTION

When molecules are exposed to intense laser fields, the
electron binding potential is deformed to have a potential bar-
rier. The electron ejection through the barrier, i.e., tunneling
ionization, is one of the key processes of nonlinear molecular
responses in intense laser fields, such as laser high-order
harmonics generation, electron self-diffraction, and Coulomb
explosion, which serve as spectroscopic tools for real-time
probing of molecular dynamics (see, for example, [1,2] and
references therein).

Since the tunneling ionization rate is sensitive to electron
distributions at the asymptotic region, laser tunneling ion-
ization can also provide a method to study the distribution
of weakly bound electrons of atoms and molecules along
the laser electric field. This unique feature can be applied
to capture the angular distribution of electrons in molecules,
in particular, in the highest occupied molecular orbitals
(HOMOs). Experimentally, one can carry out such measure-
ments either by varying the direction of the applied laser
electric field with respect to spatially aligned or oriented
molecules [3,4] or by measuring the molecular-frame pho-
toelectron angular distributions (MFPADs) using circularly
polarized laser fields [5-8]. Alternatively, one can utilize the
spatial distribution of fragment ions produced by dissociative
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ionization or Coulomb explosion after tunneling ionization
[7,9-11]. Using these methods, experimental studies on the
laser tunneling imaging of electron distributions were re-
ported on various molecules in the ground state, such as
H, (D) [5,8], N2 [9], O, [9,12], CO [7,13], HCI [6], NO
[11], CO, [10,14], and OCS [3,4]. Theoretical calculations
have been carried out with different approaches, by tunneling
ionization models [15-17] and the weak-field asymptotic the-
ory (WFAT) [18,19], as well as time-dependent calculations
based on single-active-electron approximation [20], the time-
dependent density functional (TDDF) method [21], and the
time-dependent Hartree-Fock (TDHF) method [22,23].

The experimental and theoretical studies triggered inten-
sive discussions on the roles of various factors in the laser
tunneling ionization, such as the permanent electric dipole
[3,4], the contributions from next HOMOs [6,7,12,13], the
molecular excitation [24], the interplay of coordinate- and
momentum-space distributions [25], the field-induced distor-
tion of MO [26,27], and the dynamic core polarization [22].
In particular, the angular dependence of tunneling ionization
of CO has been a topic of hot debate [28] because of the dis-
crepancies between the existing theories, predicting opposite
electric-field directions to enhance the tunneling ionization.

Compared with CO, studies on another heterodiatomic
molecule, NO, are rather sparse [11,29-32]. The
electronic configuration in the ground state (X *IT) is
1020230240250 17*27!. Unlike other molecules studied
thus far, NO has one unpaired electron in the 27 HOMO. This

©2019 American Physical Society
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FIG. 1. (a) Potential energy curves of selected electronic states of
NOT [41,42] and NO. Possible dissociative ionization pathways are
schematically shown, which involves electron rescattering excitation
after the tunneling ionization to populate the dissociative B 'IT and
11 states in the Franck-Condon (FC) region, or photodissociation
in the non-FC region, from the bound excited states of NO™ (see text
for details). (b) Relevant molecular orbitals of NO, 27, 17, and 50.

unique property should provide an alternative perspective to
quantitatively understand the characteristics of molecular
laser tunneling ionization. On the other hand, it is only very
recently that the angular distributions of tunneling ionization
yields were measured [11] by using the ion imaging of the
dissociative ionization of NO (Fig. 1) in intense near-infrared
(NIR) laser fields,

NO - N"+0+e¢, @))

for the electronic ground (X 2T1) and excited (A2X 1) states,
with the latter being populated by transition from the 27 to
the 3so orbital by UV photoabsorption. The obtained angu-
lar distributions are in good agreement with the theoretical
predictions, demonstrating that the changes in the electron
distribution upon photoexcitation can be captured by using
the tunneling ionization [11]. However, it was not possible
to study how the tunneling ionization is affected by the
difference between the N and O sides in the amplitudes of
the molecular orbitals (see Fig. 1) and the permanent dipole
(or the effective ionization potential [3,4]), because the laser
electric fields had symmetric amplitudes (see Sec. III A).
Here we employ phase-locked w-2w two-color laser fields
[13,33-36]. The electric field may be expressed as

F(t)=F(t)e., 2

F(t) = F,(t)cos(wt) + B, (t) cosQuwt + ¢). 3)

(a)

PSD
X
1 y.
z
Focusing
mirror ' ’
f=7 )
5 mmiy CaF, - 6-BB ’/
Window
/ -~ /
Molecular
beam

(b)

F(t) _(arb. units)

FIG. 2. (a) Schematic of the experimental setup. The fundamen-
tal femtosecond laser pulses (w) (45 fs, 800 nm, 1 kHz) and the
second harmonics (2w) generated by a S-barium borate (BBO, type
I) crystal are collinearly introduced to the three-dimensional ion
momentum imaging spectrometer. The time delay between w and
2w pulses is controlled by birefringent «-BBO crystals and a pair
of fused silica wedges. The relative phase is locked by a feedback
loop utilizing the 2w-2w interference spectrum. The fragment ions
produced from the interaction region are guided by a uniform electric
field (61 V/cm) to reach a PSD through a field-free region. DWP:
dual-wavelength wave plate; PSD: position-sensitive detector. (b)
Temporal profiles of the two-color laser electric fields [Eq. (3)] for
the relative phases of ¢ =0, 7 /2, and m, respectively, with the
intensity ratio of l,,,/1, = 0.04. The Gaussian functions are assumed
for the envelopes, F,(t) and F,,(t). See Eq. (2) and inset of (a) for
the definition of the field direction.

We choose the laser polarization to be along the z axis in
the laboratory frame (see Fig. 2). In Eq. (3), £,(t) > 0 and
F,(t) > 0 are the temporal envelope functions of the funda-
mental and second-harmonic fields with carrier frequencies
w and 2w, respectively, and ¢ is the relative phase between
the two laser fields. Depending on the phase ¢, the amplitude
of the laser electric field becomes asymmetric as shown in
Fig. 2(b).

In the present study, we discuss the angular dependence
of tunneling ionization of NO in the two-color laser fields,
by using momentum imaging of the N* fragment ions. We
show that the angular distributions vary with the relative
laser phase and the kinetic energy release of the dissociative
ionization. The obtained results are compared with theoretical
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calculation by the many-electron WFAT (ME-WFAT) for
tunneling ionization [19] based on the Hartree-Fock (HF)
approximation [37,38] to discuss key properties governing the
laser tunneling ionization of NO such as the asymmetry of the
molecular orbitals and the permanent electric dipole.

II. EXPERIMENT

The experimental setup (Fig. 2) is similar to that described
previously [34,35], except that a stack of ion extraction elec-
trodes is used to reduce distortions of the three-dimensional
ion momentum images. The output of a Ti:sapphire laser
amplification system (central wavelength 800 nm, repetition
rate 1 kHz) was introduced to an inline two-color pulse gen-
erator, where the second harmonic was generated by a type-I
B-barium borate (BBO) crystal. The time delay between the
fundamental (w) and second harmonic (2w) pulses due to
the group delay dispersion was compensated by birefringent
(x-BBO) crystals. The relative phase between two laser pulses
was monitored by the 2w-2w spectral interference and locked
by a feedback loop using a pair of fused silica wedge plates
mounted on a linear stage. The root mean square of the relative
phase distribution was 2.5° (44 mrad). A true zero-order dual-
wavelength wave plate (A/2 for w, A for 2w) was used to
make the polarization directions parallel with each other. The
absolute value of the relative phase in the interaction region
was calibrated by measuring the asymmetric momentum dis-
tribution of O fragments produced from CO,>* in two-color
intense laser fields [34,35]. In the present experimental setup,
the electric field has larger amplitudes on the positive side on
the z axis with the relative phase ¢ = 0, while the direction
is reversed with ¢ = 7 (see inset of Fig. 2). Pulse durations
of the fundamental and second harmonics after transmission
through all optical components including the chamber win-
dow were measured to be 45 and 70 fs, respectively, by
using the transient-grating frequency-resolved optical gating
(TG-FROG) technique. The peak intensities of the fundamen-
tal and second harmonic fields, 1, and I, in the interaction
region were estimated by the recoil ion momentum of H,*
[39].

The phase-locked two-color laser pulses were introduced
into an ultrahigh-vacuum chamber and collinearly focused
onto an effusive molecular beam of NO by a concave mirror
(f =75 mm). Ions produced in intense laser fields were
accelerated by a homogeneous electric field of 61 V/cm
to a position-sensitive detector (RoentDek HEX80) after a
field-free region. The three-dimensional momentum vector of
N* fragments, py+ = (py, py, p;), was calculated from the
position and arrival time at the detector for each dissociation
event. The momentum vector of the neutral O fragments, p,,
produced as a counterpart of the N* fragments, was set to be
equal to —py+ by momentum conservation of the two heavy
particles. Hence, the total kinetic energy release (KER) was
calculated as

= ——Ipn+1"s “4)
mmo

where my and mg are the masses of N and O atoms, respec-
tively.

pu (au)
pu (au)
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FIG. 3. Two-dimensional momentum images of the N* fragment
ions produced in (a) one-color intense laser fields (800 nm, 1 x
10" W /cm?, 451s), (b) phase-locked two-color intense laser fields
(800nm + 400nm, 1 x 10" W/cm?, 45fs, L, /I, = 0.04) with a
relative phase of ¢ = 0.1x. The momentum map represents a thin
slice (with a slice width of 0.5 a.u.) of the three-dimensional
momentum distribution in the plane containing the z axis (laser
polarization direction). The momentum components parallel and
perpendicular to the z axis are denoted with p, and p, , respectively.
The laser polarization direction is denoted as & with the arrow
representing the direction of the larger amplitude.

III. RESULTS AND DISCUSSIONS
A. Ion momentum distributions

Figure 3(a) shows the two-dimensional momentum map
obtained for the N* ions produced by the dissociative ion-
ization of NO in NIR intense laser fields (45 fs, 800 nm, 1 x
10'*W/cm?). The momentum map represents a thin slice
(with a slice width of £0.5 a.u.) of the three-dimensional mo-
mentum distribution in the plane containing the z axis (laser
polarization direction). The N™ momentum image shows a
butterflylike pattern, similar to that observed in the previous
study [11] peaked at about & = 40° and 140° with respect to
the laser polarization direction. These angles reflect the shape
of the 27 HOMO, because ionization proceeds efficiently
when the laser electric field is applied along the orbital lobe in
the molecular frame. The molecular dissociation subsequent
to the tunneling ionization ejects the fragment ion with an off-
set angle against the laser polarization [11]. The significantly
smaller ion yields at 0° and 90° correspond to the nodes of
the 2 orbital. As in the previous study [11], the asymmetry
of the MO is not observed in the ion image, due to the spatial
symmetry of the laser electric fields.

Figure 3(b) shows the N™ momentum image in two-color
intense laser fields with the total intensity I = 1, + I, = 1 X
10" W /cm? (I, /1, = 0.04) and the relative phase ¢ = 0.1,
where we observed the largest asymmetry [see Fig. 4(a)].
Compared with the ion image recorded with the fundamental
laser fields in Fig. 3(a), the two-color field image shows larger
yields on the left-hand side, while preserving the butterflylike
pattern as obtained with the fundamental fields alone. To
clarify the role of the two-color laser fields, we studied how
the ion image varies by the relative phase ¢. To quantitatively
discuss the asymmetric fragmentation along the laser field, we
define the asymmetry parameter,

_ r(9)—Yi(¢)

A = s
@)= f@) T 1)

(&)

053422-3



TOMOYUKI ENDO et al. PHYSICAL REVIEW A 100, 053422 (2019)
2
5 1 | 1l (a)
c
=]
B .
= g
S 1 o
g 1
£ 2
Q >
)
=
& 0
i 04
0.2
0.0
-0.2
-1 ; T T T T 1 04
-0.4 00 04 O 1 2 3 4
Al9) Eiin (€V) >
o
FIG. 4. (a) The asymmetry parameter A(¢) of the N fragment g 1.0
ions in phase-locked two-color intense laser fields, integrated over
the entire Ey;, range (0 < Ey, < 4eV) (solid circle). Theoretical 0.5
asymmetry parameter calculated by ME-WFAT is plotted for com-
parison (dotted line). (b) Observed asymmetry parameter A(¢) plot- 0.0
ted against the kinetic energy release Ey;,. '
0 1 2 3 4
where Yr(¢) and Yi (¢) are the yields of the N* fragments Ein (eV)

ejected in the hemispheres with positive (p, > 0) and nega-
tive (p, < 0) momenta along the laser polarization direction,
respectively. The asymmetry parameter is plotted as a function
of ¢ in Fig. 4(a). The obtained results show a clear oscillatory
behavior with the amplitude of |A| = 0.24, where the mini-
mum and maximum appear at ¢ ~ 0 and 7, respectively. The
obtained results show that the N* fragments are preferentially
ejected to the lower amplitude side of phase-locked two-color
laser fields (see Fig. 2). The observed results suggest that
the tunneling ionization occurs more efficiently from the N
atom side, whose electron density is larger than that on the
O atom side. The results are consistent with the previous
experiments [30] on the directional dissociation of NO in the
w-2w two-color laser fields carried out at higher field intensity
(3 x 10'*W/cm?), though the asymmetry amplitude for the
dissociative ionization pathway is about one order smaller
than that of the present results.

B. Kinetic energy release spectra

The ion images in Fig. 3 show that the momentum distri-
bution consists of several radial components. These are also
clearly visible in the KER spectrum in Fig. 5(a). The main
peak is observed at 0.75 eV (peak II) in the KER spectrum,
which is accompanied by three additional peaks (shoulders)
at 0.3 (peak I), 1.3 (peak III), and 2.2 eV (peak IV). A similar
spectrum is observed with the w pulse alone as shown in the
same figure.

The observed spectra are compared with the KER spec-
trum obtained using 8-fs intense laser fields (800 nm, 1.1 x
10" W/cmz) [11] [see dotted line in Fig. 5(a)], where two
sharper peaks appear at 0.7 and 2.2 eV. Since these peaks
are also observed in single-photon absorption experiments
at hv =24 eV [40], they are assigned to the dissociative
ionization via the ¢3I1 or B'IT dissociative states of NO*

FIG. 5. (a) The total kinetic energy release, Eyi,, spectra calcu-
lated by the momentum conservation from the Nt fragment ions
produced in two-color 45-fs intense laser fields ¢ = 0.1 (solid
line), one-color 45-fs intense laser fields (broken line), and one-
color 8-fs laser fields [11] (dotted line). (b) Two-dimensional plot of
yields of the N* fragment ions produced in two-color intense laser
fields (1 x 10" W /cm?, L, /I, = 0.04, ¢ = 0.17) against the angle
6 with respect to the laser polarization direction and Ey;,.

from the Franck-Condon region of the neutral ground state
(see Fig. 1). By using elliptically polarized intense laser fields,
the previous study [11] showed that electron rescattering is
responsible for populating the ¢ *IT or B 'T1 dissociative states
after tunneling ionization. Since the KER spectral profile of
peak IV observed with the w-2w two-color laser fields remains
essentially the same as in the 8-fs case, this component
can be attributed to the rescattering excitation to the B 'l
dissociative states of NO™.

The broadened KER spectra observed in the present study
suggest that additional pathways other than the direct exci-
tation to the dissociative states contribute to the long laser
pulse case (45 fs). Since the electron rescattering can also
populate bound excited states of NO* near the dissocia-
tion threshold, the observed non-Franck-Condon dissociation
could be attributed to the interaction between the bound NO*
states and the remaining laser fields. The vibrational wave
packets formed by electron rescattering should propagate
toward their outer turning points of the bound potentials. Since
the energy difference between the bound and repulsive states
decreases as the internuclear distance increases, photodissoci-
ation from the bound state can proceed through a few-photon
or single-photon coupling at large internuclear distances. In
other words, the photoexcitation from the bound states favors
dissociation at the large internuclear distances, explaining the
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non-Franck-Condon dissociation pathways observed in the
KER spectra in Fig. 5(a). It should be noted that this pathway
is not open in few-cycle laser fields [11], since the pulse
duration is too short for the bond stretching for the pho-
todissociation at the large internuclear distances. The bound
states can be populated directly by tunneling ionization from
next HOMOs (HOMO-1 or HOMO-2) as discussed for other
molecules such as CO [7,13], HCI [6], and O, [12]. In the
present case, tunneling ionization from the 5o orbital forms
the excited bound states of NO*, A 'TI, and »*T1, while the
a’st, w3A, WA, ¥33X~, and A"~ states are formed
by tunneling ionization from 1z orbitals [41] (see Fig. 1).
Note that both the collisional excitation and the tunneling
ionization to these excited states do not necessarily obey the
dipole selection rules. The clear assignment of peaks I-III
is not straightforward, due to many bound and dissociative
states lying in the energy region near the dissociation limit
(Fig. 1) [41,42]. A detailed theoretical study incorporating
both the evolution of vibrational wave packets in strongly
coupled electronic states [ 13] and the ionization to each bound
state is necessary for a clear interpretation of the KER spectra
in the lower-energy region.

C. Fragment angular distributions

In Fig. 5(b), the distribution of the N* yield in Fig. 3(b)
is plotted as a function of Ey, and ejection angle 6
measured from the z axis. The two-dimensional map exhibits
clear stripes highlighted at four different angles of 6 ~
40°, 140°, 220°, and 320°, associated with the butterflylike
shape in the ion image. A close inspection of the observed dis-
tribution reveals that the stripes gradually thin down, showing
that the angular distributions depend on Ey;,. The dependence
is more apparent in Fig. 6, where the polar plots of the angular
distributions are shown for the four peaks in the KER spectra,
I, 1L, 111, and I'V. The fragment angular distribution has maxima
at 6 = 140° and 220° for peak IV, while peak I at 0.3 eV
exhibits a broad distribution centered roughly at 6 = 180°.

The observed dependence on Eyj, can be interpreted in
terms of the photodissociating bound excited states of NO™
discussed above. Since peak IV is associated with the direct
rescattering excitation to the dissociative states via tunneling
ionization from the 27 HOMO, the fragment angular distri-
bution exhibits a clear butterflylike pattern. Since excitation
to the repulsive states is involved for peaks I-III, the angle
dependence of the transition moments additionally contributes
to the fragment angular distribution [43,44]. If the parallel
transition dominates the excitation, the fragment distribution
is enhanced preferentially in the laser polarization direction.
The angular dependence could be further modified if the tran-
sition probability depends on the orientation of the molecule
in the asymmetric laser fields.

These bound states could be populated directly by tun-
neling ionization from next HOMOs 1z and 5o instead of
the rescattering excitation from the ground state of NO™ as
discussed in the previous section. In this case, the fragment
angular distribution is expected to show angular distributions
stretched along the laser polarization direction because these
HOMOs have elongated shapes along the molecular axis as
shown in Fig. 1(b). It is worth noting that the fragment

(a) 90 (b) 90

270 <P 270

FIG. 6. Polar plot of § angle distribution of the N* fragment
ions produced by the dissociative ionization NO — N* + O + ¢~ in
two-color intense laser fields. The relative phase of ¢ = 0.17. (a)
Peak I (0.14 < Exin < 0.36€V), (b) peak II (0.50 < Eyin < 1.0eV),
(c) peak III (1.2 < Eyin < 1.7€V), and (d) peak IV (1.8 < Ey, <
4.0eV). The laser polarization direction is denoted as & with the
larger arrow representing the direction of the larger amplitude.

asymmetry parameter shows a similar dependence on the
relative phase over the entire range of KER as shown in
Fig. 4(b). Since the highest KER peak IV is attributed to
the direct rescattering process from 2r HOMO, this phase
dependence may indicate that the rescattering excitation to the
bound states is more significant than the tunneling ionization
from HOMO-1 and HOMO-2 for peaks I-III.

D. Comparison with tunneling ionization theory

Here the angular distribution of peak IV, the direct rescat-
tering pathway, is compared with theoretical calculations
of tunneling ionization from the 2w HOMO. According to
ME-WFAT [19], which can naturally incorporate the effect of
the dipole moment, the tunneling ionization rate for the field
strength F at the molecular orientation angle with respect to
the polarization axis f is expressed as

F 2 _ 2
T(B.F)= {IGoo(ﬂ)|2+m[leﬁ)(ﬂ)l +1Go (B ]}

X W()()(F). (6)

Here Wy (F) is the field factor which is explicitly expressed
as

s 42\ 2583
Wo(F) = —| — -, 7
00(F) 2(F> exp( 3F) (7N

and s = /21, with I, being the ionization potential given
by the energy difference between the NO and NO* states.
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FIG. 7. Structure factors of NO plotted against orientation angle
B between the electric field and the molecular axis. (a) |Goo(8)]?
(solid line) and |Gy, (B)|? (dashed line) for 27t (yz) HOMO and (b)
[Go1 9(B)|? for 27 (xz) HOMO.

GE)(B) (m = 0, 1) is the structure factor [18,45] given by

Om
GE (B) = e <P gt (p), (8)

where  is the dipole moment difference between the NO and
NO* ground states along the molecular axis pointing from
the N to O atoms, and go,(8) is the asymptotic coefficient
determined by the expansion of the Dyson orbital in terms
of the parabolic basis. The superscripts (£) denote the two
degenerated orbitals, (+) for the 27 (xz) state and (-) for
the 2w (yz) state (see Ref. [38]), and we assume that they
are equally distributed in the experiments. Note that the S
dependence is only in the structure factors in the WFAT.

To implement the ME-WFAT, we calculate the energy
difference and the dipole difference within the Hartree-Fock
(HF) approximation using the X2DHF code [46]. In the present
case, [, =0.41 au. and u = 0.26 a.u. at the geometrical
center, pointing from N to O. To calculate the structure
coefficients, we use the HF 2z HOMO in place of the cor-
responding Dyson orbital, which is a good approximation for
small diatomic molecules. The resulting structure factors are
shown in Fig. 7. To compare with the experimental results, we
assume that the angular distribution of Nt fragments at peak
IV, S(0), is proportional to the tunneling ionization yield. The
yield is obtained by the time integration of the tunneling rate

s
A
Do

o,

N
&

FIG. 8. Dependence of the angular distribution of peak IV on
the relative phase ¢. The laser polarization direction is along the
horizontal axis. Experimental results show clear dependence on
the phase (open circle). Theoretical results obtained by ME-WFAT
(1 x 10" W /cm?) are shown in the first and second quadrants (solid
line) for comparison.

in Eq. (6) over the two-color laser pulse at a given molecular
orientation to the laser electric fields, i.e.,

+o0

S(@) oc1—exp [—/ re, F(t))dt:|, )
—00

where 8 = -6 for F(t) > 0 and 8 = 6 for F(¢t) < 0. In the

time integration, the Gaussian functions are assumed for the

envelopes, F,(¢) and F>,(¢) in Eq. (3).

The theoretical results are compared with the experimental
data recorded at different phases in Fig. 8. At ¢ =0.1m,
the theoretical result exhibits a clear butterflylike structure
with the larger peak at ~135° and the smaller peak at ~45°.
This shows that the ionization proceeds preferentially on the
smaller amplitude side of the w-2w laser electric fields [30], in
good agreement with the experimental result. The theoretical
calculation reproduces the phase dependence of the angular
distribution, which shows gradual variation of the asymmetry
along the laser polarization direction, with the peak angles
remaining essentially the same.
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Let us discuss the effect of the dipole moment in the
orientation dependence of the ionization rate. Due to the
positive value of the dipole difference w in the exponential
factor in Eq. (8), the structure factor and thus the ionization
rate are suppressed when the NO molecule is oriented along
the field (8 < 90°); i.e., less ionization from the N atom
side is expected. On the other hand, the dominant structure
coefficient ggo(B) in Eq. (8) is larger for the same orientation
due to a larger electron density for the N atom side. As a result
of the product of the two terms, the structure factor and thus
the ionization rate show that the shape of the molecular orbital
in the structure coefficient governs the tunneling ionization of
NO. The obtained result shows a clear contrast to the case
of CO. In the latter, the WFAT within the HF approximation
predicted that tunneling ionization occurs more preferentially
from the O atom side due to a positive value of the dipole of
HOMO, pointing from the C to the O atoms, in the exponential
factor [38]. However, the experimental results indicate that
tunneling ionization from the C atom side is predominant
[7,33].

The asymmetry parameter calculated from the tunneling
ionization yields shows a clear dependence on the relative
phase ¢ as shown in Fig. 4(a). The largest asymmetry is
obtained at ¢ = 0 and 7, which agrees with the experimental
results except for a small phase shift (0.1 7). The shift is
also seen in the phase dependence of the angular distribution
in Fig. 8. In addition, the experimental angular distribution
shows narrower widths with peak angles slightly shifted
toward the polarization axis. These deviations could be at-
tributed to the multiorbital effects [23,28] discussed to explain
the angular distributions of the tunneling ionization of CO. In
addition, the electron rescattering involved in the dissociation
process could also contribute. Since the molecular potential
of NO™ is anisotropic, the cross section of electron impact
excitation, NOT 4+ e~ — NT + O + ¢, is expected to vary
with the orientation of the molecular ion, which results in the
modification of the angular distribution of the fragment ions.
It is worth noting that the electron rescattering energy depends
on the relative phase of the two-color laser fields [35]. In
particular, the maximum rescattering energy increases as the
relative phase increases from ¢ ~ 0. This indicates that the
rescattering excitation to the excited states of NO™ is more
efficient for a positive phase than ¢ = 0, which may result

in the shift of the peak phase from the theoretical prediction
in Fig. 4(a). For a deeper understanding, theoretical studies
incorporating electron rescattering excitation would be useful.

IV. SUMMARY

We have investigated the angle dependence of dissociative
tunneling ionization of NO, NO — N* + O + ¢, in asym-
metric two-color intense laser fields (45 fs, 1 x 10'* W /cm?)
by three-dimensional ion-momentum imaging of N* frag-
ment. The Nt fragment ion with the highest kinetic energy
release (>1.8 eV) produced by electron rescattering excitation
after the tunneling ionization to the NO* X ' =+ state shows
an angular distribution peaked at 40° with respect to the
laser polarization direction. A clear asymmetry observed in
the ion image shows that the tunneling ionization occurs
efficiently when the electric field points from N to O. The
orientation dependence agrees with the theoretical predic-
tion for tunneling ionization from the 27 orbital of NO by
ME-WFAT, showing that the shape of the molecular orbital in
the structure factor governs the tunneling ionization of NO.
On the other hand, the N* angular distribution shows a clear
dependence on the kinetic energy release, where peak angles
shift toward the laser polarization direction as the kinetic
energy release decreases. This dependence is interpreted as a
result of photodissociation from bound excited states of NO*,
which are populated by tunneling ionization from next highest
occupied molecular orbitals or by electron rescattering.
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