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The absorption spectra of acetylene molecules was measured under jet-cooled conditions in the wavelength
range of 142.8-152.3 nm, with a tunable and highly resolved vacuum ultraviolet (VUV) laser generated by
two-photon resonant four wave difference frequency mixing processes. Due to the sufficient vibrational and
rotational cooling effect of the molecular beam and the higher resolution VUV laser, the observed absorption
spectra exhibit more distinct spectral features than the previous works measured at room temperature. The
major three vibrational bands are assigned as a C—C symmetry stretching vibrational progress (v2=0-2) of
the C1I, state of acetylene. The observed shoulder peak at 148.2 nm is assigned to the first overtone band
of the trans-bending mode vy of the C'II, state of acetylene. Additionally, the two components, 4(2)(M1Hu)
and 4%(/@11_1.1)7 are suggested to exhibit in the present absorption spectra, due to their Renner-Teller effect
and transition selection rule. All band origins and bandwidths are obtained subsequently, and it is found
that bandwidths are broadened and lifetimes decrease gradually with the excitation of vibration.
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I. INTRODUCTION

Acetylene molecules exist abundantly in the carbon
stars [1], the planetary atmosphere [2-4], and the dense
molecular cloud of the interstellar medium [5]. Acety-
lene’s photodissociation and photoionization processes
must greatly affect chemical reactions involving acety-
lene, and hence it is significant to understand the photo-
chemical behavior of acetylene in these cases. Moreover,
acetylene is a very common combustive gas widely used
in industry. It plays an important role in combustion
progresses. Therefore, many investigations of the pho-
toexcitation, photoabsorption, and photodissociation of
acetylene have been carried out, and a lot of photochem-
ical data have been obtained over several decades.

The photoabsorption spectra of acetylene in the vac-
uum ultraviolet (VUV) wavelength region have been
extensively investigated both experimentally [6-23] and
theoretically [24-29], which has already been reviewed
by Herzberg [30], Robin [31], and Wu et al. [19]. The
absorption spectra of acetylene in the wavelength re-
gion of 105-152 nm were firstly measured by Price [7]
with a 2-m grazing-incidence spectrograph. Most of the
prominent vibrational bands were assigned as members
of two Rydberg series, which were represented closely
by

nR(I, «— 12;) :

n = 92076 — (n=3-10) (1)

(n — 0.50)2
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nR('S, « 'T}):

Un = 91950 — 3-10) (2)

om0 T
The ionization potential energy was measured by a later
photoionization experiment [32]. Subsequently, Wilkin-
son [10] and Nakayama et al. [12] re-examined the
absorption spectra in the wavelength region of 128.0-
152.0 nm and observed two non-Rydberg-type bands
besides two Rydberg series mentioned above. Ger-
danken and Schnepp have assigned the major absorp-
tion peaks in the 140-155 nm region as a C-C sym-
metry stretching (vy) vibrational progress of the CII,
state and a weak continuous absorption band of 7—7*
transition [15]. Several groups have also measured the
absorption spectra of acetylene in this region using syn-
chrotron radiation as a light source [17,20,23]. More ac-
curate absorption cross sections were measured, and the
photodissociation dynamics were discussed by detecting
the fluorescence of photofragments. In addition, Wu et
al. [19] and Smith [21] performed measurements of the
absorption cross sections of acetylene in the wavelength
region of 140-150 nm by using a synchrotron radiation
with a high spectral resolution of 7 pm at 295, 195, and
150 K, respectively, in order to study the contribution
of the hot bands. No rotational structures, however,
were distinguished.

As mentioned above, previous absorption spectra of
acetylene in the VUV wavelength region were mostly
obtained at room temperature. Although Wu [19] and
Smith [21] have roughly investigated the influence from
hot bands, those hot bands could not be eliminated en-
tirely at 150 K. The contribution of the higher J rota-
tional excitation in every vibrational band also proba-
bly exists in previous works, and thus the overlap of the
various vibrational bands probably has a serious effect
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and makes distinct rotational structures blurry. In the
present work, we combine the jet-cooled technique and a
highly resolved tunable VUV laser source to make the
absorption spectra simpler and deeply investigate the
absorption spectra of acetylene in the wavelength region
of 142.8-152.3 nm. A more reasonable spectral assign-
ment is expected for the absorption spectra of acetylene,
and the corresponding peak positions and bandwidths
are determined subsequently.

Il. EXPERIMENTS

The experimental setup includes a source of pulsed
VUV laser generation, a pulsed supersonic molecular
beam, and two VUV intensity monitors. The time delay
between the VUV laser and the supersonic jet is con-
trolled by a pulse generator (DG535, Stanford Research
Systems). More details have been described elsewhere
[33,34]. Only a brief description is given here.

The third harmonic output from a pulsed Nd:YAG
laser (Spectra-Physics, Lab-190-10, pulse width
10 ns) is split into two beams to pump simulta-
neously two dye lasers (Sirah, PRLC-LG-18 and
PRLC-LG-24). The VUV laser in the 142.8-
152.3 nm region is generated by two-photon reso-
nance four-wave difference frequency mixing tech-
nique in a xenon cell (wyyyv=2w;—ws), where wy cor-
responds to the frequency of two-photon excitation
of xenon atom, (5p)°(*Py/2)6P[3/2]o—(5p)%(*So), at
2w1=89162.88 cm~!. Tunability of the VUV laser is
achieved by scanning the wavelength of the other dye
laser wo. The generated VUV laser from the Xe cell is
separated from the two fundamentals by a LiF prism in
a vacuum chamber, and only collinear VUV laser is let
into the main chamber and crosses with the jet-cooled
CyH, (stagnation pressure 60.6-80.8 kPa.) molecular
beam at 5 mm downstream from the nozzle orifice. The
intensity of the VUV laser in the present experiment is
estimated to be 0.1 pJ/pulse [33].

By directly recording intensities of VUV laser
prior to and after the absorption by jet-cooled
CoHs molecules, a VUV absorption spectrum is ob-
tained from transformation of the Beer-Lambert law,
I;(N)=Ip(N)exp[-No(N)l], where Iy(A) and I;(A\) repre-
sent the measured VUV intensities before and after the
absorption, respectively. N, o(\), and [ are molecular
number density, absorption cross section at wavelength
A, and absorption path length, respectively. The ab-
sorption cross section o(\) can be expressed as a nat-
ural logarithm of the ratio I;(\)/Io(\), when N and [
are kept constant during the experiment. In this way,
the shot-to-shot fluctuation of VUV intensity and the
variation of VUV intensity with wavelength could be
normalized. Our recent measurement on the absorp-
tion spectrum of jet-cooled OCS molecule showed that
less than 1% of the VUV intensity reduction by absorp-
tion could be obviously detected by this way, although
the shot-to-shot intensity fluctuation of the VUV laser
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generated by four-wave frequency mixing technique is
more than 40% [34].

In order to increase the VUV absorption path
length, a commercial slit nozzle (General Valve,
0.12 mmx12 mm) is used to produce a slit molecule
beam along the propagation direction of the VUV laser.
The wavelength and linewidth of the VUV laser are cal-
ibrated with the laser-induced fluorescence (LIF) spec-
trum of jet-cooled CO (AT« X'¥*). The linewidth
of the VUV laser is estimated to be ~0.3 cm™! from
the width of individual rotational lines in the CO LIF
spectrum. Additionally, a rotational temperature of 60
K is derived from the spectral simulation. Under simi-
lar expansion conditions, the rotational temperature of
CoHs, is expected to be 60 K too.

Gas samples of acetylene (CoHz) and carbon monox-
ide were purchased from Nanjing Spectral Gas Inc.
(>99.9%, GC grade) without any further purified.

I1l. RESULTS AND DISCUSSION
A. Absorption spectra of acetylenein 142.8-152.3 nm

The absorption spectra of jet-cooled acetylene are
shown in Fig.1. The solid line is for measurements un-
der jet-cooled condition in the present work, while the
dotted line is for data recorded by Campos et al. at
room temperature by using synchrotron radiation as a
light source [23]. Obviously, the present data agrees well
with the previous result. The absorption spectra con-
sists of three prominent vibrational absorption peaks,
where the A and C peaks exhibit clear quasi-symmetric
profiles, but the B peak shows typical asymmetric band
contour. There is a weak shoulder peak near the major
structure of the B peak at the lower energy. Since suf-
ficient rotational cooling (~60 K) was obtained in the
supersonic jet beam in the present experiment, the exci-
tation of the rotational branches with the higher quan-
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FIG. 1 Absorption spectrum of jet-cooled C3Hs molecule.
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TABLE I Peak positions, FWHM (I'), relative intensities (/) and assignments of major absorption bands of acetylene in the
wavelength range of 142.8-152.3 nm, where an approximate doublet-peak fitting was applied to the second absorption peak.

Peak Present work Ref.[23] v/em™? Av/em™! Assignment
A/nm I'/em™! I A/nm I'/em™! I
A 151.9 112 100 152.0 121 100 65830 0 08
148.2 193 8.5 67461 1631 42
B 147.7 308 45 147.8 441 36.8 67693 1863 2(1)
C 144.0 252 94 143.9 224 4.2 69453 3623 2(2)
1.00 0.20 0.05 CH, X's CH,"” X1,
0.80 0.16 0.04} 523 Ve Ik 3374 3234
=
S 060 0.12 0.03f E - .
2 : E V2 H—C=C—H I 1974 1818
£ 040 0.08 0.02 o
E -— -—  xi 3289 3136
0.20 0.04 0.01 % H—C=C—H
0.00} 4 0.00 0.00
. L . . . . . w@ Vg 1?1— =£— m 612 689"
65500 66000 66500 67000 67500 68000 69000 69500 70000 $_ ?
-1
Wavenumber / cm o f I 730 719

FIG. 2 Lorentzian profile fitting for all vibrational bands of
acetylene in the wavelength range of 142.8-152.3 nm. The
single peak profile is used for the v=0 and 2 bands, while
the double-peak profile is applied for the v2=1 band approxi-
mately. The cycles show the present experimental data, and
the dotted lines present the simulated profiles.

tum (J>20) could be eliminated entirely, and hence the
high J rotational branches would have little contribu-
tion to the vibrational band (peak B). As a result, the
shoulder peak can be distinguished easily in the present
spectra.

By fitting the spectra with the least-square Lorent-
zian profile, the peak positions and FWHM widths are
obtained and summarized in Table I. Since the B peak
shows a characteristic of approximate double peaks, a
double-peak fitting is applied to simulate the major and
shoulder peak contour. Obviously, the present peak po-
sitions agree very well with the previous values, even
though they are measured by various light sources under
different experimental conditions. Unexpectedly, the
present FWHM widths are moderately narrower than
the previous data, especially for the absorption band at
around 148 nm, which indicates that those absorption
spectra measured at room temperature suffer seriously
from the vibrational hot bands and/or the excitation
of the rotational branches with the higher J quantum.
Therefore, the present experimental absorption spectra
of the C'II, state of acetylene under jet-cooled condi-
tion are expected to directly show the vibrational spec-
tral structure itself. The simulated and experimental
spectra are compared and shown in Fig.2.

As mentioned above, previous experimental [10,12,17]
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FIG. 3 Normal vibrational modes and the corresponding
symmetries of acetylene molecule and cation, while the vi-
brational frequencies (cm™!) are from the NIST spectro-
scopic database [37]. * As the result of the Renner-Teller
effect, the va and vs bending mode would be split to three
components, where the vy level corresponds to pu¥,, UA,
and kX} with the frequencies of 897, 666, and 487 cm™?!,
respectively [35,36].

and theoretical studies [24,26,27] have gotten an agree-
ment that the absorption of acetylene in a wavelength
range of 140-155 nm corresponds to the 01Hu<—X1§]g
transition, and molecular geometries of both electronic
states are linear. As a typical Rydberg state, the vibra-
tional frequencies of the C'II, state should be close to
those of the ion ground state. The normal vibrational
modes and the corresponding symmetries of acetylene
molecule and cation are shown in Fig.3. As shown in
Table I, the interval energy among the three prominent
peaks (A, B, and C) are 1863 and 1760 cm ™!, which is
close to the vibrational frequency (1818 cm™1) of sym-
metric C-C stretching mode vy of the CoHy™ ground
state [35,36], and hence the three prominent vibra-
tional bands are definitely assigned as a vy vibrational
progress of the 3s Rydberg state, namely, C'II, (v2=0-
2)%)? 12;, which is in excellent agreement with the
previous conclusion [12,15,17,22].

The transition symmetry of the wvo=1 vibrational
band is the same as that of v9=0 or 2 bands, as the vy
vibrational symmetry is Zg. Therefore, the vo=1 vibra-
tional band, corresponding to the major component of
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B peak, should exhibit the same quasi-symmetric profile
as that of v2=0 or 2 bands. However, the profile of the
peak B shows distinct approximate double-peak shape
in Fig.1, and a weak shoulder at the lower energy is vis-
ible. Thus this shoulder peak must come from the con-
tribution of another vibrational transition of the CII,
state. As shown in Table I, the resonant wavelength
of the shoulder peak is around 148.2 nm (67461 cm™1),

which is 1631 cm™! higher than the C'II, state origin.
Comparing with the vibrational frequencies of acety-
lene molecule and cation, this shoulder peak could not
be explained as any vibrational hot band. In addi-
tion, the sufficient rotational cooling (~60 K) in the
present work entirely eliminates the excitation of the
rotational branches with the higher quantum (J>20),
and hence the P rotational branch of the vo=1 band
could not extend to lower than 67500 cm™!, which is
too far from its peak position 67693 cm~!. Therefore,
the unique illumination for absorption of the shoulder
peak observed at 67460 cm™! is a contribution of the
first overtone band of the trans-bending mode vy or vy
modes. If we take the vy and the cis-bending mode vy
frequencies to be those of the Cgflg* ground state, the
42 and 52 vibronic levels of the C'II, state should be
around 1378 and 1438 cm ™! higher than the state ori-
gin (65830 cm™!), and seem to be somewhat lower than
that value we observed (1631 cm™1).

According to Lievin’s theoretical investigation [28],
the predissociative C"'A, state of trans-bent geome-
try lies 7.7 eV above the ground state, which corre-
lates adiabatically with a 3p Rydberg state ('Ilg) of
a linear molecule, and makes the molecule dissociate
rapidly [38]. Moreover, the C''A, state would cross
with the C'II, state and make the latter predissocia-
tive too. Therefore, we prefer to assign the observed
shoulder peak as the first overtone band of v, rather
than that of vs, because the vy excitaﬁion is much more
favorable for the coupling from the C'II, state to the
low-lying excited state, C"1A,.

In the present experiment, the measured errors com-
ing from the fluctuation of the VUV laser radiation and
the different sensitivities of VUV detectors have been
already normalized. The intensity of each absorption
band is proportionate to the Franck-Condon factor of
its vibrational transition, once keeping the number den-
sity of the supersonic molecular beam. By integrating
the absorption peak over bandwidth, the ratio of the
Franck-Condon factor of three prominent peaks is ob-
tained to be 1:0.45:0.094 in the present absorption spec-
tra, which agrees well with the Campos et al’s result of
1:0.368:0.042 [23]. The uncertainty arising from the nor-
malization and other measurement noises is estimated
to be about 10%.

B. Spectral analysis of absorption spectrum of acetylene
at 148 nm

In the wavelength region of present absorption spec-
tra, the fast predissociation of acetylene leads to the
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serious broadening of rotational lines, and hence the
vibrational band does not exhibit a distinct rotational
structure. We tried to simulate the rotational contour
of each vibrational band, and found the simulated rota-
tional linewidth was close to the vibrational bandwidth,
and thus the corresponding lifetime was in a magni-
tude of femtosecond timescale. In general, the period
of rotational excitation is in a magnitude of picosecond
timescale, and hence it is nonsense to discuss the rota-
tional excitation and simulate the rotational branches in
the present case. On the contrary, it is reasonable to ob-
tain the lifetime of vibronic level from its bandwidth by
fitting each vibrational band contour with Lorentzian
profiles.

As mentioned above, the absorption spectrum of
acetylene at 148 nm corresponds to excitations of the
vy fundamental band and the first overtone band of v,.
Thus, an initial fitting with double peaks is applied to
simulate this absorption band as shown in Fig.2. Al-
though the A and C peak are fitted well with a sin-
gle quasi-symmetric Lorentzian profile, the simulated
spectrum of the absorption band at 148 nm could not
agree with the experimental data, especially the char-
acteristics marked with arrows in Fig.2. A simple as-
sumption can be imagined that there is another con-
tribution of other vibrational bands in this wavelength
range. In fact, the excitation of trans-bending vibra-
tion v4 mode would change the acetylene molecule from
linear configuration to anti-bending geometry. A strong
Renner-Teller splitting probably exists in this case. Re-
cently, Yang et al. [35] and Tang et al. [36] have ob-
served the vibronic level 42 of the CoHy™ ground state
was split into three new sub-vibronic levels, defined as
43(p21ly), 42(U2®,) and 42(k>I1,) due to this kind of
Renner-Teller effect. Since the present studied CI,
state is a typical linear Rydberg state, a similar spec-
troscopic characteristic as the CoHaot grougd state is
expected that the 4% vibronic level of the C'II, state
would also be possibly split into three new sub-levels
42(pt1ly), 42(U®,), and 43(x'11,). However, the com-
ponent 42(U'®,) could not be observed in the present
absorption spectrum, because its transition (AK=2) is
forbidden by the transition selection rule (AK=0,+1).
Therefore, only 43(u'Il,) and 43(x!'Il,) components
and the 2} bands are expected to exist in the present
absorption spectrum at 148 nm (corresponding energy
is 67600 cm™'), and three vibrational peaks (one vi-
brational peak 2§ and two vibrational peaks 42) with
Lorentzian profiles are used to simulate the absorption
peak near 148 nm. The fit spectrum is shown in Fig.4
and the corresponding results are summarized in Ta-
ble II. Obviously, the fit spectrum agrees well with the
experimental result.

As shown in Table II, the band origin of vibronic band
2} is 67642 cm™!, and hence the resonant frequency of

vibrational mode vy of the C I, state of acetylene is de-
termined to be 1811+1 cm™!. On the other hand, only
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TABLE II Band origins vo, FWHMs (I'), lifetimes (7) and
related intensities of various absorption bands of acetylene
at 67600 cm™', which were obtained by the least-square
Lorentzian profiles fitting. The first overtone excitation
peak of v4 mode was split into three sub-bands as 43 (u'IL,),
43(U'®,), and 43(k'T1,) due to the Renner-Teller effect,
whereas only 43 (u*I1,) and 43(x'II,) components could be
observed in the present absorption spectrum.

Assignment wvo/cm™'  Av*/em™! T/em™' 7/fs I

43 (u'1y) 67446 1616 156 34 178
28 67642 1812 245 22 30
43 (kL) 67782 1952 181 29 13

aEnergy related to the electronic state origin 65830 cm™*.

0.20
+ Experiment
0.15 F Simulation
=
< 0.10 |
2
g
=
0.05
0.00 X )

67000 67200 67400 67600 67800 68000 68200

Wavenumber / cm™!

FIG. 4 Multi-peak fitting with Lorentzian profile on the
absorption band of acetylene at 67600 cm™*. The first over-
tone of vy vibrational band is split into three components
according to the Renner-Teller effect, and only 43 (' I1,) and
43(x'T1,) sub-vibrational bands are observed in the present
absorption spectra.

two sub-vibronic components, 43(u'Il,) and 42 (x'I1,),
are observed in the present absorption spectra, which
are 1616 and 1952 cm~! higher than the state origin
respectively. The energy interval between these two
sub-levels agrees with the Renner-Teller splitting of the
CoHs™ ground state [35,36]. It is interesting that the
vy4 vibrational frequencies deduced from these two sub-
levels are 808 and 976 cm™!, respectively, which some-
what higher than those of the CoHa™* ground state. A
probable reason is that the strong coupling between the
42 vibronic level of the C''I1, state and the 233} and 33
levels of the C"' A, state (vs is trans-bending mode with
a frequency of 1303 cm™1) raises the 43 vibronic level.
Of course, an extensive theoretical study of the poten-
tial energy surfaces of these low-lying electronic states
is expected to illuminate this abnormal phenomenon.

__ Although theoretical investigations indicated that the
C'1I, state of acetylene is a typical bounding state, the
coupling between it and the low-lying electronic states,
however, would make molecule predissociate rapidly
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[23,28]. As shown in Table II, the bandwidths of the
vibrational peaks are about 200 cm™', and thus the
corresponding lifetimes are in a magnitude of femtosec-
ond. With the excitation of vibration, bandwidths are
broadened and lifetimes decrease gradually.

IV. CONCLUSION

The absorption spectra of acetylene molecules were
measured under jet-cooled conditions in the wavelength
range of 142.8-152.3 nm, with a tunable and highly re-
solved VUV laser generated by two-photon resonant
four wave difference frequency mixing processes. The
sufficient rotational cooling temperature (~60 K) of the
molecular beam is obtained under the jet-cooled con-
dition and the resolution of VUV laser in our mea-
surement is measured to be about 0.3 ecm~™!. Thus
the present observed absorption spectra exhibit mod-
erately simpler spectral features than those previous
works at room temperature. The major three vibra-
tional bands lying at 151.9, 147.7, and 144.0 nm are
assigned as a C-C symmetry stretching vibrational
progress (v2=0-2) of the C'II, state of acetylene. The
ve vibrational frequency of the 5’11_[u state is deter-
mined to be 1811£1 cm™!, and the relative intensity
ratio of three prominent bands (vo=0-2) is measured to
be 1:0.45:0.094, all of which agree very well with the
previous conclusions.

Among three observed vibrational absorption peaks,
the v9=0 and v5=2 peaks exhibit quasi-symmetric pro-
files, while the peak corresponding to vo=1 excitation
shows obviously shoulder peak shape. Although the
highly resolved investigation still does not reveal any
distinct rotational structure, we are still sure that the
shoulder peak at around 148 nm comes from the con-
tribution of other vibronic levels. Because the C'II,
state of acetylene is defined as a 3s linear Rydberg
state, its vibrational frequencies should be close to those
of CoHyT. Thus the observed shoulder peak is as-
signed as the excitation of the first overtone of t¢rans-
bending vibration w4, namely CIHU(U4:2)<—XIZ;
Since the excitation of trans-bending vibration v4 would
change the acetylene molecule from linear configura-
tion to bending geometry, a Renner-Teller splitting
probably exists. Among three sub-vibrational levels as
42(pt1ly), 43(Utd,) and 43(k!'IL,) after the Renner-
Teller splitting, only two components, 42(u!'1l,) and
42(k11,), are observed in the present absorption spec-
tra because of the restriction of the transition selec-
tion rule (AK=0,£1). Thus the multi-peak fitting
with Lorentzian profile on the absorption spectrum at
148 nm subsequently shows the band origins and band-
widths of various sub-vibrational bands. Obviously,
bandwidths are broadened and lifetimes decrease grad-
ually with the excitation of vibration. In fact, in order
to obtain more information of the dissociation dynam-
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ics of the C~'1Hu state and internal energy distribution
of photofragments, a photoionization mass spectrome-
ter technique is being used to detect the hydrogen atom
part.
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