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Excitation and ionization of OCS molecules in
strong UV and NIR laser fields
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Rydberg state excitation (RSE) is a highly non-linear physical phenomenon that is induced by the ionization of atoms
or molecules in strong femtosecond laser fields. Here we observe that both parent and fragments (S, C, OC) of the tri-
atomic molecule carbonyl sulfide (OCS) can survive strong 800 nm or 400 nm laser fields in high Rydberg states. The
dependence of parent and fragment RSE yields on laser intensity and ellipticity is investigated in both laser fields, and the
results are compared with those for strong-field ionization. Distinctly different tendencies for laser intensity and ellipticity
are observed for fragment RSE compared with the corresponding ions. The mechanisms of RSE and strong-field ionization
of OCS molecules in different laser fields are discussed based on the experimental results. Our study sheds some light on
the strong-field excitation and ionization of molecules irradiated by femtosecond NIR and UV laser fields.

Keywords: Rydberg state excitation, strong field, carbonyl sulfide, ionization
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1. Introduction

The interaction of atoms or molecules with femtosec-
ond strong laser fields has attracted lots of experimental and
theoretical researches during the past several decades.!!=3]
Tonization!*! is viewed as the fundamental process in strong-
field physics, and may induce various nonlinear physical phe-
nomena, including non-sequential double/multiple ionization
(NSD(M)I), 561 high-order above-threshold ionization!”-#! and
high-order harmonic generation.”! Recently, it has been sur-
prising to find, both theoretically and experimentally, that neu-
tral atoms and molecules in Rydberg states can survive strong
laser fields.l'>!!l Such Rydberg-state excitation (RSE) pro-
vides an important complementary aspect to the picture of
strong laser atom/molecule interaction, and can be of poten-
tial application in neutral particle acceleration!'?! and coherent
light emission. 3]

Previous studies mainly concerned the strong-field RSE
of atoms, with the underlying mechanism being investigated.
In different laser fields, the Rydberg state could be populated
either by recapturing the low-energy photo-electrons!!0-14-16]
or by absorbing multi-photons resonantly.!!”-18] A distinct
oscillation structure in the laser intensity dependence of
RSE population has been observed in experimental mea-
surements, and has been well reproduced by the time-

dependent Schrodinger equation!!%%0]

and full quantum-
mechanical calculation.[?!??! The oscillation can be attributed
to the interference between electronic wave packets liber-
ated in different optical cycles, indicating a quantum effect in
strong-field RSE of atoms.

On the other hand, much less is known about molecular

TCorresponding author. E-mail: Lvhang0811 @jlu.edu.cn
fCorresponding author. E-mail: xuhf@jlu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad3035

RSE in strong laser fields. RSE of the diatomic molecules N,
and O; has been observed in strong 800 nm laser fields and
the results have been compared with their companion atoms
with similar ionization potential.?! It has been found that the
probability of molecular RSE strongly depends on the struc-
ture of the molecular orbitals. Energetic fragment Rydbergs
have been observed for diatomic molecules (Hz,[z‘” D,,[?]
N>, [261 CO27]) and dimers (Ar, 28! Ny Arl) as well as small
triatomic molecules (D3)*Y in strong laser fields. The kinetic
energy releases of these fragment Rydbergs are found to be
similar to the corresponding fragment ions. It is indicated that
these fragment Rydbergs mainly come from the recapture of
low-energy photo-electrons by corresponding fragment ions
that are produced by dissociation or Coulomb explosion of
parent ions. Nevertheless, molecular RSE induced by strong
laser fields, as well as the relation to the strong-field ioniza-
tion, is far from completely understood. Further investigation
on molecular RSE would add more knowledge about strong-
field nonlinear dynamic processes.

Carbonyl sulfide (OCS) is important in the global cy-
cling of sulfur and has been discovered in the atmosphere,
volcanic gases, ice cores in Antarctica and the interstellar
medium. Photo-ionization/dissociation of OCS, which plays
a pivotal role in various light-induced chemical and phys-
ical processes involving the molecule, has been widely in-

n, 317331 jon impact[34’35]

vestigated using synchrotron radiatio
and intense lasers. ! With regard to strong femtosecond laser
pulses, the Coulomb explosion of OCS has been investigated
using ion-momentum imaging and the structure of the ex-

ploding molecule has been retrieved, the results of which
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have proved the occurrence of molecular bending during en-
hanced ionization.[?”] The sequential versus concerted disso-
ciation mechanism of highly charged OCS3* ions produced in
strong laser fields are well distinguished by employing coin-
cidence momentum imaging, and the relative branching ratios
have been obtained.*® As a polar linear molecule, the align-
ment and orientation of OCS molecules have been achieved
either by an all-optical method®”! or using shaped laser
pulses combined with electrostatic fields.*?) Strongly asym-
metric angular distributions of electrons/ions are observed for
the strong-field ionization/dissociation of the oriented OCS
molecules.[41]

Comparing extensive studies on molecular ionization and
dissociation, research on the RSE process of OCS molecules
induced by strong laser fields has not been addressed yet.
To this end, in this study we experimentally investigate both
excitation and ionization of OCS molecules in strong NIR
(800 nm) and UV (400 nm) laser fields.
fragment Rydbergs or ions are observed using a time-of-flight

Both parent and

(TOF) mass spectrometer operating under pulsed-field ioniza-
tion (PFI) or normal dc electric field mode. The yields of both
ions and neutral Rydbergs are investigated as a function of
laser intensity and ellipticity, and the results are compared be-
tween NIR and UV strong laser fields. The mechanisms for
excitation and ionization of OCS molecules in different laser
fields are discussed based on the experimental results.

2. Experimental details

The experimental setup used here to investigate strong-
field RSE is a conventional linear TOF mass spectrometer
combined with a PFI method, which has been described in
detail elsewhere.!?>#*4 As shown in Fig. 1, gas-phase OCS
molecules are directly introduced into the reaction cham-
ber through a 10 um leak value with a stagnation pressure
of 1 atm. The base pressure without the gas injection is
1107 Pa and the working pressure is about 1x 10~* Pa. The
laser system used in the study is a Ti:sapphire chirped-pulsed
amplified laser (Coherent, Libra) with a central wavelength of
800 nm, a pulse duration of 50 fs, a repetition of 1 kHz and a
maximum pulse energy of 4 mJ. A half-wave plate and a Glan
prism are introduced into the laser beam to vary the laser in-
tensity continuously. A quarter-wave plate is used to change
the polarization of the laser. After focusing with a 25 cm
plane-convex lens, the laser beam intersects with the molec-
ular beam. The laser intensity is calibrated by comparing the
measured saturation intensity of Xe atoms with that calculated
by the Ammosov-Delome—Krainov model. 43

In the PFI-mass spectrometer experiments for detection
of high Rydbergs, any directly ionized ions of OCS molecules
irradiated by the strong fields are pushed away from the detec-
tor by a dc electric field. After a delay time AT, the remaining

neutral molecules and fragments in high-lying Rydberg states
(M*, M = OCS or a fragment) are then field-ionized by switch-
ing the electric field polarity in the reaction region, and the
corresponding ions (M*)™ are detected by dual microchannel
plates at the end of the flight tube. The flight time of (M*)*
is measured as a function of the AT value and exhibits an ex-
cellent linear relationship, indicating that the signal is gener-
ated by PFI of the highly excited neutral Rydbergs. In our
experimental setup, the neutral Rydberg states with principal
numbers 20 < n < 30 are detected, estimated by a saddle-point
model of static field ionization [F = 1/(9n*), where F is the
electric field]. A digital oscilloscope (National Instruments,
PXIe-5160) connected to a PC is used to record and analyze
mass-resolved signals of ions and Rydbergs. All experimental
data are normally averaged over 10* laser shots.

| Leak valve

A/2 plate

—\ Glan prism

Mirror

Fig. 1. Schematic diagram of the experimental setup of a linear TOF
mass spectrometer combined with PFL.

3. Results and discussion
3.1. Mass spectrum of ionization/excitation of OCS

We studied ionization/excitation of OCS molecules in
strong femtosecond laser fields with a TOF mass spectrom-
eter. Typical mass spectra for strong-field ionization and RSE
are shown in Figs. 2(a) and 2(b), recorded after the molecules
were irradiated by linearly polarized 800 nm and 400 nm
laser pulses, respectively. For strong-field ionization, singly
and doubly charged parent ions (OCS™ and OCS?*) as well
as various fragment ions in different charge states, including
diatomic molecular fragments (OC™) and atomic fragments
(SU~H+ o~3)+ c~3)+) are observed. One can see that
the relative intensities of multicharged atomic ions are much
stronger in 800 nm laser fields than those in 400 nm laser
fields, indicating suppressed Coulomb explosion in the latter
case, as also indicated in previous studies.®! For RSE, the
flight time of each (M*)™ has been subtracted by the delay
time AT in the mass spectra in order to directly compare with
the corresponding ion M™ from strong-field ionization. The
voltage in the reaction region for PFI is the same as that for
direct ionization to ensure an identical detection efficiency for
M* and (M*)". In either 800 nm or 400 nm laser fields with
an intensity of 3x10'* W-cm~2, the parent OCS* Rydberg is
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clearly observed. This is the first experimental evidence that
polyatomic molecules can survive strong laser fields in neutral
high-Rydberg states. In addition, fragment Rydbergs, includ-
ing atomic (C*, O*, S*) and diatomic molecular (OC*) frag-
ments, are also observed in both laser fields. Compared with
the parent OCS* Rydberg, the fragment Rydbergs show broad
peaks in the PFI mass spectra, indicating non-negligible ki-
netic energy releases from dissociative ionization or Coulomb
explosion. To shed some light on the mechanisms of strong-
field RSE and ionization of OCS, we record yields of both M*
and M ™ upon varying the laser intensity and ellipticity, as we
will discuss in the following sections.
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Fig. 2. TOF mass spectra of OCS obtained by direct ionization (black, upper
panel) and PFI (red, lower panel) in linearly polarized 800 nm (a) or 400 nm
(b) laser fields. The flight time of each (M*)™ has been subtracted by the delay
time AT in the mass spectra. The laser intensity is kept at 3x10'* W-cm 2.

3.2. Ionization/dissociation in NIR and UV laser fields

In Fig. 3, we show the yields of parent and fragment
ions as a function of laser intensity and ellipticity in NIR
(Figs. 3(a) and 3(c)) and UV (Figs. 3(b) and 3(d)) laser fields,
respectively. The parent OCS™ yields gradually increase and
become saturated at 7.0x10'> W-cm™2 in the 800 nm laser
fields (Fig. 3(a)), while the ionization yields keep increasing
in the 400 nm laser fields in the same laser intensity region
(Fig. 3(b)). The Keldysh adiabatic parameter 747! can be used
to qualitatively distinguish the mechanisms of strong-field ion-
ization, i.e., multiphoton ionization (MPI) (48] and tunneling
ionization (TI), ¥y = \/I,/(2U,), where I, represents the ion-
ization potential of the target (I, = 11.18 eV for OCS) and
U, = ¢?E? /(4mw?) represents the ponderomotive potential in
strong laser fields. If y > 1, ionization is in the MPI regime;
while for ¥ < 1 TI would be dominant in strong-field ioniza-
tion. The Keldysh parameter ¥ is calculated and shown in the
upper x-axis in Fig. 3. One would expect MPI to be the dom-
inant ionization mechanism in 400 nm laser fields, while TI
would play a more important role in the ionization of OCS
molecules in 800 nm laser fields.

Doubly charged parent ions are observed in strong-field
ionization of OCS in both laser fields. The intensity-dependent
yields of OCS?* in both linearly polarized (LP) and circu-
larly polarized (CP) laser fields are shown in Figs. 3(a) and
3(b).
identified at 6.0x10'> W-cm™2 (as indicated by an arrow

In 800 nm LP laser fields a clear ‘knee’ structure is

in Fig. 3(a)), which is a signature of the strong-field NSDI
process. The suppression of the OCS?>* yields in CP laser
fields, as well as the strong dependence on laser ellipticity at
4.0x10'3 W-cm~2, as shown in the inset of Fig. 3(a), further
demonstrates the NSDI mechanism in strong-field double ion-
ization in NIR laser fields. Since NSDI is induced by the recol-
lision of tunneling electrons with the ionic core, its probability
is greatly diminished in an elliptically polarized laser field due
to the additional drift velocity of the electrons that prevents
their return.[*>>"1 As the laser intensity increases, sequen-
tial double ionization (SDI) becomes dominant for producing
OCS?* ions, thus less dependence on ellipticity is observed at
1.5x 10 W-cm~? (see the red dots in the inset of Fig. 3(a))
compared with the results in the NSDI region. These results
are similar to those of double ionization of CS, molecules in

[3152] showing evidence of NSDI of

strong 800 nm laser fields,
tri-atomic molecules induced by the laser-driven electron rec-
ollision process. On the other hand, in the 400 nm laser fields,
only a slight reduction in the OCS>* yields is observed for the
CP case compared with LP, and the yields show weak depen-
dence on the laser ellipticity regardless of the laser intensity
(Fig. 3(b)), indicating that SDI rather than NSDI dominates
strong-field double ionization in the intensity region investi-
gated here.

The intensity- and ellipticity-dependent yields of frag-
ment ions (ST, $3, OC*, O*F, C*, C?F, C3*) are presented
in Figs. 3(c) and 3(d) in NIR and UV laser fields, respectively.
It can be seen from the figures that compared with singly
charged fragment ions, which appear at a relatively low laser
intensity, highly charged ions begin to appear at a higher laser
intensity over 7.0x 10'> W.cm™2 in both laser fields. This is
easy to understand, since highly charged fragments are formed
by dissociation/Coulomb explosion of multiply charged parent
ions while singly charged fragments could be produced by dis-
sociative ionization. In the 800 nm laser fields, all the fragment
ions exhibit strong dependence on the laser ellipticity at a laser
intensity of 1.5 x 10 W-cm~2 (inset to Fig. 3(¢c)), and the
dependence becomes stronger for more highly charged ions.
This indicates that recollision of tunneling electrons may play
an important role in the formation of fragment ions in NIR
laser fields. On the other hand, the dependence on laser el-
lipticity is much weaker for each fragment ion produced in the
400 nm laser fields (inset in Fig. 3(d)), especially for the singly
charged fragments ions (ST, OC™' and C"), indicating they are
produced via dissociative ionization of OCS with multi-photon
absorption.

073301-3



Chin. Phys. B 33, 073301 (2024)

Keldysh factor Keldysh factor
1 1
I ea— . o
[ o OCSt LP
l o OCS?* LP (
. 10-3 | o OCS2* CP < 1 o0 F
3 L & i 0 6X101 W /om?
g | 8= | 0 3X101 W /em? |
= 104} oCs? 4 7 qo-4F -to 0o 1o °o°° 4
4 3 S o 4X108 W Jern? 4 3 Bllipticity o
=1 & 0 1X10' W/cm? =] o°
N L o N °
Z 105F o { 2z 10} L0 &
e [ © < o Cooo dpcD
> I o ,;4 ° Cpo S ]
10-6 | E 106F ° ° ° oOCStLP A
L ) Fo %0 0 OCS2+ LP ]
- Ellipticity L (b) © o OCS2+ CP |
10-7 | M- 1077 L an N | N
1013 1014 1013 1014

Laser intensity (W /cm?2)

Yields (arb. units)

o C3+

o
Laser intensity (W/cm?)

o
4 £
=1
=}
o)
i —
&
0
)
v .
1 £ 106
] w-rp @
N |
1013

Laser intensity (W /cm?2)

Laser intensity (W/cm?)

Fig. 3. The yield dependence of parent ions (OCS' and OCS2*t) on laser intensity in 800 nm (a) or 400 nm (b) laser fields with different
polarizations. The yield dependence of OCS>* on laser ellipticity with different laser intensities is shown in the insets of (a) and (b). The
yield dependence of fragment ions on laser intensity in 800 nm (c) and 400 nm (d) laser fields. The yield dependence of fragment ions on laser

ellipticity at 1.5 x 10'* W.cm~2 is shown in the insets of (c) and (d).

4. Strong-field RSE of OCS molecules

In this section we will discuss the strong-field RSE of
OCS in NIR and UV laser fields. The intensity-dependent
yields of parent and fragment Rydbergs are shown in Figs. 4(a)
and 4(b) for strong 800 nm and 400 nm laser fields, respec-
tively. Distinctly different behaviors in different laser fields
are observed, indicating different mechanisms for the strong-
field RSE process. In NIR laser fields, the parent RSE (OCS*)
is observed over the whole intensity range investigated in the
study, and the yields increase as the laser intensity increases
and gradually becomes saturated; the results for this are simi-
lar to those for strong-field single ionization. While the excited
sulfur atoms S* appear at a low laser intensity as the parent
OCS*, other fragment RSE can only be observed with laser
intensities higher than 8x10'> W-cm™2? with much smaller
yields than S*. On the other hand, weak parent OCS* are
observed in UV laser fields until the laser intensity reaches
1.8x10' W.cm™2, while all the excited atom fragments (C*,
O* and S*) are dominant and appear at a low laser intensity
of 2x10'3 W-cm~2. Tt is worth mentioning that although the
tendencies of the intensity-dependent yields of C* and O* are

similar, that of S* is apparently different, indicating the differ-
ent mechanisms for fragment RSE.

In Figs. 5(a) and 5(b) we show the dependence of neutral
Rydberg M* yields on laser ellipticity in strong NIR and UV
laser fields, respectively. It is well known that there are two
possible mechanisms for atomic RSE induced by strong laser
fields, i.e., frustrated tunneling ionization (FTT)['% and multi-
photon resonance excitation.[!®! For FTI, the RSE yields will
be strongly depressed in elliptical polarized laser fields owing
to the decline in low-energy photo-electrons that could be cap-

L [44

tured into Rydberg states by the Coulomb potential. [**! How-

ever, a weak ellipticity dependence is expected for the RSE
process induced by multi-photon resonance excitation.>3->4]
One can see from Fig. 5 that much stronger dependence on
laser ellipticity is observed for M* in 800 nm laser fields
(Fig. 5(a)) compared with the results in 400 nm laser fields
(Fig. 5(b)). Our study indicates that for OCS molecules both
neutral parent and fragment Rydbergs could be produced by
FTI or recapture of the tunneling electrons in strong NIR laser
fields, while multi-photon resonance excitation plays a more

important role in RSE in UV laser fields.
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Table 1. Appearance laser intensity (lapp, W-cm™2) obtained from the
intensity-dependent curves in Fig. 4, the full width at half maximum
(FWHM) and the yield ratio between CP and LP laser fields Rcp,p obtained
from the ellipticity-dependent curves in Fig. 5 for parent and fragment Ryd-
bergs in strong 800 nm and 400 nm laser fields.

0CS* oc* S* o* Cc*
800 nm 3x10'% 8x10'% 4x10 1x10M™ 1x10™
400 nm 1.8x10™ 3x1013 3x10'3 3x10'3
800nm  0.64 0.61 0.66 0.66 0.7

Lopp (W-cm™2)

FWHM
400nm  0.67 - 084 105 1.8

R 800nm  0.03 003 005 007 012
CPLP 400nm 073 - 058 07 0.7

In Table 1, we summarize the appearance laser intensity
and yield ratio between CP and LP laser fields of parent and
fragment Rydbergs in 800 nm and 400 nm laser fields. As
mentioned above, in strong NIR laser fields different frag-
ment M*s, which have a similar FWHM of their elliptic-
ity dependence curves, exhibit distinctly different intensity-
dependent behaviors, indicating they are produced by recap-
turing the tunneling electron via different channels. It is
noted that the fragment S* is visible at a low laser inten-
sity of 4x10'3 W.cm™2, which is close to the intensity at
which the ST or OCS?* ions appear (see Fig. 3). In addi-
tion, the ellipticity-dependent curves of S* and S™ are simi-
lar. These observations strongly indicate that S* is attributed
to the recapture of low-energy photo-electrons of correspond-
ing ST ions, most probably via Coulomb explosion of dou-
bly charged OCS?* ions (i.e., OCS** — ST4+0OC*). Actu-
ally, recent studies indicate that a third of the OCS?* ions
produced in strong laser fields are unstable and finally disso-
ciate to fragment ions.[3?! The fact that the yields of S* are
much higher than those of OC* strongly indicates that the elec-
trons are recaptured by the atomic fragment ions ST rather
than by the diatomic fragment ions OC™* from Coulomb explo-
sion of OCS>*. This could be understood by the orientation-
dependent ionization of OCS molecules in strong laser fields.
That is, the OCS molecules prefer to be ionized when the elec-
tric field points to the S atom along the molecular axis;>>! thus
the ionized electrons would be ejected in the same direction
as S™ ions, leading to a higher recapture probability by ST
to produce S*. Concerning the other two fragments C* and
O*, the intensity-dependence curves are apparently different
from those of the corresponding ions C* and O*t. Taking C*
as an example, it is only observed when the laser intensity is
higher than 1x10'* W-cm~2, while C*appears at a relatively
low laser intensity of 3x 10'®> W-cm™2. This indicates that the
C™ ions produced at a low laser intensity make no contribu-
tion to the formation of C*. We expect that C* and O* could
be formed by the recapture of low-energy photo-electrons dur-
ing Coulomb explosion of highly charged parent ions, OCS"*
(n > 2), which would be more pronounced in the higher laser
intensity region. The similar dependence of fragments C* and
O™ on laser intensity of NIR laser fields indicates that they are
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produced in the same Coulomb explosion channel, and C* and
O™ ions have a similar electron capture capability.

In strong UV laser fields, however, all the atomic frag-
ment Rydbergs (S*, C* and O*) can be observed even at a
low intensity of 3x10'> W-cm~2 (Fig. 4(b) and Table 1). The
FWHM of ellipticity dependence of these Rydberg M*s in UV
laser fields is clearly larger than that in NIR laser fields. In par-
ticular, the yield ratio between CP and LP laser fields of Ryd-
berg M*s in UV laser fields is in the range of 0.6-0.7 (Table 1),
indicating much less suppression of RSE in CP laser fields.
The weak ellipticity dependence of M* shown in Fig. 5(b)
indicates that the dominant mechanism is multi-photon res-
onance excitation. Generally, molecular Rydberg states ex-
cited by multi-photon resonance excitation would be embed-
ded in high-lying valance states with a large density-of-states
and would dissociate to form excited fragments. This also ex-
plains the observation that the parent OCS* is much weaker
than the fragments in 400 nm laser fields, and can be observed
only with a laser intensity higher than 1.8x10'* W.cm™2
(Fig. 4(b)). The yields of C* and O* become saturated at a
low intensity of 6x10'> W.cm~2 (Fig. 4(b)), further proving
that C* and O* fragments are produced by dissociation of par-
ent OCS*. The yield of O* is several times higher than that
of C*, a result which is different from that in 800 nm laser
fields. The OC* yield in 400 nm laser fields is too small to
be observed over the whole intensity range investigated in this
study. These observations indicate that the relative yields of
fragment Rydberg atoms in 400 nm laser fields are not deter-
mined by the ionic electron capture capability but rather by
the branching ratio of dissociation channels. Nevertheless, we
cannot completely exclude FTI or the recapture mechanism in
strong UV laser fields, especially with increasing laser inten-
sity. Note that the behavior of the intensity-dependent curve of
S* is quite different from those of C* and O* in 400 nm laser
fields, as shown in Fig. 4(b). Since the OCS?* ions appear
at laser intensities as low as 2x10'3 W-cm~2 (Fig. 3(b)), the
recapture of electrons by ST to form S*, as discussed above
for NIR laser fields, could also play a role in UV laser fields.
Further channel-resolved coincidence or imaging experimen-
tal setups, combined with the PFI method, would be a promis-
ing approach to further reveal the underlying physics of frag-
ment RSE of molecules in different strong laser fields.

5. Conclusion

In summary, we experimentally investigated the excita-
tion and ionization of OCS molecules in strong NIR and UV
laser fields. By measuring the yield-dependence of ions and
neutral Rydbergs on laser intensity and ellipticity, the mech-
anism for strong field ionization and RSE in different laser
fields is discussed. It is indicated that neutral Rydbergs could
be produced by FTI or recapture of the tunneling electron in

strong NIR laser fields, while multi-photon resonance excita-
tion plays a more important role in RSE in UV laser fields.
In addition, our results indicate that fragment Rydbergs are
formed by corresponding ions that are produced in Coulomb
explosion of highly charged parent ions in 800 nm laser fields,
while dissociation of parent Rydberg molecules is the main
mechanism for fragment Rydbergs in 400 nm laser fields. Our
results shed some light on the RSE of OCS molecules in dif-
ferent laser fields, and should stimulate further research on
strong-field RSE of polyatomic molecules.
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