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Strong-field Rydberg-state excitation of nitrogen dioxide pre-excited in the A2B, state
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We experimentally investigate the Rydberg-state excitation (RSE) process induced by a strong near-infrared
(NIR) laser field for nitrogen dioxide (NO,) molecules which are initially excited in the A2B, state by a UV
laser field. Both the neutral parent NO, and the fragments are observed to survive the strong laser field in high
Rydberg states. It is found that the RSE yield of NO, (A?B,) molecules depends on the intensity of the strong
NIR laser, as well as the relative polarization and delay time between the NIR and the UV laser fields. Distinct
different behaviors between RSE and strong-field ionization of NO, (A%B,) are observed. Analysis indicates that
the probability of recapturing the tunneling electron to form high Rydberg states is affected by the molecular
orbitals of the excited state, and the RSE process can qualitatively reflect the changes of molecular structure
during ultrafast dynamics of the excited state of molecules.
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I. INTRODUCTION

Tunneling ionization of an electron bound to an atom or
a molecule acts as the initial step for many physical pro-
cesses induced by a strong laser field with intensity larger
than 10" W/cm?. After tunneling out, it is possible for the
electron to be driven back to and recollide with the ionic core,
resulting in various highly nonlinear physical phenomena,
including high-order above threshold ionization, nonsequen-
tial double ionization, and high-order harmonic generation
(HHG) (for reviews, see, e.g., Refs. [1-5]). In addition to these
recollision-induced strong-field processes, it is interesting to
find that both theoretically and experimentally, tunneling elec-
trons may also be recaptured by ionic Coulomb potential to
the Rydberg states, resulting in highly excited neutral atoms
[6,7]. Such a Rydberg-state excitation (RSE) process in a
strong laser field, also known as frustrated tunneling ion-
ization [7], provides an important complementary aspect to
interaction of strong laser fields with atoms or molecules
and could be potentially applied for acceleration of neu-
tral particles [8,9] and generation of ultrafast coherent EUV
light [10-13]. Thus, it has been the subject of numerous ex-
perimental and theoretical studies over the past decade, the
majority of which are focused on the strong-field RSE of
atoms, with particular interest in the recapture probabilities
under different laser fields, the underlying physical mecha-
nism, and the possible quantum effects involved in the process
[14-23].

On the other hand, our understanding of the molecular
RSE induced by a strong laser fields is still quite limited.
Several studies have shown that highly excited neutral atomic
fragments can be produced in a strong laser field, which are
related to dissociative ionization or Coulomb explosion of
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some diatomic molecules (e.g., Hy/D,, Ny, CO, O,), i.e.,
neutralization of the corresponding atomic fragment ions by
recapturing the tunneled electrons into the highly excited
states [24-31]. It is indicated that for an asymmetric molecule
such as CO, the probabilities of electrons captured by dif-
ferent atomic fragment ions (C*t and O%) to form highly
excited atoms (C* and O*) are different, owing to the ef-
fect of the molecular orientation and the electronic orbital
structure [29]. A joint experimental and theoretical study
has demonstrated that neutral diatomic molecules (N, and
0;) can survive in highly excited Rydberg states in strong
800-nm laser fields [32]. The behaviors of different molecules
are significantly different from those of the corresponding
company atoms (Ar and Xe) with ionization potentials Ip
similar to those of the molecules (N, and O,), which can be
understood by the different structures of molecular orbitals
in the recapture picture [32]. Recent theoretical studies using
the time-dependent Schrodinger equation and the quantum
model have also shown the effect of symmetries of the initial
electronic states in the molecular RSE process in strong laser
fields [33,34]. The results indicate the excitation probabili-
ties of Rydberg states of molecules with similar ionization
potentials but different orbital symmetries are different due
to the two-center interference effect and the coherent capture
mechanism.

Here, we perform an experimental study on the strong-field
RSE process of molecules initially populated in an electronic
excited state. Nitrogen dioxide in the first excited state A’B,
[NO, (A%B,)] is chosen as the target, since it is a simple
triatomic molecule but is viewed as a benchmark for study
of unimolecular reaction dynamics. Ultrafast time-resolved
measurements have been carried out to reveal the underlying
physics of the complicated dynamics of NO, (A2B,), using
different methods as the probe including ionization [35], elec-
tron image [36], channel-resolved ATI [37], HHG [38], and
coincidence measurement [39]. Theoretically, in addition to
high-level ab initio calculations on the structure and potential
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FIG. 1. Schematic illustration of the experimental setup of the
tr-PFI-TOF-MS for the investigation of strong-field RSE of NO,
(A%B>).

energy surface of the excited states [40,41], time-dependent
quantum or semiclassical calculations have been performed
on the wave-packet dynamics of NO, (A%B,) [42-45]. While
the understanding of the ultrafast dynamics is still far from
complete, the overall picture of the evolution in NO, (A”B,)
has been established. It is now generally known that after
being excited to the A2B, state and multiple passage towards
the conical intersection along the bending coordinate, the
molecules would transfer to the high-vibrational states of
X?A,, followed by intramolecular vibration energy redistribu-
tion (IVR) within several hundred femtoseconds, and finally
dissociate along the asymmetric stretching mode on a picosec-
ond timescale.

In our study, using the time-resolved pulsed-field-
ionization time-of-flight mass-spectrometer (tr-PFI-TOF-
MS) method, we experimentally demonstrate that excited
molecules can also survive strong laser fields in highly Ry-
dberg states. Both highly excited neutral parents (NO,*) and
fragments (NO*, O*, and N*) are observed in a strong 800-nm
laser field after the NO, molecules are excited to the A*B,
state by a weak 400-nm laser field. The RSE yields of NO,
(A2B,) are measured as a function of the 800-nm laser inten-
sity as well as the delay time between the two laser pulses,
and the results are compared with those of the molecules in
the ground state X?A,. Analysis indicates that the molecular
structure and the dynamics in the excited state play a role in
the recapture process of molecules in the tunneling ionization
region.

The paper is organized as follows. We present our experi-
mental setup of the tr-PFI-TOF-MS in Sec. II. In Sec. III we
present our experimental results and a discussion on the mech-
anism of strong-field RSE of NO, (A%B,). A brief conclusion
is given in Sec. IV.

II. EXPERIMENTAL SETUP

The experimental setup of the tr-PFI-TOF-MS is schemat-
ically illustrated~ in Fig. 1. Briefly, the NO, molecNules are
excited to the A’B, state from the ground state X?A; by

a 400-nm laser field. After a delay time, a strong 800-nm
laser field is employed to induce strong-field ionization (SFI)
or RSE. Highly excited Rydbergs of neutral molecules and
fragments from strong-field RSE are measured using a TOF
MS operated under a PFI mode. For detection of ions from
SFI, a normal TOF-MS is used. For comparison, RSE or SFI
of the molecules in the ground state X?A, is also investigated
by using only the 800-nm laser field.

NO;, molecules are introduced into the reaction chamber
through a 10-um leak value with a stagnation pressure at
1 atm. The background pressure without gas injection is less
than 1 x 107® Pa and the working pressure is around 1 x 10~
Pa in the reaction chamber. The laser system used in the study
is a Ti:sapphire femtosecond laser with a central wavelength
of 800 nm, a pulse width of ~50 fs, and a repetition rate of
1 kHz. The output of the laser system is split into two laser
beams using a beam splitter. One is frequency doubled by
a B-barium borate crystal to produce the second harmonic
generation, centered at 400 nm, which is used as the pump
pulse to excite the molecules to the A’B, state. The other
centered at 800 nm is used to induce RSE or SFI. The de-
lay time between the two laser pulses is precisely adjusted
by a motor-controlled delay stage. Both the laser beams are
recombined by a dichroic mirror, before they are focused by
an f = 25 cm concave mirror into the interaction region. The
pump laser is set to be linearly polarized with the direction
parallel to the TOF axis, and the polarization direction of the
strong 800-nm laser pulse is adjusted by a half-wave plate.
The laser intensity is continuously adjusted by a half-wave
plate and a Glan prism.

In our experiments, we utilize a TOF-MS operated un-
der a pulsed electric field to detect highly excited molecules
and fragments, as described in detail in our previous studies
[31,32]. Any direct ionized ions (M*, M = NO,, NO, O, or
N) after molecules irradiated by the strong field are pushed
away from the detector by a dc electric field. After a delay
time () of 0.5 us, the remaining highly excited neutrals (M*)
are then field-ionized by switching the voltage of the repulsive
plate, and the resulting ions (M*)* are detected by microchan-
nel plates at the end of the flight of about 40 cm. In our study,
the Rydberg states with principal numbers 20 < n < 30 are
detected, estimated by a saddle-point model of static field
ionization [F = 1/(9n*), F is the electric field]. In the case for
detection of direction M, standard dc electric fields are ap-
plied in the TOF MS, with the voltages kept the same as those
in detecting (M*)™ to ensure identical detection efficiencies.

III. RESULTS AND DISCUSSION

In our tr-PFI-TOF-MS study, the NO, molecules are pre-
excited to the A’B, state from the ground state X?A; by a
weak UV femtosecond laser field (A = 400 nm), followed
by strong-field ionization or excitation driven by a NIR laser
field (A =800 nm) at a delay time Atr. By measuring the
ionic yields as a function of NIR laser intensity (INjr) and
the delay time Atf, we focus on the strong-field RSE of
the NO, molecules pre-excited in the A’B, state. We first
show in Fig. 2(a) typical mass spectra after the molecules are
irradiated by linearly polarized UV and NIR laser fields with
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FIG. 2. Typical time-of-flight mass spectra of NO, by the lin-
early polarized UV and NIR laser fields (black) with At =0 and
the polarizations parallel to each other for RSE (a) and SFI (b).
The results with only the NIR laser field (red) are presented for
comparison.

At = 0 and their polarizations parallel to each other. The
results with only the NIR laser field are also presented in
the figure for comparison. Both neutral parent (NO,*) and
fragments (NO*, O*, N*) in high Rydberg states, which are
produced by the strong NIR laser field, are observed in the
PFI-TOF-MS experiments. Our study provides obvious exper-
imental evidence that NO, molecules pre-excited in the A’B,
state can survive the strong NIR laser field in high Rydberg
states. It can be seen that apparent enhancement of the RSE
yields is observed in the UV + NIR results comparing to those
using only the NIR laser field with Iyjg of 22 TW/ cm? [see the
upper panel of Fig. 2(a)]. Interestingly, with increasing Inir
to 160 TW /cm?, the RSE yields are suppressed in the UV +
NIR case [see the lower panel of Fig. 2(a)]. This observation in
strong-field RSE is distinctly different from the SFI, in which
the yields induced by both laser fields are always higher than
those by only the NIR laser field for Ixir at either 22 or 160
TW /cm? [see Fig. 2(b)].

To clarify this finding in the strong-field RSE of NO,
(A2B,), we further investigate the dependence of the RSE
yields on the intensity of the driving NIR laser field. In
Fig. 3(a) we show the yields of NO,* as a function of Iy,
with or without the UV laser field. The results of SFI are
presented in Fig. 3(b) for comparison. Both the RSE and
SFI yields increase and gradually tend to become saturated
with increasing Injr. However, closer inspection shows that
compared to the results in only the NIR laser field, the RSE
yields in the UV 4 NIR case are enhanced at low NIR laser
intensity but turn to be suppressed as Ixjr is higher than 50
TW /cm?; while the SFI yields induced by two laser fields are
always larger in the whole Iy range of 15 to 200 TW /cm?
investigated in the study.

Because of the limited excitation fraction (that is, the NO,
molecules cannot be completely excited to the AB, state
upon absorption of a UV photon), the unexcited molecules
would also contribute to the measured RSE (and SFI as well)
signals in the UV + NIR experiments, especially for high NIR
laser intensity. In order to reveal the strong-field physics of
NO, molecules initially populated in the A2B, state, in the
following we evaluate the ratio of the UV + NIR results to
those in only the NIR laser field, R, which can be represented
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FIG. 3. The yields of (a) NO,* and (b) NO,™ as a function of
Inr, with or without the weak UV pre-excitation laser field. The
intensity-dependent ratios R in the UV + NIR laser fields to those
in only the NIR laser field for (¢) RSE and (d) SFI. The delay
time between the UV and NIR laser fields is At = 0 and the laser
polarizations are parallel to each other.
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where N is the total number of the molecules in the inter-
action region, o represents the excitation fraction by the UV
photon, P4 and Py represent the RSE or SFI probabilities of
the excited molecules in the A?B, state and the unexcited
molecules in the ground X?A, state, respectively. We assume
o is a constant since the UV laser intensity is fixed during the
experiments, and thus the R value will represent the relative
probability of the strong-field RSE (or SFI) of NO, (A%B,).
The resulting R values vs Iyr are shown in Figs. 3(c)
and 3(d) for RSE and SFI, respectively. It can be seen that,
in general, the ratio R for either RSE or SFI decreases
upon increasing Ir, indicating the probability of the excited
molecules P4 shows a dependence on the driving laser inten-
sity that is weaker than that of the unexcited molecules Py.
This could be easily understood since the ionization from the
excited A2B, state tends to become saturated at much lower
laser intensity compared to that from the ground X2A,; state
[see Fig. 3(b)], due to the 3.1-eV lower ionization potential
(Ip) of the A?B, state. Distinct different behaviors of the ratio
R for RSE compared with that for SFI are observed in the high
driving laser intensity region: for RSE the ratio R < 1, indi-
cating Py < Px when Iy > 50 TW/cmz; while for SFI, the
ratio R is always larger than 1, indicating Py > Py in the whole
intensity range investigated in the study [see Figs. 3(c) and
3(d), regions marked with different colors]. It is noted that,
for Iyir > 50 TW/cmz, the Keldysh nonadiabatic parameter

y<10(y =+ %, where Ip and Up represent the field-free

R
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ionization potential (in eV) and the ponderomotive energy,
respectively) [46], indicating tunneling ionization would play
a dominant role in the strong-field ionization of the NO,
molecule. Our results strongly indicate that, in the tunneling
ionization region, the RSE probability of the NO, molecules
initially populated in the A’B, state is suppressed compar-
ing to that for the unexcited molecules in the ground X?A,;
state when the polarizations of UV and NIR are parallel to
each other.

In the tunneling ionization region, strong-field RSE is de-
scribed as a recapture process; that is, the photoelectron that
first tunnels out through the barrier formed by the Coulomb
potential and the external laser field is recaptured by the
Coulomb potential in the way it goes out [7,20,32]. The dif-
ferent behaviors between the intensity-dependent R values for
RSE and SFI strongly indicate that the suppression in the
RSE yields of NO,(A?B,) is attributed to the reduction of
the recapture probability rather than the tunneling ionization
probability, which would be due to the effect of the structure
of the molecular orbitals. In our study, upon absorbing a
UV photon to resonantly excite to the A’B, state, the NO,
molecule would be initially aligned along the O-O axis and
parallel to the polarization of the pre-excited laser, since the
direction of the transition dipole moment for AB, < X?A; is
parallel to the O-O axis [38,47] (see Fig. 1). Ionization of the
NO, molecules at the A%B, state with the main configuration
of (-++)(b2)'(a)* is dominated by removing an electron in
the a; orbital, and the electron prefers to emit at the direction
perpendicular to the O-O axis [38]. Thus, when the prealigned
NO, (A?B,) molecules are ionized by the strong driving NIR
laser with polarization parallel to that of the UV laser (the
case used in the experiments in Figs. 2 and 3), the electron
would be emitted mainly at the direction that significantly
deviates from the field direction of the NIR laser. Therefore,
the wave packet of the freed electron would be diffusive, lead-
ing to reduced probability to be recaptured in high Rydberg
states which locate relatively far away from the ionic core.
This finding is in analogous to a previous study on RSE of
diatomic molecules (N, and O,), the results of which show
remarkably different behaviors in comparison with their com-
panion atoms (Ar and Xe), because of the different capture
probabilities which are attributed to their different highest
occupied molecular orbitals (30, for N, and 17, for O,,
respectively) [32].

According to the above discussions, one may expect less
suppression of RSE of NO,(A’B,) if we change the field
direction of the strong NIR laser to be perpendicular to that
of the UV laser. Indeed, as shown in Fig. 4, the RSE yields
in the UV + NIR case are larger than those in only the NIR
laser field and the ratio R > 1 in the Iyr range investigated
in the study, the results which are now similar to those of
SFI. In the perpendicular setup of the UV + NIR laser fields,
the freed electron from the a; orbital of NO, (A2B,) would
be mainly distributed along the field direction of the driving
NIR laser, and thus the diffusion of electron wave packets
would be less significant and less suppression in the recapture
probability would be observed comparing to the results in the
parallel setup. Therefore, the measured R vs Iyr for RSE
presents a tendency similar to that for SFI, as shown in Fig. 4.
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FIG. 4. The yields of (a) NO,* and (b) NO," as a function of
Inir, with or without the weak UV pre-excitation laser field. The
intensity-dependent ratios R in the UV 4 NIR laser fields to those
in only the NIR laser field for (c) RSE and (d) SFI. The delay
time between the UV and NIR laser fields is Az = 0 and the laser
polarizations are perpendicular to each other.

The above results further confirm the effect of the molecular
orbital structure in strong-field RSE of NO, (4%B,).

In our tr-PFI-TOF-MS study, we can investigate the effect
of ultrafast dynamics of the excited state on the strong-field
RSE process by measuring the yields as a function of the
delay time Ar between the UV and NIR laser pulses. We
particularly focus on the RSE of NO, (A%B,) in high NIR
laser intensity Injig > S0 TW/ cm? where the molecular orbital
effect is more obvious on the recapture probability as we have
discussed above. (In the low-Ir region, since the Rydbergs
are mainly produced via multiphoton absorption or Freeman
resonance [48-50], the observed intensity-dependent NO,* is
much like that of SFI at either the parallel or the perpendicular
case and is not discussed in detail here.) In Fig. 5, we show
the ratio R as a function of Ar for both RSE and SFI with
the parallel [Fig. 5(a)] or the perpendicular [Fig. 5(b)] setup
of the UV + NIR laser fields. Each data point in Fig. 5 is an
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FIG. 5. The time-dependent ratios R in the UV + NIR laser fields

to those in only the NIR laser field for NO,* and NO, ™. The laser

polarizations are (a) parallel or (b) perpendicular to each other and
the intensity of the NIR laser fields is 120 TW /cm?.
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averaged result of five measurements at Injig = 120 TW/ cm?.
In general, both yields of RSE and SFI gradually decrease
as At increases in the range of 0-700 fs. However, in the
parallel setup the ratio R of RSE is less than 1, indicating
the similar suppressed recapture probability discussed above
when the molecule evolves on the surface of A2B,, while in
the perpendicular case the RSE behaves much like the SFI
upon varying At. It is also worth mentioning that a shoulder
is observed at Ar = 340 fs for RSE which is absent for SFI,
indicating the increased recapture probability which could be
attributed to the change of the molecular structure induced by
the ultrafast dynamics of A%B,.

The ultrafast dynamics of NO, (A’B,) has been inves-
tigated by numerous experimental and theoretical studies
reported in the literature [36-38,43,47,51,52]. It is now well
known that upon excitation to the A’B, state from the
ground XA, state, the molecule undergoes multiple passages
towards the conical intersection between A2B, and XZ%4,
along the bending coordinate, followed by transferring to
high-vibrational states of X?A; via IVR within several hun-
dreds of femtoseconds, and finally could dissociate along the
asymmetric stretching coordinate on a picosecond timescale
[37,38]. Recent calculations on the wave-packet dynamics of
NO, (A’B,) show that the electron wave packet begins to
disperse in both X2A, and A?B, states within ~20 fs [44,45].
Therefore, regardless of RSE or SFI of NO, (A%B,), the prob-
ability decreases with the increase of the delay time of the
two laser pulses. At Ar ~ 300 fs, the molecule changes from
bending vibration mode to an asymmetrical stretching mode
[37]. That is, the molecular structure turns to be linear after
~300 fs, and the electron density of the orbital is mainly
along the molecular axis. Thus, the electron released by the
NIR laser field prefers to emit along the laser polarization
direction. As a result, the probability of being captured to
the Rydberg state would be increased, leading to a slight
enhancement in the RSE yield at the delay time of ~340 fs
as shown in Fig. 5.

We now turn to discuss the fragment RSE of NO, (AB;)
in the tr-PFI-TOF-MS study. Figures 6(a;) and 6(b;) show the
intensity-dependent R values of NO* and O*, respectively,
measured at Ar = 0 and with the polarizations of the UV
and NIR laser fields being parallel or perpendicular to each
other. The results of the fragments upon varying Az at Injr =
120 TW /cm? for both RSE and SFI are shown in Figs. 6(a;)
and 6(b,) for the parallel setup of the UV + NIR laser fields
and in Figs. 6(a3) and 6(b3) for the perpendicular case. [The
results of the fragment N are not presented because of the poor
signal-to-noise ratio]. One can see that either the intensity-
dependent or the Az-dependent yield of each fragment RSE
is much like that of the parent RSE. The main findings in
the parent RSE as mentioned above [i.e., R < 1 in high laser
intensity for the parallel setup and R gradually decreases on
At but shows a slight enhancement at Ar ~ 340 fs] are also
observed in each fragment RSE, indicating that the Rydberg
fragments NO* and O* of NO, (A2B,) are directly related
to the neutral excited parent NO,* produced in the strong
NIR laser field. Considering the fact that the distribution of
the strong-field RSE are dominant with the principal quan-
tum number n around 6-8 [14] and low-lying Rydbergs of
polyatomic molecules are usually short-lived [53], we expect
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FIG. 6. The intensity-dependent ratios R in the UV + NIR laser
fields to those in only the NIR laser field with the laser polarizations
are parallel or perpendicular to each other for (a;) NO* and (b,) O*.
(ap) and (a3) The time-dependent ratio R in the UV + NIR laser fields
to those in only the NIR laser field for NO* and NO*. (b,) and (bs)
The time-dependent ratio R for O* and O™. The laser polarizations
are parallel [panels (a;) and (b,)] or perpendicular [panels (a3) and
(b3)] to each other.

that fragments NO* and O* are formed via the dissociation of
the excited neutral molecule NO,* induced by the recapture
process. In addition, the A¢-dependent yield of NO* or O* is
apparently different from that of NO™ or O for the parallel
setup [see Figs. 6(ay) and 6(b,)], which could be evidence
to rule out the mechanism that the excited fragment is pro-
duced via the fragment ion capturing a freed electron. Our
study indicates that the molecular orbital and the dynamics of
NO, (AB,), which play a role in the recapture probability to
produce the highly excited neutral molecule NO,*, present a
similar effect on the formation of the excited fragments NO*
and O* in strong NIR laser fields.

IV. CONCLUSIONS

In summary, we present an experimental study on the
RSE process of NO, (4%B,) in strong NIR laser fields using
the time-resolved pulsed-field-ionization time-of-flight mass-
spectrometer method. We find that the neutral NO, molecules
which are initially populated in the excited state can sur-
vive the strong NIR laser fields in high Rydberg states. The
laser intensity dependence of the RSE yields of NO, (A2B,)
exhibits different behaviors compared to that of strong-field
ionization, the results of which depend on the relative polar-
izations between the NIR and UV laser fields, indicating the
effect of molecular orbitals on the electron capture probability.
The ultrafast time-resolved measurements on the RSE of NO,
(A2B,) are also carried out. Our results indicate that the orbital
structure of excited molecular states could affect the capture
probability of RSE, and the changes of molecular structure
during ultrafast dynamics of excited molecular states could
be qualitatively reflected by measuring the strong-field RSE
process of excited states.
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