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High-lying Rydberg atoms surviving intense laser fields
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In this work, we have experimentally and theoretically investigated the high-lying Rydberg state excitation for
noble gas atoms subject to an intense near-infrared laser field. To obtain the signal of these high-lying Rydberg
atoms which are further ionized by a constant electric field (Fc), coincident detection of the photoelectrons
and photoions with well-chosen arrival times is performed. Based on a fitting to the time dependence of the
coincidently measured photofragment yields with a semiempirical formula, we can extract a principal quantum
number distribution (PQND) of the population of the excited states in a range closely related to the strength of
Fc. The extracted valid PQND is in qualitative agreement with a semiclassical model calculation. Our work thus
provides a method to extract the PQND and study the ultrafast high-lying Rydberg state excitation.
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I. INTRODUCTION

The ionization of atoms and molecules subject to intense
laser fields induces a variety of highly nonlinear phenomena,
such as high-order above-threshold ionization (HATI) [1],
nonsequential double ionization (NSDI) [2], and high-order
harmonic generation (HHG) [3]. In the limit of high intensity
and long wavelength, these highly nonlinear phenomena can
be described with a rescattering model [4,5]. In this model, the
valence electron is first liberated through tunneling; then, the
freed electron is accelerated by the laser field and, depending
on the phase of the laser field when tunneling happens, it
may return to the ionic core; finally, the electron may elas-
tically scatter on the core (HATI), or kick out another electron
from the core (NSDI), or recombine with the core to emit
a high-energy photon simultaneously (HHG). The physical
picture revealed by this model is widely accepted and many
interesting strong-field phenomena can be well explained by
this model.

Recently, a phenomenon of Rydberg state excitation (RSE)
has been experimentally investigated and comprehended with
a mechanism of frustrated tunneling ionization (FTI) [6],
which is physically compatible with the rescattering model.
Based on FTI, if the freed electron does not gain enough
drift energy from the laser field, it could be captured by the
Coulomb field of the residual parent core. Essentially, the FTI
scenario replenishes the families of phenomena relevant to the
rescattering model. Indeed, the mechanism of FTI has been
widely applied to comprehend the numerical results (see, e.g.,
Refs. [7–10]) and can properly predict the main features of
RSE, such as the laser polarization dependence of excitation
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atom yields [6], the acceleration of neutral atoms [11,12],
and the principal quantum number distribution (PQND) of
the population of the excited states [6,13,14]. Moreover, the
energetic excited neutral H* [15] and N* [16] fragments from
the dissociation of the corresponding molecules in strong laser
fields have been observed and explained with FTI and the
ultrafast process of frustrated nonsequential double ioniza-
tion has been numerically studied [17]. Multiply frustrated
tunneling ionization-induced dissociation of the argon dimer
induced by intense linearly polarized ultrashort laser fields has
been observed [18].

In contrast, the experimental and numerical results with
features beyond the predictions of FTI have also been docu-
mented. Distinct quantum features, such as the unprecedented
[19] and periodic [20] enhancements of excitation yields,
and the oscillation behavior of the ratio between the Ryd-
berg atom yields for N2 and Ar [21], have been shown in
near-infrared experiments. Based on the numerical solution
of the time-dependent Schrödinger equation (TDSE) [22,23],
it is predicted that the yields of both excitation and ion-
ization display strong modulations that are out of phase in
relation to each other as a consequence of channel closing
in multiphoton processes. To comprehend the modulations in
the intensity dependence of RSE, a mechanism of coherent
capture [24] has been proposed. Recently, these modulations
have been experimentally observed and a clear transition of
the underlying physical mechanism of strong-field atomic ex-
citation from multiphoton resonance to coherent recapture has
been demonstrated experimentally [25]. As discussed above,
a comprehensive understanding of the physical origin of the
RSE is still in progress.

Note that, with the experimental procedure employed by
most of the documented works (see, e.g., Refs. [6,13,21]),
only the excited atoms with principal quantum number of
n < 30 have been measured and investigated. Compared to the
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Rydberg atoms with n < 30, the high-lying Rydberg atoms
with n � 100 surviving the intense laser field have not been
well studied. Thereby it is attractive to study higher-lying
Rydberg atoms to fully comprehend the underlying physics
of RSE. Only recently, Larimian et al. [26–28] presented a
procedure of detection of high-lying Rydberg atoms and they
successfully extracted the yields of the high-lying Rydberg
atoms by coincidence measurements of the electron and ion
emission from the atoms and molecules subject to strong laser
fields. Zhang et al. extended this procedure to study frustrated
double ionization of small molecules [29,30]. Still, more in-
formation, e.g., the PQND of the high-lying Rydberg atoms,
which may provide more clues to the underlying mechanism
of RSE in intense laser field, is not yet available. In fact, it is
very difficult to extract directly in experiments the PQND of
high-lying Rydberg atoms because their energy spacings are
too small to be resolved.

In this work, we propose a procedure to extract the
PQND of high-lying Rydberg atoms excited by an intense
near-infrared laser field. The PQND, in a principal quantum
number range closely related to the strength of the dc elec-
tric field (Fc) of the spectrometer, is obtained by fitting the
measured time dependence of the dc-field-ionization yields of
surviving Rydberg atoms with a semiempirical formula. This
formula can give a featured decaying curve of the surviving
population for each Rydberg state subject to a static electric
field (see Sec. III for details). With increasing the strength
of Fc, we can obtain the PQNDs at a series of principal
quantum number ranges. The extracted PQNDs at different
Fc are consistent with each other and qualitatively match the
semiclassical calculations.

This paper is organized as follows. The experimental
method is described in the following section. In Sec. III, the
details of the procedure to extract the PQNDs of high-lying
Rydberg atoms are given. The semiclassical model is briefly
described in Sec. IV. In Sec. V, the experimental and numer-
ical results are presented and discussed. Finally, a conclusion
is given in Sec. VI. Atomic units (a.u.) are used throughout
unless otherwise indicated.

II. EXPERIMENTAL METHOD

The experiments have been performed with a cold target
recoil ion momentum spectroscopy (COLTRIMS) [31,32].
Laser pulses with a center wavelength of 800 nm, a rep-
etition rate of 5 kHz, and a pulse duration of 30 fs are
generated by a commercial Ti:sapphire femtosecond laser sys-
tem (FEMTOPOWER compact PRO CE-Phase HP/HR). The
single-pulse energy is up to 0.8 mJ and the output energy is
controlled with a neutral density filter. A broadband thin-film
polarizer is employed to ensure the linear polarization.

The laser beam is directed into the vacuum chamber of the
COLTRIMS apparatus and focused by an on-axis spherical
mirror ( f = 75 mm) onto a cold supersonic atomic beam.
With a constant and uniform dc electric field, the photoions
and photoelectrons are extracted to the ion and electron
position-sensitive microchannel plate (MCP) detectors with
delay line anodes equipped, respectively. A constant and uni-
form magnetic field generated by a pair of Helmholtz coils
is further applied to confine the photoelectron movement in

FIG. 1. PEPICO spectrum for Ar subject to a near-infrared multi-
cycle laser field at 1.7 × 1014 W/cm2 and a dc field with the strength
of 2.2 V/cm. The pulse duration is 30 fs. BBR photoionization
and SFI indicate the contributions from blackbody radiation pho-
toionization and strong laser field ionization, respectively. “DC-field
ionization” indicates the contributions from dc field ionization of the
high-lying Rydberg states. See text for details.

the plane perpendicular to the dc electric field. The three-
dimensional momenta of photoelectrons and photoions can
be retrieved from their time of flight (TOF) and the im-
pact positions on the corresponding detectors. Details on our
COLTRIMS apparatus can be found in Refs. [33–36].

Note that the dc electric field, usually employed to ex-
tract the photoions and photoelectrons in COLTRIMS, plays
a crucial role to measure the signal of the high-lying Rydberg
atoms in this work. In fact, the dc electric field is still present
after the atoms are excited by the ultrafast laser field. If the
principal quantum number is high enough, the Rydberg atom
can be ionized by the dc electric field. After that, the produced
ion and electron will fly towards the corresponding detectors
and hit them after further acceleration by the dc electric field.
To obtain the signal of high-lying Rydberg atoms which are
ionized by the dc electric field, coincident detection of the
photoelectrons and photoions with well-chosen arrival times
is performed. In Fig. 1, a typical photoelectron-photoion-
coincidence (PEPICO) spectrum for Ar subject to an 800-nm
laser field at 1.7 × 1014 W/cm2 and a dc electric field with the
strength of 2.2 V/cm is presented. As shown in this figure,
the most prominent feature is the main peak at the electron
TOF te ∼ 90 ns (indicated with te0) and the ion TOF tion ∼
19370 ns (indicated with ti0), which represents the outcome of
the strong laser field ionization (SFI) for Ar, as discussed in
Refs. [26,27].

The SFI main peak sets a time reference for the delayed
emission of ions and electrons from dc electric field ionization
of Rydberg atoms. ti0 and te0 are the time spent by the ions and
electrons with initial velocities of vi,e ≈ 0 to fly from the focus
to their corresponding detectors. In contrast to the SFI, emis-
sion of ions and electrons from the dc electric field ionization
of the Rydberg atoms could be delayed by �t . The number of
the measured ionized Rydberg atoms, W (�t ), is proportional
to the population of the Rydberg state surviving the strong
laser field and dc electric field. Thus, the postpulse ionized
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Rydberg states with a delay of �t after the strong laser field
excitation will locate at the coordinate of (te0 + �t, ti0 + �t )
and the �t dependence of W (�t ) will give rise to a line
parallel to the diagonal in Fig. 1.

Only the ions and electrons with well-chosen arrival times
are employed to extract PQNDs. As shown in Ref. [26], for the
dc field with the strength of several V/cm, the excited atoms
significantly contributing to the dc field ionization yields usu-
ally possess the principal quantum number of n � 100 and the
yields are significant for �t in the temporal scale of hundreds
of nanoseconds. Therefore, only the events with arrival times
short enough to remove the influence of blackbody radiation
(BBR) [26] and, in the meantime, long enough to avoid the
influence of SFI contributions are studied in our work. In this
paper, this temporal interval is termed the effective temporal
interval (ETI). In experiment, the ETI should be well chosen
to make sure that the yields are relatively high and can be
safely attributed to dc electric field ionization of the Rydberg
states produced by the strong laser fields. Apparently, the ETI
is closely related to the strength of the dc electric field and the
principal quantum number range of the Rydberg atoms con-
tributing significantly in the ETI can be altered conveniently
by varying the strength of the dc electric field. Note that,
although it is in the range of the ETI where the dc electric field
ionization yields can be measured and analyzed, the instant for
PQND to be obtained in this work is right after the laser pulse
ends.

III. THE PROCEDURE TO EXTRACT PQNDS
OF HIGH-LYING RYDBERG ATOMS

In this work, a procedure has been developed to extract
the PQND from the experimental data. With the data given
in Fig. 1, the time dependence of the yields of postpulse
ionized Rydberg states can be obtained [see Fig. 2(a)]. On the
other hand, the time dependence of the survived population
of each high-lying Rydberg state for a hydrogen atom subject
to a dc electric field has already been well documented and
an accurate semiempirical formula has been given (see, e.g.,
Ref. [37]). Considering the large distance between the ionic
core and the valence electron for the high-lying Rydberg atom
concerned in this work, it can be understood that the structure
of the core can be safely ignored and the high-lying Rydberg
state of any other atom resembles that of a hydrogen atom very
much. Thus, we exploit the calculated time-delay distributions
of H Rydberg states in a dc electric field to fit the measured
time dependence of the yields of postpulse ionized Rydberg
atoms and the contribution of the Rydberg state is proportional
to the corresponding fitting coefficient. The details of this
procedure are given below.

The width of a Stark level (i) of a Rydberg hydrogen atom
subject to an electric field Fc can be given by a semiempirical
formula [37],

�i = (4R)2n2+|m|+1

n3n2!(n2 + |m|)! exp

[
− 2

3
R − 1

4
n3Fc

(
34n2

2

+ 34n2|m| + 46n2 + 7m2 + 23|m| + 53

3

)]
, (1)

FIG. 2. (a) The measured time dependence of the yields of post-
pulse ionized Rydberg states of Ar at a series of dc electric fields.
The fitting results are depicted by solid curves. (b) The extracted
PQNDs for the data presented in (a). The laser intensity is 1.9 × 1014

W/cm2 and the wavelength is 800 nm. The black squares, red cir-
cles, and blue triangles indicate (a) the measured data and (b) the
extracted PQND at 1.8, 3.9, and 5.7 V/cm, respectively. The magenta
diamonds in (b) indicate the calculated PQND by the semiclassical
model described in Sec. IV. See text for details.

where n is the principal quantum number, m the magnetic
quantum number, and n1 and n2 the parabolic quantum num-
bers. n is related to n1, n2, and m through

n = n1 + n2 + m + 1. (2)

Note that, in this work, m = 0 because of the transition selec-
tion rule in a linearly polarized laser field. The parameter R
[37,38] can be achieved by

R = (−2Ei )3/2

Fc
, (3)

where Ei is the Stark energy calculated by the fourth-order
perturbation theory and can be expressed as [39]

Ei = − 1

2n2
+ 3

2
nqFc + n4

16
(−17n2 + 3q2 + 9m2

− 19)F 2
c + 3

32
n7q(23n2 − q2 + 11m2 + 39)F 3

c

+ n10

1024
(−5487n4 − 147q4 + 549m4 − 1806n2q2

+ 3402n2m2 + 1134m2q2 − 35182n2 − 5754q2

+ 8622m2 − 16211)F 4
c , (4)

where

q = n1 − n2. (5)

The time dependence of the population of the Stark level
in a dc electric field can be described by

Wi(t ) = Nie
(−�i×t ), (6)

where Ni is the number of atoms populated in the Stark level
right after the laser pulse ends and �i can be given by Eq. (1).
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The time dependence of the total ionization rate in the Stark
levels within one n manifold can be given by [40]

Wn(t ) =
∑

i

[�iWi(t )]. (7)

As discussed in Sec. II, in experiments, only the ionization
yields in the ETI are relevant in this work. According to
Ref. [40] and discussions above, for any chosen strength of
Fc, Wn(t ) will be significant in the ETI if the principal quantum
number, n, locates in a specific range, which is closely related
to the strength of Fc. For the Rydberg state with a principal
quantum number smaller than the lower limit of the range,
the ionization rate is too low to be detected. However, for the
Rydberg state with a principal quantum number larger than
the higher limit of the range, the ionization rate will be so
large that the population survived in the ETI is negligible.
Considering that the length of the range is finite, it is expected
that, in the ETI, the measured time dependence of the dc-field-
ionization rate of surviving Rydberg atoms can be fitted by a
finite number of decaying curves described with Eq. (7), i.e.,

W (t ) =
∑

n

[an × Wn(t )], (8)

where an is the fit coefficient, which is proportional to the
population of the corresponding Rydberg state with princi-
pal quantum number of n. Based on the fitting result of an,
the PQND of RSE induced by the laser field can be further
obtained. As discussed above, the PQND obtained with the
above procedure is within a limited principal quantum number
range which is closely related to the strength of Fc. To achieve
the PQND in a larger principal quantum number range, it
is necessary to increase or decrease the strength of Fc in
experiment to alter the ETI.

IV. SEMICLASSICAL MODEL

The excitation dynamics are numerically simulated with
a semiclassical model, which is shown to be invaluable and
efficient in providing intuitive understanding and predictive
power. As documented (see, e.g., Refs. [41–45]), this model
has already been employed to study the strong-field ionization
successfully. In particular, in the semiclassical calculations,
the tunneled electrons, which are captured by the Coulomb
potential after the laser pulse ends, can be identified conve-
niently.

In the semiclassical calculation, it is assumed that the
electron is first released from a bound state to a continuum
state through tunneling [46,47] and the following dynamics
are described by a classical Newtonian equation [48–53]:

d2�r
dt2

= − �F (t ) − ∇V (r), (9)

where �F (t ) = (0, 0, Fz(t )) is the linearly polarized laser elec-
tric field with Fz(t ) = a(t )F0 cos(ωt ). Here, F0 is the peak
electric field strength, ω the laser angular frequency, and a(t )
the envelope function:

a(t ) =
{

cos2
(

ωt
2Nc

)
, −Nc

2 � t � Nc
2

0, t < −Nc
2 , t > Nc

2 ,
(10)

where Nc is the number of laser cycles. In this work, Nc = 30
corresponds to the pulse duration (full width at half max-
imum) of around 30 fs employed in the experiments. The
effective potential exerted on the tunneled electron is given
by

V = −Zeff

r
, (11)

where Zeff is the effective nuclear charge and r denotes the
distance between the tunneled electron and the parent ionic
core.

In this work, the laser polarization direction is along the
z axis. The initial coordinates of the tunnel ionized electron
are x0 = y0 = 0 and z0 = − 1

2η0, where η0 can be determined
by solving the equation of −( 1

4η
+ 1

8η2 + 1
8 Eη) = − 1

4 Ip [48].
The tunneled electron is assumed to have a zero initial longi-
tudinal velocity and a nonzero initial transverse velocity, vper,
which is given by a random value in the momentum range
of (0, 1.00 a.u.). Here, θ is the angle between vper and the x
axis. Thus, the initial velocities are given by vx0 = vper cos(θ ),
vy0 = vper sin(θ ), and vz0 = 0. The weight of each electron
orbit is calculated by [47]

w(t0, vper ) = w(0)w(1),

w(0) =
∣∣∣∣ (2|Ip|)2

|F (t0)|
∣∣∣∣
2/

√
2|Ip|−1

exp

[−2(2|Ip|)3/2

3|F (t0)|
]
,

w(1) = vper
√

2|Ip|
π |F (t0)| exp

[−v2
per

√
2|Ip|

|F (t0)|
]
, (12)

where t0 indicates the instant of tunneling.
To numerically identify the electron captured by the

Coulomb potential, we search for the trajectories with the
energies Esum < 0 after the laser pulse ends. Esum indicates the
sum energy of kinetic energy and potential energy of the elec-
tron. Considering that the high-lying Rydberg atom resembles
a hydrogen atom, we use the formula of the hydrogen energy
level, E = 1

2n2 , to obtain the principal quantum number, n,
corresponding to Esum. The weights of these trajectories are
summed up to calculate the yields of the excitation [6]. Thus,
the PQND can be achieved by the semiclassical model.

V. RESULTS AND DISCUSSION

In Fig. 2(a), the measured time dependence of the yields
of postpulse ionized Rydberg states of Ar at the dc electric
fields with the strengths in the range 1.8–5.7 V/cm are pre-
sented. Compared to the results in Ref. [26], the data here
are presented in a shorter time-delay regime. Nevertheless,
the main features of our measurements are consistent with
the documented data, including that the yields drop rapidly
with respect to time delay and the trend becomes more and
more moderate with increasing time delay. As discussed in
Sec. III, a series of Rydberg states contributes to the postpulse
ionization yields at each time delay and the yields decrease
due to the decay of the high-lying Rydberg states subject to
the dc electric field. Here, we exploit the calculated time-delay
distributions of H Rydberg states in a dc electric field to
fit the measured time dependence of the yields of postpulse
ionized Rydberg atoms and the results are shown by solid
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curves in Fig. 2(a). The PQND can be obtained with the fitting
coefficients.

The extracted PQNDs for Ar at 1.9 × 1014 W/cm2 are
shown in Fig. 2(b) with black squares, red circles, and blue
triangles for the data at 1.8, 3.9, and 5.7 V/cm, respectively.
It can be found that the PQND exhibits a hump structure.
This result validates our assumption that the yields of a fi-
nite number of surviving Rydberg states will dominate in the
ETI. The PQNDs which can be faithfully extracted from the
measurements are termed as valid PQNDs in this work and
indicated by solid symbols in Fig. 2(b). For the Rydberg state
with principal quantum number lower than the lowest n of the
valid PQND, with decreasing principal quantum number, the
yield in the ETI decreases so fast that the extracted population
starts to decline. On the other hand, for the Rydberg state
with principal quantum number larger than the highest n of
the valid PQND, the yield of the postpulse ionized Rydberg
state drops fast because the ionization rates are relatively large
and the surviving population before the ETI already becomes
too small to contribute significantly to the measurement. Thus,
a point of inflection of the PQND curve [see black vertical
arrows in Fig. 2(b)] suddenly comes out right at the end of
the solid symbols. The mechanism discussed above can be
confirmed by the experimental investigations of the dc field
strength dependence of PQNDs. As shown in Fig. 2(b), with
decreasing strength of the dc electric field, the PQND shifts to
the regime of larger principal quantum number. In the mean-
time, at each strength of dc electric field, the valid PQNDs can
be easily identified by the PQND summit and also the point of
inflection of the PQND curve.

To compare and verify the extracted PQNDs shown in
Fig. 2(b), numerical calculations have been performed with
the semiclassical model described in Sec. IV and the calcula-
tions are indicated with magenta diamonds in the same panel.
It looks like a (magenta solid) curve of C1

n3 , where C1 is a
constant, can well reproduce the calculated PQND. According
to the semiclassical calculations (see, e.g., Ref. [54]), for the
experimental parameters concerned in this work, the level
energy dependence of the high-lying Rydberg state population
is close to a horizontal line. On the other hand, the level
spacings of the high-lying Rydberg states of H are approxi-
mately proportional to 1

n3 . Therefore, we can understand that
the PQND of a hydrogenlike atom will match approximately
the prediction of C1

n3 .
With a comparison of the extracted valid PQNDs (indicated

by solid symbols) and the semiclassical calculations, a good
agreement can be identified. Note that the focal averaging
effect is not significant here because, according to the semi-
classical calculations at a series of intensities, the PQND of
the high-lying Rydberg states is not sensitive to the laser
intensity in the range concerned in this work. The agreement
between the extracted PQNDs and the calculations indicate
that our method to extract the PQND is robust and reliable.

Note that our method can only be applied to high-lying Ry-
dberg state excitation for noble gas atoms or simple molecules
subject to an intense laser field. Because the field ionization
model described in Sec. III is based on an assumption of a
hydrogenic atom, there are two cases when the semiempirical
formula is not accurate, i.e., the principal quantum number, n,
is not large enough, e.g., n � 5, or the orbital angular momen-

tum quantum number, l , is dominated by l = 0. In these two
cases, the influence of the atomic or molecular core cannot
be ignored and the assumption of a hydrogenic atom may
become unreasonable and the semiempirical formula may not
be applied. In this work, the principal quantum number, n,
is larger than 100, and, in the meantime, the Rydberg state
excitation process in a strong field gives rise to a significant
deviation of the orbital angular momentum quantum number
from l = 0 (see, e.g., Ref. [22]). Thus, the electron probability
distribution cannot penetrate the atomic core and the core
structure can be safely ignored. Indeed, the dc electric field
ionization of these high-lying Rydberg atoms is usually con-
sidered hydrogenic field ionization (see, e.g., Refs. [55,56]).

VI. CONCLUSION

In this work, we propose a method to extract the PQNDs
of Rydberg states produced by strong laser field. It is demon-
strated that, at each dc electric field, the extracted valid PQND
of Ar shows a monotonically decreasing trend with rising
principal quantum number and shifts to a regime of larger
principal quantum number at lower strength of dc electric
field. The extracted valid PQND can be qualitatively repro-
duced by a semiclassical model.

In the future, the procedure can be applied to experi-
mentally investigate the excitation phenomena for atoms and
molecules subject to an intense laser field, especially for
the experiments with COLTRIMS. With the extracted PQND
of the high-lying Rydberg state, more details of the ultra-
fast excitation process may be revealed from the elusive
time-dependent information of excitation yields. Moreover,
theoretical investigations of the PQND will be encouraged and
the mechanism of RSE can be deeply explored.

On the other hand, the PQND of the high-lying Rydberg
state might be relevant to many issues, which can be inves-
tigated experimentally with the procedure developed in this
work. It could be interesting to explore PQNDs of high-lying
Rydberg atoms produced with all kinds of tailored laser fields,
such as polarization gating [57], bicircular fields [58], etc. Fur-
thermore, the procedure may be extended to study the PQNDs
of more complicated system, e.g., excited cations, which is
paramount to comprehend the double-ionization process, and
molecules (or molecular fragments). Considering that the ex-
citation process is ubiquitous during the interaction of intense
laser with molecules [29,30], our procedure may be combined
with the techniques of molecular alignment and orientation
to reveal the structure effect on the PQNDs of high-lying
Rydberg states of molecules or molecular fragments.
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