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By using a heated molecular beam in combination with a time-of-flight mass spectrometer, we experimentally study
the ionization of vibrational-hot carbon disulfide (CS;) molecules irradiated by a linearly polarized 800-nm 50-fs strong
laser field. The ion yields are measured in a laser intensity range of 7.0 x 10'2 W/cm2-1.5 x 10'* W/em? at different
molecular temperatures of up to 1400 K. Enhanced ionization yield is observed for vibrationally excited CS, molecules.
The results show that the enhancement decreases as the laser intensity increases, and exhibits non-monotonical dependence
on the molecular temperature. According to the calculated potential energy curves of the neutral and ionic electronic states
of CS,, as well as the theoretical models of molecular strong-field ionization available in the literature, we discuss the
mechanism of the enhanced ionization of vibrational-hot molecules. It is indicated that the enhanced ionization could be
attributed to both the reduced ionization potential with vibrational excitation and the Frank—Condon factors between the
neutral and ionic electronic states. Our study paves the way to understanding the effect of nuclear motion on the strong-
field ionization of molecules, which would give a further insight into theoretical and experimental investigations on the

interaction of polyatomic molecules with strong laser fields.

Keywords: strong field ionization, vibrational excited, time-of-flight-mass spectrum
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1. Introduction

Compared with atoms, the interaction of molecules with
a strong laser field is much more complicated and exhibits
many peculiar behaviors, which can be attributed to the com-
plexity in molecular structure and additional nuclear degree-
of-freedom. The effect of molecular properties on the strong-
field physical process has attracted increasing research inter-
est during the past two decades. It has been demonstrated that
molecular geometry, !> alignment and orientation of molecu-
lar axis with respect to the laser polarization,[3'4] as well as the
structure of molecular orbitals, > play crucial roles in various
molecular strong-field physical processes, such as strong field
ionization and fragmentation, high-order harmonic generation
(HHG), above-threshold ionization (ATI), and non-sequential
double ionization (NSDI).

One particular issue is the effect of the nuclear vibra-
tional motion on the strong-field ionization of molecules. For
diatomic molecules, since there is only the stretching vibra-
tional mode, the effect could be reasonably considered as a
consequence of the dependence of ionization on the internu-
clear distance R. Various experimental and theoretical stud-
ies have shown that the tunneling ionization probability of di-
atomic molecules increases as R increases, and reaches a max-
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ima at a critical internuclear distance R., which is well known
as the charge resonance enhanced ionization (CREI).["-1 Tt
is indicated that CREI highly depends on molecular sym-
metry as well as molecular orbitals from which the elec-
tron is ionized.!'” The pronounced R-dependent ionization
could be used as an interesting method of forming the coher-
ent vibrational wavepackets in ground electronic states with
strong laser fields.[!!=13] Theoretical studies have predicted
that for some diatomic molecules such as N, 4 and H,,[19]
the HHG efficiency could be improved significantly by vibra-
tional motion, which is also attributed to the enhanced ioniza-
tion. Furthermore, by numerically solving the time-dependent
Schrédinger equation for Hi, Kiistneret ef al. have shown that
the ionization and dissociation channels of the molecule could
be steered if the molecule is prepared in a specific vibrational
state.[1°]

For polyatomic molecules, to the best of our knowledge,
there are no experimental studies concerning vibrational-
dependent strong-field ionization. Using a wavefunction-
modified Ammosov—Delone—Krainov (ADK) method, Brichta
et al. calculated the ionization rate of triatomic molecules CO,
(and diatomic molecules H, and N») as a function of the initial
vibrational level.l'” Their results indicated that the enhanced
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ionization is sensitive to the field-free potential energy sur-
faces of neutral and cationic ground electronic states. In their
study, only the symmetric stretching vibrational mode is con-
sidered, thus the case of CO; is treated in the same way as a
diatomic molecule system. It remains a challenging task to un-
derstand the interaction of strong laser fields with vibrational
excited polyatomic molecules, due to the increasing of the vi-
brational degree-of-freedom, which is 3n-5 (or 3n-6) for linear
(or nonlinear) molecules (n is the number of atoms contained
in a molecule).

Here we present the first experimental study on the en-
hanced ionization of vibrational hot polyatomic molecules in
a strong 800-nm femtosecond laser field. Triatomic molecules
CS, are investigated in the study, which exhibits four vibra-
tional normal modes, i.e., symmetric stretching (v;), two-fold
degenerate bending (v,), and asymmetric stretching (v3). The
vibrational frequencies in the ground electronic state X 12; are
659.23, 396.55, and 1537.63 cm™! respectively.!'8! Using a
heated molecular beam, we can prepare the molecules with a
vibrational population, mostly in the v; and v, excited states
because of their low vibrational frequencies. We measure the
ionization yields at different molecular temperatures (corre-
sponding to different initial vibrational populations) in a laser
intensity range of 7.0 x 10'> W/cm?-1.5 x 10'* W/cm?. The
results show the enhanced ionization for vibrational hot CS,
molecules in a strong laser field. Our study should shed light
on the strong-field ionization of polyatomic molecules with
nuclear vibrational motion.

2. Experiment

The experimental setup was similar to that described in
our previous study,['”) except that a heated molecular beam
based on the design of Chen and coworkers??) was used in
the present study to increase the initial vibrational popula-
tion of CS; molecules. Briefly, CS; molecules seeded in Ar
were introduced into the vacuum chamber through an effu-
sive nozzle. The CS,/Ar gas mixture from the nozzle was
then expanded into an SiC tube (31-mm length, 1-mm i.d. and
2-mm o.d.), which was attached to an alumina shield to iso-
late the tube thermally and electrically from the face-plate of
the nozzle. The SiC tube was heated via two graphite elec-
trodes that were press-fitted at the ends of the tube. The tem-
perature was measured using a remote portable infrared ther-
mometer (IR-HS, CHINO). The tube could be maintained at
up to 1500 K for more than five hours with a derivation of
410 K. Upon heating, CS, molecules could be populated at
the vibrational excited states of the ground X IZg state ac-
cording to the Boltzmann distribution. The stagnation pres-
sure of CS,/Ar mixture was kept at approximately 1.5 atm
(1 atm=1.01325x10° Pa), and the operating pressure in the
chamber was about 3 x 10~* Pa.

The vibrational hot molecules were interacted with strong
laser pulses at a 5-cm distance from the exit of the SiC tube.
The laser system was a Ti:sapphire chirped-pulse amplified
laser (Libra-USP-HE, Coherent Inc.) with a central wave-
length of 800-nm, pulse duration of 50 fs, repetition rate of
1 kHz, and maximum pulse energy of 4 mJ. A half-wave plate
and a Glan prism were inserted into the laser beam to vary
the laser intensity continuously. The laser pulses were fo-
cused onto the molecular beam by a lens with the focal length
of 25 cm to ionize the CS; molecules. The peak intensity
of the focused laser pulse was calibrated by comparing the
measured saturation intensity of Xe with that calculated by
the Ammosov—Delome—Krainov (ADK) model.[?!! The pro-
duced cations from strong-field ionization were detected by a
linear time-of-flight (TOF) mass spectrometer operated under
the Wiley—McLaren condition. All the cations were extracted,
accelerated, and finally detected by a dual microchannel plate
(MCP) detector at the end of the flight about 55 cm. Mass-
resolved ion signals from MCP were recorded using a digital
oscilloscope (Tektronix TDS 3054B) and sent to a PC for anal-
ysis. All experimental data were normally averaged over 103
laser shots.

3. Results and discussion

3.1. Enhanced strong-field ionization of vibrational-hot
CS, molecules

Because of their relatively low frequencies of the sym-
metric stretching and bending vibrational modes (v; =
659.23 cm™! and v, = 396.55 cm’l), CS, molecules can be
efficiently populated in the vibrational excited states upon
heating the molecule beam. Assuming a Boltzman distribution
in the molecular beam, more than 80% of CS, molecules will
be populated at the excited vibrational states for T = 140 K,
while the molecules are mainly populated at the ground vibra-
tional states without heating. To retrieve strong field ionization
of vibrationally excited molecules, the effect of thermal mo-
tion on heating, which would cause the molecule/atom-beam
density in the laser interaction region to change, should be
eliminated. In our study, we address this issue by calibrat-
ing ion yields to that of atom Ar™, the intensity of which only
depends on the thermal motion. Typical TOF mass spectra of
CS, molecules irradiated by linearly polarized 800-nm laser
fields at an intensity of 7.0 x 10" W/cm? are presented in
Fig. 1, without and with heating the molecules at 7 = 1400 K
respectively. As shown in the figure, the dominant peak ap-
pearing in the TOF mass spectra is due to the singly charged
parent ions CSZ+, along with apparent daughter ions S and
CS™, as well as doubly charged parent ions CS%*, which ap-
pear at a laser intensity larger than 4.0 x 10'* W/cm?. In the
present study, we focus on the strong-field single ionization
of vibrational-hot CS, molecules in a laser intensity range of

063301-2



Chin. Phys. B Vol. 27, No. 6 (2018) 063301

7.0 x 10> W/cm?-1.5 x 10'* W/cm?. It should be mentioned
that the fragment ions ST and CS* are mainly produced by
the dissociative ionization of CS,. Thus, for the more accurate
representation of the strong field single ionization, we use the
total ion yields of CS;, S*, and CS™ ions (instead of the yield
of only CSJ) as the single ionization yield in the following
discussion.

It can be seen from Fig. 1 that although there is no signif-
icant change in the overall feature of each TOF spectrum, the
peak intensity apparently increases upon heating the molecular
beam. In Fig. 2, we further present the measured ion yields as
a function of laser intensity with heating the molecular beam
at 1400 K. For comparison, the results without heating the
molecular beam are also presented in the figure. Because the
vibration of a molecule cannot be cooled sufficiently in a dif-
fusive molecular beam, the temperature is tentatively set to be
at 300 K when no heating is applied. At each temperature, the
ionization yield increases as the laser intensity increases and
turns to be saturated at about 1.0 x 10'# W/cm?, which is in
agreement with previous studies.?”! Clearly, within the laser
intensity range used in the study, the probability of strong field
ionization is enhanced for vibrational-hot CS, molecules.

no heating

--- 1400 K CS3

Ton yield/arb. units

10 20 30 40 50 60 70 80 90

Mass-to-charge-ratio

Fig. 1. (color online) Typical TOF mass spectra of CS; molecules irradiated
by a linearly polarized 800-nm laser field at an intensity of 7.0 x 10'3 W/cm?
without heating the molecules (solid black) at T = 14 K (dashed red).
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Fig. 2. (color online) Measured ion yields as a function of laser intensity

at molecular beam temperatures of 300 K (black circle) and 1400 K (red
square).

In order to further study the strong field ionization of vi-
brational hot CS, molecules, we show in Fig. 3 the depen-
dence of the enhancement ratio on the laser intensity for dif-
ferent T values. Here, the enhancement ratio refers to the ratio
of the ion yield of hot molecules to that without heating the
molecular beam. Again, one can see that the enhancement
ratio is larger for higher temperature of the molecular beam.
In addition, the enhancement ratio gradually decreases as the
laser intensity increases for either of the heating temperatures
of the molecular beam. Figure 4 shows the measured ion
yields at different 7 values of 300 K, 600 K, 900 K, 1200 K,
and 1400 K. The laser intensity is fixed at 7.0 x 1013 W/em?,
and the ion yield at each temperature is normalized to that of
1400 K. It is interesting to note that the ionization does not in-
crease monotonically with the increase of temperature, which
exhibits a plateau at 900 K-1200 K as shown in Fig. 4.
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Fig. 3. (color online) Variations of enhancement ratio with laser intensity
for different T values (see text for details).
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Fig. 4. (color online) Ion yields at different 7' values of 300 K, 600 K, 900 K,
1200 K, and 1400 K, with laser intensity fixed at 7.0 x 10'3 W/cm? and the
ion yield at each temperature normalized to that of 1400 K.

3.2. Discussions

For different laser intensities, the strong-field ionization
could be divided into two regimes, i.e., multiphoton ionization
(MPI) and tunneling ionization (TI), according to the adiabatic

Keldysh parameter y[??!

TV T8x10 B xixa?

063301-3



Chin. Phys. B Vol. 27, No. 6 (2018) 063301

where I, I, and A represent the field-free ionization poten-
tial (in unit eV), the peak intensity of the laser pulse (in units
W/cm?), and the laser wave-length (in unit um), respectively.
If y> 1, MPI will be dominant, while for y < 1, the ionization
is mainly in the TI regime. In our study, laser intensities are in
the range of 7.0 x 10'> W/cm?-1.5 x 10'* W/cm?, correspond-
ing to the Keldysh parameter y of 3.47 — 0.75(/,(CS2) =
10.078 eV),!'8) indicating that both MPI and TI could be at-
tributed to the strong field ionization of CS,.

For MPI, the ionization of CS, occurs as vertical tran-
sition happens from the neutral ground electronic state to
the ionic ground electronic state, CS3 (X2Ig; v;", v, v5) «
CSy(X lZg;vl,vz, v3) + nh. The vibrational-state-dependent
ionization is usually understood by using the adiabatic ap-
The rela-
tive ionization probability from different initial vibrational

proximation and the Frank—Condon principle.

states in the same electronic state depends on the over-
lap between the vibrational wavefunctions of the initial
neutral electronic state and the final ionic electronic state,

(v )

energy surfaces and the equilibrium geometries of the elec-

, which is determined by the shape of potential

tronic states. We perform a high-level ab initio calculation
on the CSy(X'Ef) and CS; (X?IIy) states via the MOL-
PRO 2012 program package.!?>?*! The ground state X lZg
of CS, is linear with respect to the dominant electronic con-
figuration of (16,)2(16y)?(17m,)*(17e)* (20,)*(204)*(30)?
(36,)2(40,)2(50,)(46,)2(60,)* (56, (2, (27)*.  The
X°T1, state of CS is also a linear state that corresponds to
the removal of an electron from the highest occupied molec-
ular orbital, 27,. Figure 5 shows the potential energy curves
(PECs) of CSy(X'E{) and CSJ(X°Ily) versus C-S bond
(Fig. 5(a)) and ZS-C-S angle (Fig. 5(b)), which are cal-
culated using the method of coupled-cluster with singles,
doubles, and perturbative triples (CCSD(T)) with the aug-
cc-pwevQZ basis set. The results show that the shape of the
PEC and the equilibrium geometries of CS} (X*I1,) are al-
most identical to those of CSy(X 12g+). This indicates that
the diagonal elements (for AV = vt — v = 0) are dominant
, and that from the
ground vibrational state (0,0,0) is the maximum. Indeed,
the high-resolution VUV-PFI-PE (vacuum ultraviolet-pulsed
field ionization-photoelectron) study has demonstrated that the
CS] (X?TIg;0,0,0) < CS»(X'Z};0,0,0) band is the strongest
in the PE spectrum.[!'® Thus, if the MPI mechanism is dom-

in the overlap integral matrix |(W,+|y;)

inant, the ionization probability would decrease upon initial
vibrational excitation of CS; molecules, which is opposite to
the experimental observations.

We now turn to discuss the vibrational-state-dependent
ionization of CS, in the TI regime. According to the quasi
static theory of Ammosov, Delome, and Krainov (ADK
model), which can well describe the strong-field ionization

of atoms in the TI regime, the ionization rate will increase
if the ionization potential (I,) decreases. Using a molecular
wavefunction modified ADK model (MO-ADK),[2] several
studies have indicated that the enhanced ionization could also
be attributed to the reduced I, values of vibrational excited
molecules.!!”->>] The energy difference between the neutral
CSy(X lEg) and ionic CS; (X°I1,) states is depicted as the
dashed lines in Fig. 5, which indicates the reduced 1, values
for the excitation of either the symmetric stretching (along the
C-S bond (Fig. 5(a)) or the bending (along the ZS—C-S angle
(Fig. 5(b)) vibrational states of CS,(X 'Z;). Thus it is not a
surprise that the ionization probability of vibrational-hot CS,
molecules are observed experimentally to be enhanced accord-
ing to the ADK model. In addition, a recent theoretical study
on diatomic molecules predicts that the enhancement ratio is
controlled by a parameter {, which is in inverse proportion to
the laser intensity. [26] That is, the enhancement of the ioniza-
tion rate for a vibrational excited state of a molecule is more
pronounced at low laser intensity, which is consistent with our
experimental results as shown in Fig. 3.

25 — . . . 16 ——
(a) b
n (®) ]
20}
124 CS¥(x211,)
Csf(x°1L) 2 (XTg)
15+ 1 109
: T
~ ~
R 10f |-l Qg
< < 67
CSy (X15))
5t 4 N
N Sy (X15) |
ob N
12 1.6 20 24 80 120 160

C—S distance/A ZS—C—S angle/(°)

Fig. 5. (color online) PECs of CSz(XlZ;) and CSy (X>I1,) versus (a)
C-S bond and (b) ZS—-C-S angle, respectively.

According to the above discussion, it is indicated that
the enhanced ionization of vibrational-hot CS, molecules can
be attributed to the increased tunneling ionization probabil-
ity due to the reduced /, values for vibrational excited states.
On the other hand, our results imply that the enhancement
is not monotonically increased as vibrational excitation. As
shown in Fig. 4, as the temperature increases from 900 K to
1200 K, the ion yield remains almost unchanged. This ob-
servation is hard to understand by the ADK model, since 1,
decreases monotonically upon vibrational excitation (see the
dashed lines in Fig. 5). Alternatively, based on the MO-ADK
model, Zon et al. proposed an anti-stokes-enhanced tunneling
ionization (ASETI) method to investigate the effect of vibra-
tional motion on the strong field ionization of molecules.?’-2°]
In their method, the Dyson orbital wavefunctions including
nuclear motion are used as the molecular wavefunctions, and
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the ionization rate of molecules in the TI regime is described
by the combination of the Frank—Condon factors between the
neutral and ionic electronic states and the ADK ionization rate,
which is dependent on the ionization potential.?’~?"! Accord-
ing to this ASETI model, we can qualitatively understand the
experimental observation in Fig. 4. As we have discussed
above, the effect of the Frank-Condon factors will result in a
decreasing ionization yield of vibrational hot CS; molecules,
in opposite to the prediction of the ADK model, which could
slow down the enhancement for higher vibrational excitation.
It is noted that as the temperature is further increased from
1200 K to 1400 K, the ionization yield starts to increase again
(see Fig. 4), which may be due to the fact that the population
on the asymmetric stretching (v3) vibrational excited states oc-
curs at higher temperature of CS, molecules.

We should mention that it would be far from completely
understanding the mechanism of the strong-field ionization of
vibrationally excited polyatomic molecules. Several essential
issues should be addressed which are not possible to accom-
plish in the present study, for example, accurate molecular
wavefunctions including nuclear motion, anharmonic effect
for vibrational excited states, coupling between different vi-
brational modes, etc. The present experimental study indicates
the apparent effect of vibrational excitation on strong field ion-
ization of polyatomic molecules, and would stimulate further
studies to develop a new theoretical model to reveal the under-
lying physical mechanism.

4. Conclusions

In this work, we have shown experimentally that by heat-
ing the molecular beam to populate CS; molecules in the vi-
brational excited states, the ionization yield is enhanced sig-
nificantly after interacting with a linearly polarized 50-fs 800-
nm strong laser field. The enhancement ratio decreases as
the laser intensity increases in a range of 7.0 x 10'2 W/cm?—
1.5 x 10'* W/cm?, and increases non-monotonically as the
molecular temperature increases from 300 K to 1400 K. The
enhanced ionization of vibrational-hot molecules can be at-
tributed to the reduced ionization potential of the initial vi-
brational state, according to the MO-ADK model. It is also
discussed that the Frank—Condon factors between the neutral

and ionic electronic state can also affect the ionization proba-
bility in the tunneling ionization regime. Our study sheds light
on the effect of vibrational motion on the interaction between
polyatomic molecules and the strong laser field.
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