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Imaging Electronic Excitation of NO by Ultrafast Laser Tunneling Ionization
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Tunneling-ionization imaging of photoexcitation of NO has been demonstrated by using few-cycle near-
infrared intense laser pulses (8 fs, 800 nm, 1.1 x 10'* W/cm?). The ion image of N* fragment ions
produced by dissociative ionization of NO in the ground state, NO (X?I1,27) - NO* + ¢~ —
Nt + O + e, exhibits a characteristic momentum distribution peaked at 45° with respect to the laser
polarization direction. On the other hand, a broad distribution centered at ~0° appears when the A2Z* (350)
excited state is prepared as the initial state by deep-UV photoexcitation. The observed angular distributions
are in good agreement with the corresponding theoretical tunneling ionization yields, showing that the
fragment anisotropy reflects changes of the highest-occupied molecular orbital by photoexcitation.
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Recent developments of ultrafast spectroscopy have
realized real-time observation of molecular processes at
femto- and attosecond time scales, enabling us to track
ultrafast electron dynamics associated with nonadiabatic
transitions in photochemical reactions [1,2] and attosecond
dynamics of electron wave packets [3.4]. In addition to
conventional ~ pump-probe schemes, several new
approaches have been proposed in the past decades for
direct visualization of the highest-occupied molecular
orbitals (HOMOs) or the spatial distribution profile of
electrons, by using molecular-frame photoelectron angular
distribution [5,6], (e, 2¢) electron scattering [7], and high-
order harmonics generation [8—10].

Alternatively, electron distribution profiles can be
obtained by utilizing tunneling ionization in intense laser
fields. Since the tunneling ionization rate is determined by
the shape of HOMO along the laser electric field [11,12],
one can capture the electron distribution profiles at a long
distance from the ion core by measuring the ionization
yields against the laser polarization direction in the
molecular frame. Such measurements can be performed
by using spatially aligned or oriented molecules as dem-
onstrated for N,, O,, CO, [13], and OCS [14], or by
electron-ion coincidence measurements [15,16]. Instead,
the anisotropy of the ionization rates can be obtained from
spatial distributions of fragment ions produced by Coulomb
explosion of randomly oriented molecules. For example,
the difference between the HOMOs of N, and O, is clearly
seen in fragment-ion momentum images [17].

These previous experiments were carried out on mole-
cules in their ground states. The extension to electronically
excited states is of significant importance for real-time
visualization of electron dynamics in photochemical
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reactions. However, the applicability to excited molecules
is not trivial because of a substantial decrease in the
ionization potentials, which may introduce significant
contributions from multiphoton processes. Here we discuss
tunneling-ionization imaging of electron distribution pro-
files in excited molecules. We adopted nitric oxide (NO) as
the target, which has a low-lying electronic state (A%X")
in the deep UV (DUV) range from the ground state
(X’II) (Fig. 1). The electronic configuration is
16%26%36%46°56°17*27' 356" in the ground state, while
16226%36°46°56*17*22°3s6" is dominant in the excited
state [18-20]. The effect of photoexcitation from 2z to 356
is studied by momentum imaging of N* fragment ions,
produced by dissociative ionization (DI) of NO,
NO — N* + O + e™. The experimental results are com-
pared with theoretical tunneling-ionization yields from the
weak-field asymptotic theory (WFAT) [21,22] under adia-
batic conditions.

The output of a Ti:sapphire laser amplifier system
(800 nm, ~2 mJ/pulse, 40 fs, 1 kHz) was split into two
beams. One was introduced to a hollow-fiber pulse com-
pressor to obtain few-cycle intense near-infrared (NIR)
laser pulses (8 fs) for laser tunneling ionization. The other
was used to obtain UV pulses (315 nm) by an optical
parametric amplifier, which are further mixed with the
fundamental pulses in a BBO crystal to generate DUV
pulses at 226 nm (0.6 uJ/pulse). The center wavelength of
the DUV pulses was tuned to the NO A-X (0,0) transition
[23] to pump NO molecules to the A2X" state (see Fig. 1).
The pump (DUV) and probe (NIR) pulses were coaxially
introduced to the vacuum chamber with a time delay of
150 ps and focused by a concave mirror (f = 75 mm) to an
NO molecular beam. Contributions from vibrationally
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FIG. 1. (a) The highest-occupied molecular orbitals, 2z and 3so,
in the X?I1 and A2X* state. (b) Dissociative ionization of
NO in intense laser fields by tunneling ionization and electron
rescattering. Potential energy curves are adopted from
Refs. [18-20]. The Franck-Condon region for the XI1 state, and
that for the A>X™* state prepared by DUV excitation (226 nm), are
shown with red and blue bars, respectively. The horizontal arrows
indicate the energies of the ¢>IT state (orange) and the B'II state
(green) populated by the corresponding Franck-Condon transitions.
The inset shows the definition of the molecular-axis angle 5, where
an arrow with ¢ represents the laser polarization direction.

excited states are negligible in both the X?IT and A?X"
states under the present experimental conditions. The
intensity of the probe pulse at the focal spot was estimated
to be 1.1 x 10'"* W/cm?. The Nt fragment ions produced
by the dissociative ionization were guided by four electro-
des to a position sensitive detector [24]. The three-
dimensional momentum vector pn+ = (py, py, p;) Was
calculated from the position (x, y) on the position sensitive
detector and the flight time (7) for each ion-detection event
[25]. The total kinetic energy release (KER) was obtained
as Eyy, = (my + mg)/(2mymo) [py+|*, with my and mq
being the mass of N* and O, respectively. Here the
momentum of the counterpart O atom was assumed to
be equal to —py+ by momentum conservation.
Uncertainties in E};, associated with electron recoil are
estimated to be 2% and 4% at Ey;, = 1 eV for the ground
and excited states, respectively [26]. Since the amount of
NO pumped to the A>Z* state is about 0.5% under the
present experimental conditions, an optical chopper
(0.5 kHz) was introduced to block the pump pulse in
every other shot. The contributions from the DUV pulse
alone were recorded separately.

The fragment momentum image of N* for the ground
state (X°IT) is shown in Fig. 2(a). The momentum dis-
tribution consists of two concentric features at |p| ~ 25
and ~50 a.u., both of which are peaked at about 45°
with respect to the laser polarization direction. The
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FIG. 2. Momentum images of the N* fragment ions produced
by DI starting from (a) the X>I1 state and (b) the A>X™ state in
few-cycle intense laser fields (8 fs, 1.1 x 10'* W/cm?). Sym-
metries with respect to the x and y axis are utilized to reduce the
statistical uncertainty. The probe NIR laser polarization direction
is denoted with €. (c),(d) Polar plots of the fragment angular
distributions obtained for the X2IT and A2X* initial states,
respectively. The distributions are evaluated on the ¢*I1 disso-
ciation pathway (see text). Solid lines are theoretical tunneling-
ionization yields calculated by WFAT under the adiabatic
approximation.

corresponding features are observed in the total KER
spectrum (A) at 0.65 and 2.2 eV (Fig. 3). These values
are in good agreement with those observed for DI by
single-photon absorption in vacuum UV [27], which are
assigned to dissociation via the ¢3I1 and B'II states of
NOT, respectively [see Fig. 1(b)]. The agreement shows
that DI in the present case proceeds from the Franck-
Condon region of NO in the ground state. Along with the
polarization ellipticity dependence in Fig. 4, this indicates
that these repulsive states are excited by the rescattering
electron [28,29], which occurs in a short time scale within
an optical cycle of the laser field (2.7 fs). The maximum
collision electron energy is 3.2U, = 21 eV at the field
intensity of 1.1 x 10'* W/cm?, where U, is the ponder-
omotive potential. This is sufficiently larger than the
excitation threshold energies, Ey = 12.5 and 13.5 eV,
for the ¢I1 and B'II states from the ground state of
NO™. Since the electronic excitation is considered almost
isotropic [17], the fragment anisotropy reflects the tunnel-
ing ionization rates in the molecular frame, determined by
27 HOMO of the ground state of NO. It should be noted
that the asymmetry of the molecular orbital associated with
the difference between N and O cannot be accessed in the
present experiments using randomly oriented molecules.
Asymmetry-sensitive measurements on such samples can
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FIG. 3. The total KER spectra obtained with (A) pump off, (B)

pump on, (C) pump only, and (D) the net signal, where spectra
(A) and (D) correspond to the spectra of the dissociative
ionization from the X2IT and A2X* states, respectively. The
arrows indicate peaks assigned to the ¢’IT and B'II dissociation
pathways [see Fig. 1(b)].

be performed, for example, by using carrier-envelope-
phase-locked few-cycle pulses having asymmetric
electric-field amplitudes.

The KER spectrum obtained with both the DUV pump
and NIR probe pulses (B) is plotted in Fig. 3, together with
that obtained with the DUV pulse alone (C). The net
contribution from the excited NO in the A2X™" state (D) is
obtained by (D) = (B) — (A) — (C). The resultant spec-
trum exhibits a clear peak at E;;, = 1.2 eV with a broad
hump on the lower energy side between 0 and ~0.6 eV.
The broad hump, also seen in the KER distribution for the
X1 state, is attributed to the enhanced ionization at longer
internuclear distances [30] as it increases drastically with a
longer laser pulse (40 fs).

Normalized yields (arb. units)

0 (deg)

FIG. 4. Relative yields of N™ fragment ions as a function of the
angle @ of a quarter-wave plate with the X2IT (red circles) and
AZ (blue squares) states of NO as the initial state. The solid line
is a result of the least-squares fitting to the experimental data for
the ground state, while the dashed line represents a theoretical
prediction for the excited state (see text for details).

The peak observed at 1.2 eV is assigned to DI via the ¢3I1
state of NO™. The increase in KER as well as the broad-
ening of the peak is attributed to the shift of the Franck-
Condon window to the steeper part of the ¢*I1 potential
[see Fig. 1(b)], associated with the change in the equilib-
rium internuclear distance from R,(XIT) = 1.15 A to
R,(A%ZT) = 1.06 A [31]. Note that the B'IT component
from the excited state is expected to appear at 3.6 eV, which
is outside the detection range of the present experimental
setup.

Figure 2(b) shows the net momentum image of N*
produced from DI of the excited NO (A?>X") obtained after
the background subtraction. The ¢*I1 component at |p| ~
32 au. (Ey, ~ 1.2 eV) exhibits a circular distribution,
showing that the fragment anisotropy drastically changes
by the electronic excitation. Polar plots in Figs. 2(c)
and 2(d) compare the angular distributions of the ¢3I1
component intensity for the two different initial states.
Since the time scale of the dissociation is sufficiently
shorter than typical rotational periods of NO (9 ps), the
polar plots represent molecular-axis distributions after
ionization. For the X?II state, prominent peaks are seen
about # = 45° with respect to the polarization direction. On
the other hand, the fragment from A>X* formed a broad
distribution centered at # = 0°, which is consistent with the
Rydberg character of the 3so orbital [Fig. 1(a)].

In order to quantitatively evaluate the difference asso-
ciated with the initial HOMOs, we carried out theoretical
calculations using WFAT [21,22], which naturally include
the effect of the permanent dipole of a heteronuclear
diatomic molecule. The tunneling ionization rate in a static
electric field F is expressed as

C6.F) = |[Goo D) +35 G )P | Wan(F). (1)

where Ggo(ff) and Gy, (ff) are the orientation-dependent
structure factors with f being the angle between the electric
field and the molecular axis [see Fig. 1(b)], x = /21, with
I, being the ionization potential, and

wur) =5 () en (-2) @

is the field factor. The structure factors were calculated
from a HOMO obtained within the Hartree-Fock approxi-
mation using the X2DHF [32,33] code. We took the values
from the table in Ref. [34] for the ground state and newly
calculated for the excited state. The ionization yields at a
fixed p were then calculated by the integration over the 8 fs
laser pulse with the peak intensity of 1.1 x 10 W/cm?
under the adiabatic approximation [35]. The results, plotted
in Figs. 2(c) and 2(d), show excellent agreement with the
experimental results for both the ground and excited states.
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Finally, we discuss the validity of the tunneling ioniza-
tion picture for the electronically excited state. Since the
effective ionization potential from the excited state is only
I, =3.8¢V (see Fig. 1), multiphoton processes could
contribute to the observed fragment anisotropy. To clarify
the ionization mechanism responsible for the results in
Fig. 2, we studied the dependence of the fragment yields on
the ellipticity of the probe laser polarization. Figure 4 plots
the ¢*TT component yields against the angle 6 of a quarter-
wave plate inserted in the beam path of the probe pulse. The
c3T1 component yields are largest at @ = 0° (linear polari-
zation) and steeply decrease to near zero values at 0 = 45°
(circular) for both initial states (X2I1 and A2X™T).

The observed ellipticity dependence is interpreted as
follows. In linearly polarized light, the freed electron
travels along the laser polarization direction to be rescat-
tered by the ion core. The corresponding electron wave
packet exhibits a transversal spread by the time of
rescattering because of the initial momentum at the
ionization. In elliptically polarized light, the electron
trajectory is shifted laterally by the perpendicular compo-
nent of the electric field. Since the lateral shift results in the
decrease in the electron flux at the ion core, the fragment
yields decrease as the increase in the ellipticity [28]. The
probability density of the returning electron at the ion
core (r =0) can be expressed by using the adiabatic
theory [35],

xui(ty,1;) AP [ F(1;)
K22 (1) + AP

otz Pt e enp -

E)

where u,(#;, t;) is the initial transversal velocity and Az =
t; —t; with #; and 7, being the ionization and rescattering
time, respectively. This indicates that a smaller ionization
potential (or x) provides a broader transversal distribution
when [x/F| < |At|, which is consistent with the exper-
imental results in Fig. 4 showing a broader distribution
for the excited state than that for the ground state
(I, =9.26 eV).

For a more quantitative discussion, the electric field of
elliptically polarized light (angular frequency ) is
expressed as F(t) = F(sin@sinwte, + cosfcoswte.),
where we assume a constant amplitude F for simplicity.
The rescattering condition F(z;)u;(t,1;) =0 [35] deter-
mines the relation between 7; and 7, as

sinf[wAt cos wt; — (sinwt, — sin wt;)] sin vt

= cos*OlwAt sin wt; + (cos wt; — cos wt;)] cos wt;, (4)

which gives rise to

2
lliz(l‘f, ti) = W (O)At — sin O)At)
sin wt , — sin wt;
x <wAt—¥) sin.  (5)
COos wt;

To calculate the electron rescattering excitation proba-
bility, a step function ©(E — Ey,) at the excitation threshold
energy Eg, = 12.5 eV is assumed for the electron-impact
excitation cross section from the ionic ground state to the
311 state. The recolliding electron energy is expressed as
E(t;) = Juy(t7.1;)|*/2 in terms of the momentum at the
rescattering time u,(,, ;) = w;(1;, ;) — [/ F(t)dt, where
the second term is the velocity gained in the laser field.
Finally, one can obtain the electron rescattering excitation
probability by averaging over ¢; for one optical cycle, and
then by averaging over f for the molecular orientation as

bia /W
Pm@«lmmwf dtlolts. B)PO(E(L) - Ey).
(6)

where |y (t;, B)|* is dependent on @ and set to zero for
nonrescattering trajectories.

The resultant electron rescattering excitation probability
P..(0) was used for the least-squares fitting to the
experimental data for the X211 state, where F is treated
as a fitting parameter. The obtained value F =
0.059(3) a.u. is in good agreement with the value
(F = 0.057 a.u.) calculated from the estimated field inten-
sity (1.1 x 10" W/cm?), thus confirming the rescattering
mechanism for DI from the ground state. The dashed line in
Fig. 4 shows P, (0) calculated for the A+ state using the
F value and the ionization potential / » =3.8¢eV. The
theoretical result agrees well with the experimental data,
showing that DI from the excited state is dominated by the
rescattering process of electrons produced by the tunneling
ionization. Thus, the observed ellipticity dependence in
Fig. 4 supports that the tunneling ionization and the
electron rescattering are responsible for the dissociative
ionization in both cases. Since the ground state of NO™ is
singlet (X' =1), the excitation to the dissociative triplet state
(c’IT) favors electron impact rather than multiphoton
absorption, which explains the dominance of the tunneling
and rescattering process in the present study.

In summary, we investigated the dissociative ionization
of NO, NO - NOT + e~ - Nt + O + e, in few-cycle
intense laser fields (8 fs, 1.1 x 10'* W/cm?), with two
different initial states, X*IT and A?X*. Supported by
quantitative comparisons with a solid theory on tunneling
ionization and electron rescattering, the present study
demonstrates a secure readout of the electron distribution
in an excited molecule (and the change in the distribution
by photoexcitation) by tunneling-ionization imaging with
few-cycle intense laser pulses. The present study provides a
deeper understanding of laser tunneling ionization of
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molecules, a key step of important applications such as
high-order harmonics generation and self-electron diffrac-
tion, and paves the way for real-time visualization of
electron dynamics in chemical reactions.
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