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Abstract

The acetylene absorption spectrum has been recorded between 1.10 and 1.05 pm by Fourier Transform Spectroscopy (FTS) and
Intracavity Laser Absorption Spectroscopy (ICLAS) based on a Vertical external Cavity Surface Emitting Laser (VeCSEL). Eleven
bands of '>C,H, were detected, six of them being newly reported. The spectroscopic parameters retrieved from the rovibrational
analyses improve significantly the accuracy of parameter values available in the literature. One additional band is assigned to the
13C'2CH, isotopologue, present in natural abundance in the sample. Finally, three bands newly detected near 12300 cm™! by
ICLAS based on a Ti:Sapphire are also reported. The vibrational upper states are unambiguously assigned on the basis of the effec-
tive Hamiltonian model and the observed and predicted vibrational term values are found in good agreement.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

We have previously reported the analysis of the high
energy overtone spectrum of acetylene above
10 000 cm ™' by Intracavity Laser Absorption Spectros-
copy (ICLAS) based on Ti:sapphire or dyes (see for in-
stance [1,2] and the review of the experimental
observations of acetylene levels included in [3]). The
aim of the present contribution is to complete these
investigations by the study of the 9000-9500 cm™" re-
gion. This spectral region shows weak absorption bands
which were previously investigated by Fourier Trans-
form Spectroscopy (FTS) [4,5] and by ICLAS based
on a Neodymium laser in the 9240-9520 cm ™' region
[6,7]. However the situation is not satisfactory as the re-
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ported observations were obtained in different experi-
mental conditions with either a medium sensitivity or
a wavenumber accuracy of the order of 0.01 cm™! or
worse. We have then undertaken a combined investiga-
tion by FTS and ICLAS based Vertical external Cavity
Surface Emitting Lasers (VeCSEL) to improve both the
line position accuracy and the sensitivity. ICLAS-VeC-
SEL is a highly sensitive technique [8,9] which was suc-
cessfully applied between 8900 and 10 100 cm™' for
investigations of the overtone spectra of different mole-
cules such as CO, [10], N,O [9,11,12], H,S [13] and H,O
[14], with typical detectivity of omin =107 cm~'. We
have recently reported the observation and analysis of
new C,H; and C,D; bands by applying this experimen-
tal method in the 9500-10 100 cm ™! spectral region [15].
Since then, we could provide a new VeCSEL which al-
lows covering the 8800-9620 cm ™' window and then to
further investigate the acetylene transparency window
lying below the strong 3v; manifold centred near
9640 cm ™.
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2. Experiment

The FTS spectrum was recorded in Hefei with a
Bruker IFS 120 HR Fourier-transform spectrometer
equipped with a multipass White cell adjusted to its
maximum optical path length of 105m. A tungsten
source, a CaF, beam splitter and a Ge diode detector
were used. The line positions were calibrated using the
absorption lines of water (present as an impurity in
the cell) given in HITRAN [16]. The unapodized resolu-
tion was 0.014 cm™'. The accuracy of the unblended
lines recorded with a good signal-to-noise ratio was esti-
mated to be better than 0.001 cm~'. Altogether 2456
scans were co-added to improve the signal-to-noise ra-
tio. An overview of the spectrum recorded with a pres-
sure of 87.6 hPa is presented in Fig. 1.

We used the same experimental set up based on a
VeCSEL which has been previously described in details
in [8,9]. The newly used structure, with a quantum-well
active region made up of GaAs-based semiconductors,
was processed at the University of Sheffield. By simply
translating the VCSEL sample mounted on a translation
stage, the laser emission could be tuned between 8800
and 9620 cm~'. We estimate the sensitivity to be limited
t0 tpin ~ 5 x 1072 em™! which is not as good as the per-
formances achieved at higher energy [9,11-14] as a con-
sequence of the poorer laser properties of the used
VeCSEL. The spectra were recorded with generation
times up to 120 ps, leading to equivalent absorption
path lengths of the order of 20 km. The spectral resolu-
tion was about 0.04 cm ™' slightly larger than the D&p-
pler broadening (0.025cm™' FWHM). Depending on
the band intensities, pressures between 15 and 150 hPa
were adopted. The spectrum in the region of the Q
branch of the TT,-X transition centered at 9367.75 is
presented in Fig. 2 while Fig. 3 shows the gain in terms
of sensitivity achieved by ICLAS around the Q branch
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Fig. 1. Overview of the FTS spectrum of acetylene in the 9000-

9410 cm™' region recorded with a pressure of 87.6hPa and a
unapodized resolution of 0.014 cm™".
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Fig. 2. ICLAS-VeCSEL spectrum of acetylene in the region of the Q
branch of the l'Iu—Zg+ transition centered at 9367.75 cm ™~ '. The pressure
was about 15hPa and the equivalent absorption pathlength about
12 km.
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Fig. 3. Comparison of the ICLAS-VeCSEL (P=52hPa and
leqg ~12km) and FTS (P =87.6 hPa and /~ 105 m) spectra of C,H,
in the region of the Q branch of the HU—ZQ transition centered at
9408.87 cm~'. The spectrum includes strong R(J) transitions of the
l'lu—Zg transition at 9367.75 cm™! which are labeled. The line positions
measured on the FTS spectrum were used to calibrate the ICLAS
spectrum.

of the Hu—Zg at 9408.88 cm~!. The wavenumber cali-
bration procedure of the spectra consists, in a first step,
of accurately linearizing the wavenumber scale by using
fringes of an étalon recorded for each spectrograph po-
sition. Then, for each 10 cm™! wide section, the knowl-
edge of reference line positions allow for an accurate
calibration. As far as possible, we used as reference
the acetylene line positions measured by FTS (see an
example in Fig. 3). In the spectral sections where no
lines were detected by FTS, we used H,O line positions:
acetylene and H,O were successively injected in the
intracavity cell and their respective spectra were re-
corded. We adopted the water line positions as given
in [17] as reference. From the comparison of the wave-
number values obtained using independent reference
lines, the accuracy of the ICLAS line positions was esti-
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mated to be around 0.003 cm~! which is not as good as
the uncertainty achieved by FTS as a consequence of the
indirect procedure required to calibrate the ICLAS
spectra.

3. Rotational analysis

Eleven bands were rotationally analyzed between
9000 and 9500 cm ™!, six of them being newly detected
by ICLAS: the 3v, +v3 £/-%! band at 9151.73 cm ™'
accompanied by the II-IT hot bands from the v4=1
and vs = 1 bending levels, seven l'Iu—Z; transitions and
a XTI, hot band arising from the e component levels
of the vs = 1 state. After assigning the rotational transi-
tions using the lower state combination differences
(GSCD) method, the line positions were fitted on the ba-
sis of the standard formula of the energy levels:

Tv:Gv(vlyv2av3av4114vvés)+FV(J)7 (1)

where G, and F, are the vibrational and rotational con-
tributions, respectively, with F,(J)=BJ[J(J+1)—
k] — DJJ(J + 1) — K*?, k=1, + Is being the quantum
number associated to the total vibrational angular
momentum. The rotational /-type doubling contribution
to the rotation energy leads to different effective values
of the rotational parameters of the f'and e components,
which were fitted independently. In the fitting proce-
dure, the rotational constants of the lower state, B’
and D", were constrained to their literature values
[4,18] and the quantities vy, AB, and AD were fitted.
The list of the measured wavenumbers with assignments
and (obs. — calc) values is attached as Supplementary
Material.

Among the six bands newly detected by ICLAS, the
l'quZg transition at 9213.11 cm™! was also clearly ob-
servable in our FTS spectrum. For the bands detected
both by FTS and ICLAS, we systematically composed
the input dataset by adding to the FTS dataset the wave-
numbers of the additional lines detected by ICLAS. By
this way, we took fully advantage of the better accuracy
of the FTS line positions and of the higher sensitivity of
ICLAS. A further reason of not using the ICLAS wave-
numbers for the strongest lines is that, in some experi-
mental conditions, their line profiles were observed
asymmetric as a consequence of peculiar properties of
the VeCSEL laser dynamics (see [19] for more details).

We provide in Table 1 the comparison of the param-
eter values obtained by using the FTS line positions
only, with those obtained with the (FTS + ICLAS) data-
set. This Table also gathers the spectroscopic parameters
previously obtained by FTS [4,5] and ICLAS-Nd [6,7],
showing both the overall agreement and the achieved
improvement in the determination of the parameters.

The root mean square deviation of the fits is generally
of the order of 1-2x 10> cm ™' for the FTS datasets

and 2-3x 10> cm™! for the (FTS + ICLAS) datasets,
in agreement with the wavenumber uncertainty. That
indicates that the observed rovibrational structures are
mostly unperturbed. However, some significant pertur-
bations were clearly observed in particular in the Q
branch of the Hu—Zg+ at 9222.168 cm™!, which could
not be fitted. Some weak and smooth perturbations
may also explain the difference in the vibrational values,
G,, retrieved from the analysis of the e and f sub bands.
For some of the strongest bands the highest J transitions
could be assigned on the basis of GSCD but their inclu-
sion in the input dataset led to poorer rms values even if
an higher order term in H,[J(J + 1) — k]’ was consid-
ered in the expression of the rotational energy. These
perturbed transitions which were excluded from the fit,
are included in the line lists of the Supplementary
Material.

One additional IT-X* band at 9311.36 cm ™' does not
show intensity alternation in its rotational structure. It
was assigned to the '*C'>CH, isotopologue, present in
natural abundance (about 2%) in the sample. The results
of its spectroscopic analysis are presented in Table 2.

It is worth underlying that many weak lines (up to
50% in some spectral sections) remain unassigned in
the ICLAS spectrum, some of them showing regularly
spaced structure with an about 2B line separation. We
believe that part of these transitions are due to hot
bands in particular the A-IT bands accompanying the
strong II-X bands observed at 9086.159 and
9367.73 cm ™.

Finally, we take advantage of the present work to re-
port on three new bands which could be identified be-
tween 12000 and 12500 cm™' in spectra previously
recorded by ICLAS-Ti:Sapphire spectra: the X/-TI,
hot band at 12062.81 cm™' and two Z;-X bands at
12363.27 and 12383.10 cm™'. These observations com-
plete those we performed by FT-ICLAS in the same
spectral region [2]. The corresponding rovibrational
parameters are included in Table 1. It is worth mention-
ing that the rotational structure of the X level at
12383.10 cm ™' is perturbed: we could assign transitions
for J up to 21 on the basis of GSCD but only transitions
with J <9 could be reproduced with a reasonable rms
value.

4. Vibrational analysis

The effective Hamiltonian model of [20,21] has been
showed to successfully reproduce the vibrational energy
pattern of >C,H, up to the visible region. The complete
set of predicted vibrational energies and predicted rota-
tional constants B, for states up to 15000 cm ™' can be
found in [22] together with the exhaustive list of the
experimental levels reported in the literature. All the ob-
served vibrational upper states are univocally assigned
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Table 1
Rovibrational parameters (in cm ™~ 1 of the bands of '>C,H, detected by FTS and ICLAS-VeCSEL between 9000 and 9500 cm ™' and by ICLAS-Ti:Sapphire between 12 000 and
12400 cm ™"
Lower state® G, B, D, x 10°
(00000) 2; 0.0 1.176646 1.62710
(00010) e 612.8710 1.175316 1.636
(00010) TIf 612.8710 1.1805461 1.676
(00001) I e 730.3341 1.176432 1.6273
(00001) IT,f 730.3341 1.181132 1.664
Band type AG,° Vo G, B, Dy x 10° JMax n/N® rms x 103°
PIQIR
l'lu—Zg’ FTS e 9086.15251 (37) 9084.99586 (37) 1.1566529 (29) 1.6446 (41) 271 127 47/53 1.3
FTS f 9086.15802 (37) 9084.99567 (37) 1.1623522 (51) 1.850 (13) 120/ 20/20 0.8
ICLAS ¢ 9086.15262 (41) 9084.99597 (41) 1.1566523 (26) 1.6450 (29) 30/ /31 56/59 1.6
ICLAS f Same as FTS 20/25
Elid98 ef 9086.159 1.1595"
IT,-11, ICLAS ¢ 9104.0512 (10) 9104.0758 (10) 9716.922 1.150691 (12) 1.450 (26) 22/ 119 32/36 2.4
ICLAS f 9104.0439 (13) 9104.0682 (13) 9716.915 1.156290 (18) 1.739 (42) 20/ /19 22/36 2.7
l'lu—Zér ICLAS ¢ 9128.4810 (22) 9127.3224 (22) 1.158561 (54) 1.89 (28) 13/ /12 16/19 2.8
ICLAS f 9128.4812 (23) 9127.3112 (23) 1.170008 (33) 3.698 (95) 118/ 10/16 2.9
IT-IT1, ICLAS ¢ 9139.05993 (88) 9139.08446 (88) 9869.394 1.151907 (12) 1.308 (36) 18/ /16 18/19 1.1
ICLAS f 9139.0624 (14) 9139.0869 (14) 9869.396 1.156644 (20) 1.317 (54) 19/ /17 21/21 2.5
ZI—ZQ FTS 9151.73113 (33) 1.1523512 (25) 1.5470 (34) 29/ 127 53/53 1.3
ICLAS 9151.73120 (32) 1.1523506 (24) 1.5461 (32) 29/ 127 55/60 1.3
Smith88 9151.732 (3) 1.15239 (9) 1.7 (1) 7.7
l'l.,—Z;r FTS e 9178.52234 (76) 9177.36358 (76) 1.1587520 (73) 1.4381 (14) 21/ /23 33/34 2.0
FTS f 9178.52581 (58) 9177.36190 (58) 1.1639105 (51) 1.6571 (85) 125/ 2222 1.3
ICLAS e 9178.51950 (67)¢ 9177.36069 (67) 1.158817 (11) 1.764 (39) 271 124 47/55 1.9
ICLAS f 9178.52474 (53)% 9177.36080 (53) 1.1639382 (85) 1.780 (31) 126/ 26/26 1.1
Smith88 9178.524 (4) 9177.36 (4) 1.1581 (1) 14
M,-Z; FTS e 9214.2752 (17) 9213.1164 (17) 1.1588425 (24) 2.251 (66) 19/ /17 15/15 2.8
FTS f 9214.2750 (13) 9213.1064 (13) 1.1685768 (23) 2.719 (74) 11l 12/12 1.9
ICLAS ¢ 9214.27320 (73) 9213.11437 (73) 1.1588290 (70) 2.171 (12) 25/ 124 39/42 23
ICLAS f 9214.2757 (10) 9213.1072 (10) 1.168554 (12) 2.607 (24) 122/ 21/22 23
l'I.J—E;r ICLAS ¢ 9223.3335 (56) 9222.1680 (56) 1.16554 (15) —2.62(82) 11//11 9/14 4.1
ICLAS f Perturbed 11/ 0/9
PASS 1 8 ICLAS 9222.2927 (86)" 9223.4680 (86) 9835.164 1.15793 (22) 3.8 (13) 12/ /10 9/15 3.0
EI—ZQ Herm89 9835.1633 (4)" 9835.163 1.157558 (2) 1.586 (2) 29/ 133 61161 15
1'[u—2;r FIS e 9367.74914 (34) 9366.59223 (34) 1.1569090 (31) 1.6419 (52) 25/ 124 43/44 1.1
FTS f 9367.75528 (62) 9366.59331 (62) 1.1619675 (48) 1.7129 (69) 127/ 25/26 1.5
ICLAS ¢ 9367.74908 (61) 9366.59218 (61) 1.1569086 (36) 1.6310 (38) 33/ /30 62/65 2.5
ICLAS f 9367.75542 (67) 9366.59345 (67) 1.1619692 (29) 1.7166 (22) 137/ 33/34 2.1
Herm89 ef 9367.753 (7)' 9366.596 (7) 1.15659 (12) 0.05 (41) 117111 13113 9.6
Smith88 e 9367.760 (4) 9366.603 (4) 1.1566 (1) 9.5
Smith88 f 9367.760 (4) 9366.598 (4) 1.16188 (1) 7.6
Sini80 e 9367.75 (1) 9366.59 (1) 1.1568 (1) 29
Sini80 f 9367.73 (2) 9366.57 (2) 1.1619 (1) 13
Lopa80 f 9367.73 (3) 9366.597 (3) 1.162 (6)
l'lu—Zg+ ICLAS ¢ 9408.8727 (11) 9407.7132 (11) 1.159480 (26) 2.58 (11) 12/ /14 16/24 22
ICLAS f 9408.88537 (73) 9407.71575 (73) 1.1696185 (50) 3.1742 (62) 129/ 26/26 1.9
Sini80 e 9408.88 (2) 9407.72 (2) 1.1592 (4) 23
Sini0 f 9408.87 (4) 9407.70 (4) 1.1700 (3) 19
Pagh 1 ICLAS ¢ 12062.8071 (11) 12063.9824 (11) 12675.678 1.151611 (19) 0.926 (67) 17/18/19 37/45 3.1
E:—Z; Halo93 12675.6769 (40) 12675.6769 (40) 12675.677 1.150961 (42) 1.877 (86) 371135 174
23—23 ICLAS 12363.2709 (22) 1.149120 (27) 3.472 (64) 15/ /21 18/24 43
EI—ZQ ICLAS 12383.0988 (27) 1.14833 (16) 16.8 (19) 19/ 121 15/32 6.6
The results obtained in previous studies are given in italics for comparison: Elid98: Ref. [3], Smith88: Ref. [5], Herm89: Ref. [4], Sini80: Ref. [6], Lopa80: Ref. [7], Halo93: Ref.
[23].
% The lower state rotational constants were taken from [4,18].
b

c

d

-

unit.

¢ The H, constant was included in the fit: H, (¢) =4.21 (39)x 10~ ecm™", H, () =1.34 31)x 10~ cm~".

h

i Same as footnote f. Gy =5.03(6)x 10> cm™.

Difference of the upper and lower vibrational term values of the transition related to the band center: vy = G, — G” + B"I"* — B'I”.
Band center, given only when it differs from AG,.

n: number of transitions included in the fit; N: number of assigned rotational transitions.

¢ Root mean square deviation of the fit in 107> cm™
The e and f subbands were fitted simultaneously — average values of B¢ and B'.

In [4], the parameter values of the upper level were obtained from the analysis of a strong —Zg‘ transition from the ground level, which explains their better
determination. Note the good agreement of the upper vibrational term values.
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Table 2
Rovibrational parameters (in cm™!) of the band of 2C'*CH, centered at 9331.36 cm ™!

G, B, D, x 10°
Ground state® (00000) Zg 0.0 1.148460772 1.556658
Band type Vo G, B, D, x 10° JMAX n/N rms x 10°
PIOIR
Hufzge 9311.3606 (12) 9312.4906 (21) 1.129999 (30) 1.55 (10) 16/ /15 14/25 2.4
Hu—ng 9311.3570 (15) 9312.4930 (15) 1.135989 (49) 3.14 (28) 13/ 11/18 2.6
% The ground state rotational constants are from [22].

by comparison with the predictions of this polyad model the upper level of the X/-II, hot band at

[21], (see Table 3). The vibrational assignment is pro-
vided in terms of the polyad quantum numbers
{Ns:l)l + vy + 03, Nr :501 +3l)2+5U3+U4+U5, k=
L4+ Us, ulg} to which the states belong to, and in terms
of the dominant zero-order vibrational state in their
eigenvector expansion.

The seven II, levels observed between 9000 and
9500 cm ™', belong to the {3, 14, 1, u} which consists
in fifteen levels predicted between 8909 and 9446 cm ™!
[21] while the X level at 9151.731 cm ! belongs to the
{414 0 4™} cluster. The upper level of the two hot bands
are assigned to different clusters: the II, level at
9869.39 cm ! is the first level of the {4 151 g} reported
so far while the 1, level at 9716.92 cm™" is the third le-
vel reported for the {4 151 u} cluster (we detected two
others around 9930 cm ™! as upper levels of I'IL.—Z)g+ tran-
sitions from the vibrational ground state [15]). Finally,

Table 3

9835.16 cm ™! is a level of the {3150 4™} cluster which
was previously detected as upper level of a X 72;“ tran-
sition from the ground level [4] (see Table 1). The situa-
tion is similar for the = level of the {3 150 4"} cluster
observed at 12675.678 cm ™' through a £ -TI, hot band:
it was also observed by excitation from the ground state
[23]. The other two X! levels observed by ICLAS-
Ti:Sapphire at 12363.27 and 12383.10 cm ™' are the first
reported levels of the {5190 u™} cluster.

The vibrational term values predicted by the effective
Hamiltonian model for all the newly observed levels,
shows a good agreement with the observations: the max-
imum deviation is 1.1 cm~' while the average data
reproduction of the effective Hamiltonian was
rms =0.81 cm™' [21]. As showed in Table 3, the agree-
ment is also satisfactory for the principal rotational con-
stant B,.

Comparison of the experimental and predicted rovibrational parameters of the observed levels of C,H, (in cm™!)

Polyad G, B, State® Fraction %°
obs. obs.-pred. obs.? pred.

(3141u} 9086.155 0.5 1.1595 1.159 1111'0° 89
9128.481 0.7 1.1643 1.161 1202217} 30
9178.522 0.1 1.1614 1.164 0120°1" 75
9214.275 0.3 1.1637 1.164 0211'2° 53
9223.334 0.3 1.1655¢ 1.164 0211'2° 32
02117122 57
9367.752 —0.1 1.1594 1.159 2100°11 87
9408.879 13 1.1645 1.165 1200°3! 82
{4140u"} 9151.731 0.4 1.1524 1.152 0310%° 97
{4151 u} 9716.919 1.0 1.1535 1.154 0311'0° 96
(3150u™} 9835.164 —0.4 1.1579 1.158 2010°° 68
0030°%° 30
{4151g} 9869.395 0.3 1.1543 1.155 0310°1! 96
{(5190u*} 12363.271 -0.2 1.1491 1.149 1310%° 27
140117} 52
12383.099 —-1.1 1.1483 1.149 1310%° 51
0501'37! 46
{4200} 12675.678 0.7 1.1516 1.152 1030°0° 71

The calculated values obtained by the effective Hamiltonian model of [21] are tabulated in [3].
* The observed values are the average values of B¢ and B/ listed in Table 1.
® Dominant zero-order eigenfunctions (vi,v2,v3, vf(‘, vf.-f) in the composition of the wavefunction of the observed level, as given by the cluster

model [21,22].

¢ Square of the coefficient of the dominant state in the eigenvector expansion. Only states with a fraction higher than 25% are mentioned.

4 Value of B (B! was not determined).
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5. Conclusion

The present contribution illustrates the advantages of
combining the spectral information provided by ICLAS
and FTS. In spite of the difficulty of absorption experi-
ments in a spectral region where the performances of
both techniques are limited by the sharp decrease of
the sensitivity of silicon detectors, we could observe ele-
ven bands of '>C,H, and cover the whole region of the
{3, 14, 1, u} cluster. Three new bands observed by
ICLAS-Ti: sapphire near 12300cm™' was also re-
ported. The newly observed levels confirm the good pre-
dictive ability of the polyad model of '“C,H, in the
considered energy range.
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