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Abstract

The experimental set-up FANTASIO, for “Fourier trANsform, Tunable diode and
quadrupole mAss spectrometers interfaced to a Supersonic expansIOn” (M. Herman,
K. Didriche, D. Hurtmans, B. Kizil, P. Macko, A. Rizopoulos, and P. Van Poucke,
Mol. Phys. 105, 815 (2007)) built in Brussels has been updated. The turbomolecular
pumping system of the supersonic expansion has been doubled and new mirrors,
with reflectivity 99.999% instead of 99.99%, have been set in the CW-cavity ring
down spectrometer (CW-CRDS) probing jet-cooled molecules. The changes all
together result in a signal to noise increased by up to a factor 10, around 1.5 um.
These improvements are demonstrated with various acetylene data in the 2CH
excitation range, including the assignment of a new sub-band of acetylene-Ar, with
K’-K” = 2-3. The focus is set on the acetylene dimer. Overtone sub-bands, with b- and
a-type structures, are identified for the first time in the literature. The former are
assigned to vibrational excitation in the hat unit of the T-shaped dimer, the latter,
tentatively, to vibrational excitation in both units. The relevance of the overtone

data on acetylene dimers for space remote sensing is highlighted.
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I. Introduction

A vast experimental and theoretical literature was published mainly in the

. 1234567891011 12 13 14 15 11 16 17 18 19 20 21 22 23 24 25 26 27
90’s about acetylene multimers (see e.g. °

2629 %0 318233 34 % %) As a rule, the transition dipole moments in van der Waals
complexes mainly arise from the monomer units and the bands in the complexes
usually lie very close to strong monomer bands. Acetylene multimers were reported
around two infrared bands in the monomer: v,, the cis-bending at 730 cm™' and v,,
the CH asymmetric stretch at 3300 cm™'. Overtone bands in pure acetylene
multimers were so far not reported. Following a preliminary low resolution report
for acetylene-Ar”, overtone bands in mixed dimers containing acetylene were
recently detected in a supersonic expansion, under sub Doppler conditions. These
dimers are of acetylene with Ar”, CO,” and N,0". The related acetylene monomer
transition is v +v, (with v, the symmetric CH stretch), with origin at 6556.46 cm™ *' *,
It will be further referred to here as 2CH excitation. These experiments were
performed in Brussels using the FANTASIO set-up (for “Fourier trANsform,
Tunable diode and quadrupole mAss spectrometers interfaced to a Supersonic

43 44 45

expanslOn”). CW-cavity ring down spectroscopy (CW-CRDS) was the detection

technique.
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While recording acetylene-Ar, other, larger absorption features were observed
in the spectra. Contrary to all three assigned acetylene-Ar sub-bands in the range
investigated which show resolved structure®, only few of these absorption features
showed separate lines or clumps of lines. One of them was tentatively attributed to
the pure acetylene dimer*. Other broader spectral features have not been reported
in the literature, yet. Further evidence was brought for the formation of acetylene
multimers in the expansion from very specific monomer line profiles. Indeed a
central dip appears in the acetylene monomer line profile when using axisymmetric
nozzles. These dips were observed in both acetylene-Ar and pure acetylene
expansions. They were attributed to the decrease in monomer absorption due to

condensation in the central part of the conical expansion, among other reasons * *.

We have since modified FANTASIO. The pumping efficiency has been
improved and higher performance mirrors have been installed in the CW-CRDS
spectrometer. These changes are presented and illustrated in section II. The
resulting set-up, named FANTASIO+ has been used to record new spectra using
acetylene seeded in various rare gas expansions. The experimental results presented
in section III are exploited to assign the carriers of the broad spectral features to
acetylene multimers. These are identified and the bands are assigned in section IV.
The results are discussed and put in the perspective of remote sensing in section V,

before concluding.
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II. FANTASIO+

FANTASIO was described previously in the literature”. Relevant to the
present investigation are the CW-CRDS spectrometer and the supersonic expansion.
Only their main features are recalled in this section, and the changes highlighted.
The reader should note that the detailed experimental conditions for the spectra
that will be presented are indicated in the figure captions and not detailed in the
text. Acetylene was from Air Liquide (99.6 % purity) and used without further
purification. The many strong lines from the monomer (“C,H, or “CH"CH)

appearing on the spectra are not identified in the Figures.

A. Supersonic expansion

In the new set-up, named FANTASIO+, the free supersonic jet expansion is
produced using two identical, large turbomolecular pumps (Leybold MAG W3200
CT; 3200 I/s). They are teflon coated and backed by an Alcatel ADS 860 HII group.
The previous system had only one of these, with the same primary pumps. Both
turbomolecular units are directly mounted below the cylindrical expansion cell,
about 32 cm in diameter. The Y connection matches the identical pump and cell
diameters. The reservoir (p,) and residual (p.) pressures are measured using MKS
Baratron gauges (1000 and 1 torr full scale, respectively). The acetylene and carrier

gas flows are measured using MKS and Brooks flowmeters (10000 and 50000 sccm

5
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full scale, respectively —-SCCM denotes cubic centimeter per minute at STP). The
reservoir pressure is now typically 100 kPa, as opposed to 50 kPa before, for similar
residual pressures, of the order of 1 Pa. Thanks to the increased pressure ratio and
flow rates, the signal to noise ratio (S/N) is boosted. This is illustrated in Figure 1.
Spectra of C,H,-Ar recorded with one and two turbomolecular pumping units are
shown in panels (1) and (2), respectively. The comparison demonstrates an increase
of a factor 2 in the S/N. As another consequence, He and Ne could be used as carrier
gases, in addition to Ar, while overriding the pump capacity before. A wider range of
experimental degrees of freedom is thus made available. This will be exploited in

section III.

B. CW-CRDS spectrometer

The general features of the CW-CRDS spectrometer, directly inspired by the
developments from Romanini and coworkers” ®, are unchanged in FANTASIO+.
DFB tunable diode lasers (TDL) emitting in the 1.5 um range (e.g. ILX lightwave, 1
MHz linewidth) are used. The TDL beam is sent through an optical isolator
(Thorlabs 4015 5AFC-APC) and then split by a coupler (Thorlabs, 10 202A-99-APC).
Some 1% of the light intensity is sent via a fiber collimation package (f=8 mm) into a
home-made Fabry-Pérot interferometer made of two 50% reflectivity flat mirrors
positioned on an Invar bar. This etalon provides a FSR of about 955 MHz. The

remaining 99% of the light is focused by a fiber collimation package (f=4.5 mm) onto
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an acousto-optical modulator (AOM) from AA Opto-Electronic (MGAS 80-Al). The
first order diffraction from the AOM is injected into the TEM,, mode of a linear ring-
down cavity through two lenses (f;=30 mm, f,=50 mm) and two steering mirrors. The
cavity is composed of two concave mirrors (Radius = 1000 mm), separated by about
540 mm. The output mirror is mounted on a piezo actuator (Piezomechanik HPST
1000/15-8/5). The light exiting the cavity is focused through a lens (f=20 mm) on a
photodiode. The light detection system from FANTASIO was modified and is

described later in this section.

For ring-down detection, the piezo actuator is driven at a selected frequency
(typically 500 Hz) and cavity mode matching with the laser is achieved at twice the
selected frequency. The AOM is switched off as soon as the cavity mode intensity
attains a threshold value. The same event triggers the measurement procedure of
the ring-down decay. This procedure is controlled by the same home-made
electronics as before. The ring-down decays are sampled by a PCI-6251
multifunction data acquisition card, with 16bit 1.25 MHz analog-to-digital
converter. The acquisition is PC driven by home-made software written using
LabVIEW. Each ring-down exponential decay is fitted by a procedure based on the
nonlinear Levenberg-Marquardt method. The absorption coefficient « is directly

calculated using *:
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a=(v-v,)~ (1)

in which v, is the ring-down decay frequency in an empty cavity (i.e. without
absorber), L and [ are respectively the lengths of the cavity and the absorption path
in the medium and c is the speed of light. The TDL frequency can be continuously
tuned by sweeping the temperature using a home-made PID stabilizer. The
temperature tuning from about 60 °C to -5 °C corresponds approximately to the

6534 to 6570 cm™' spectral range when using the diode mentioned earlier.

The most significant difference from FANTASIO is the typical ring-down time. It was
between 15 and 20 us in our previous experiments. It has been increased to some 120 ps, using
a new set of mirrors (Layertec). Their measured reflectivity is R = 99.9985%. The
number of passes has been extended from about 8300, previously, to 66000 now.
When using a slit 1 cm long (and 30 um wide), as in the present version of

FANTASIO+, the effective absorption path in the cooled gas is 660 m.

As an effect of the very high reflectivity of the new cavity mirrors the typical
light power leaking out of the cavity has significantly decreased. A new detection
system comprising a Hamamatsu InGaAs PIN photodiode (G8376-03) connected in
photoconductive mode with a three-stage readout circuit is employed to record ring-
down transients reliably. In the readout circuit a JFET-input stage operational
amplifier (OPA657) connected as a wideband transimpedance amplifier is used. The

second stage amplifier (OPA843) provides additional adjustable gain and offset. A
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fully-differential amplifier (THS4503) for single-ended to differential conversion
drives the analog-to-digital converter. Low-pass filtering is set so that 1 pus small-
signal pulses can be satisfactorily resolved. Careful attention has been given to

circuit-board layout to minimize leakage current and parasitics.

As an illustration of the results, the spectrum in panel (3) in Figure 1 was
recorded using the updated spectrometer, in addition to the two pumps used for
panel (2). Spectra in Figure 1 were recorded at different stages of the development of
the set-up. The slit length and therefore the flow rates, in particular, were modified.
Accounting for these variations, the S/N is improved by a factor of about 5 between
panels (2) and (3). The intensity scale was multiplied by the required factor (1.5) in
panel (3), to achieve comparable visual noise level to panel (2). The gain from the
pump doubling, demonstrated from panel (1) to (2), was about 2. The overall gain in
S/N  between FANTASIO and FANTASIO+, comparing regular operational

conditions, is thus about 10. The present o ., approximated as S/N = 2/1 and

calculated for 1 cm absorption path under the slit nozzle, is calculated to be 3.18 10
cm™'. This significant improvement will be fully exploited when getting to the

detailed rotational analysis of the spectral features. This step is, however not

achieved in this investigation, yet.

III. Experimental results
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The spectral range of interest to the present investigation is from 6534 to
6565 cm'. Thanks to the increased pumping capacity, acetylene spectra could be
recorded using various carrier gases and nozzle geometries. This is illustrated in
Figure 2. The spectrum in the middle panel was recorded with Ar and a slit nozzle.
The one in the top panel was recorded using Ne and an axisymmetric nozzle. As
pointed out in the previous section, the use of Ne was previously limited by the
single pump capacity. Despite the double pumping scheme, a circular nozzle of
reduced diameter (150 microns) had still to be used when recording the spectrum
with Ne. The comparison in Figure 2 demonstrates that numerous spectral features
are observed independently of the carrier gas. They can therefore reliably be
assigned to acetylene multimers. Their appearance may actually vary from one
carrier gas and nozzle type to another because of different cooling conditions. These
bands, listed in Table 1, thus provide definite evidence for the existence of pure

acetylene weakly bound molecular complexes in the overtone spectral range.

Multimer production using FANTASIO+ appears to be optimal when using Ar
as a carrier gas, compared to Ne and He. Unfortunately, acetylene-Ar bands are also
strong and new sub-bands compared to our previous report™ are observed on the
spectra recorded using FANTASIO+. They are often overlapped with multimer
bands creating severe identification problems whenever focusing on more structured

spectral features, in particular.

We attempted to discriminate the molecular carrier of the bands by varying

the experimental conditions. The related spectra were actually recorded using the

10
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two pumping units before the new CW-CRDS system was installed. They
nevertheless provide the relevant information and are used in this section. A
spectral range showing only previously unidentified absorption features is selected
in Figure 3. The amount of carrier gas (Ar) was kept constant while changing the
flow of acetylene by up to a factor 3, from bottom to top in this Figure. For some of
the features, including most of the well resolved lines, the intensity decreases when
adding acetylene. This response to experimental changes is found to characterize all
known acetylene-Ar sub-bands. This is illustrated with the known K-K” = 2-1 sub-
band® in Figure 4, which shows another section of the same three sets of spectra
presented in Figure 3. Most of the resolved features in Figure 3 are thus from
acetylene-Ar. They turn out to be the K’-K” = 2-3 sub-band, not previously reported,
with the P branch forming the band head at 6548.417 cm™' and the @ branch
starting at 6548.792 cm™'. The upper K’ = 2 sub-state was already observed through
the 2-1 sub-band and found to be perturbed®. Band simulations not further detailed
here demonstrate that the lower K” = 3 sub-state, not previously reported, is also
perturbed as could be predicted from literature results concerning K” =2 *. A more
detailed analysis of the acetylene-Ar sub-bands revealed by FANTASIO+ is under

way and not further detailed in this report.

The trend when varying pressure conditions is different for other
spectral features such as the broad absorption at 6546.5 cm™' appearing in Figure 3.
The band intensity indeed increases when doubling the acetylene flow rate. We

checked that this other behavior characterizes all bands listed in Table 1 that could

11
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be assigned to acetylene multimers. It is interesting to notice that the growing of the
multimer bands with increasing acetylene flow rate stops when tripling the
acetylene concentration, as shown in the top panel of Figure 3. This trend probably
corresponds to the decrease in cooling efficiency and therefore in multimer
production. The final experimental conditions were accordingly adapted and fine

tuned, depending if investigating acetylene-Ar or acetylene multimers.

The present comparison provides more detailed insight than the one between
Ne and Ar carrier gases in Figure 2. It can e.g. be checked that weaker resolved lines
and unresolved clumps appearing in the middle of the acetylene-Ar sub-band in
Figure 3 between 6548.4 and 6549.0 cm™', are behaving similarly as the broad

feature at 6546.5 cm™'. Their carrier is thus identified to an acetylene multimer.

IV.Assignment of multimer bands

We focus now on the multimer spectral features. We attempted various

" and tetramer".

simulations using literature constants for the dimer”, trimer’
Colin Western’s PGOPHER program® was used. Although reasonable match could
be achieved for specific bands with the larger aggregates constants, none agreed as
well as the one presented in Figure 2, at the bottom. This simulation uses b-type

selection rules, involving an upper state of B, symmetry, for a rigid T-shaped

structure in a C,, group symmetry. The comparison definitely identifies the pure

12
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acetylene dimer as the carrier. The match is impressive, accounting for almost all
sub-bands assigned to multimers. These are identified using the conventional

*AJ ..(J ") notation in both Figure 2 and Table 1. We did not include tunneling

effects" in the simulation. We only accounted for the 1:3 intensity alternation
expected for a rigid-type molecule. Previous investigation of mixed acetylene dimers,
with CO,”, N,O* and Ar”, demonstrated extensive perturbations in this 2CH
excitation range. They are further confirmed with the K-K” = 2-3 sub-band in
acetylene-Ar briefly discussed in the previous section. For the pure dimer, one can
check in Figure 2 that several of the sub-band origins are not properly reproduced.
More detailed comparisons confirm the existence of perturbations compared to rigid-
asymmetric top-type predictions. The detailed analysis of the overtone pure
acetylene dimer bands will require a dedicated investigation. The constants used for
the simulation, listed in Table 2, are thus approximate and preliminary. Those of
the ground state in this Table correspond to the mean value of the three sets
published in their Table VI by Fraser and coworkers'. Only the most influent
parameters on the band contour simulation were considered. The upper state
constants were adjusted empirically for optimal match with the various broader

dimer structures.

One additional broader feature is apparent in Figure 2, with prominent @ and
R branches around 6538.3 and 6539.5 cm™', respectively. It is not accounted for in
the simulation of the dimer structure just discussed. We first checked that v,+v, was
the only band in the monomer in the range investigated. We then attempted

13
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simulations of the observed band contour using rotational constants based on
ground state rotational constants. We again started with trimer and the tetramer
literature constants. Reasonable match could be achieved in both cases. But, again,
the comparison with the dimer was strikingly convincing. It is presented in Figure 5
(top). This time, however, a-type selection rules are required in the simulation,
involving an upper state of A, symmetry. The upper state constants obtained
similarly as for the b-type band are listed in Table 2. To optimize the comparison, a-
and b-type structures contributing to the spectral features in the range covered in
Figure 5 were overlapped (middle). The b-type “Q,(J) sub-band, already mentioned to
be perturbed, were red-shifted by 0.34 cm™' in the simulation to improve the
agreement. The same shift was applied to the weaker “Q,(J) and Q. (J) subbands.

Only the ’Q,(J) sub-band is visible among the a-type absorption feature.

V. Discussion

The dimer is known to be planar, T shaped *° *, thus with perpendicular “hat”
and “body” acetylene monomer units. We shall hereafter label these units 1 and 2,
respectively, as indicated in Figure 6. The b-type structure we have reported in the
pure dimer, which was simulated in Figure 2, is typical of all acetylene mixed

38 39 40

dimers . The 2CH excitation (v,+v, in the monomer) is along the b-axis of inertia

that is located in unit 1 for the pure dimer.

14
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The origin of the a-type band (6538.3 cm™'), which only occurs in the pure
dimer, is red-shifted compared to the b-type one by about 8 cm™' (6547.6 cm™). The
same shift was found to occur in the 3 um, 1CH (v,) band between the similar a- and
b-type excitation bands". It is likely to be due for both 1CH and 2CH excitations to
the encaged nature of the C-H bond of unit 2 making the van der Waals bond with
unit 1 (see Figure 6). The movement of this CH bond is restricted and the
vibrational frequency is reduced. If correct, this statement should also apply to the
other, symmetric CH vibration, i.e. v, in the monomer. Such a reduction in both CH
fundamentals is predicted by ab initio calculations®. So, if the 2CH a-type excitation
entirely occurred in unit 2, one should expect the a-type band origin to be red-shifted
compared to the b-type one by roughly twice as much as for v, in the 1CH range, i.e.
about 16 cm™'. Since shifts are almost identical, i.e. about 8 em™, it looks as if the
2CH excitation giving rise to the a-type band occurred in different acetylene units.
The asymmetric CH excitation (similar to v, in the monomer) takes place in unit 2; it
is responsible for the band strength and selection rules. The symmetric excitation
(similar to v, in the monomer) occurs in unit 1; it presents the same frequency
parameters as in the other, b-type excitation. This explanation, however, does not

account for any possible change in x,,, the mixed anharmonicity parameter. Nor does

12
it account for any modification in the strength of anharmonic resonances in
monomer and dimer structures, also responsible for the values of the band origins.
Unfortunately, the rotational constants listed in Table 2 are not very helpful in this
problem. As for v, ", indeed, the asymmetric top rigid-type Hamiltonian we have

15

URL: http:/mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics Page 16 of 37

used is not adequate and the upper state rotational constants cannot be reliably
compared. The present assignment in terms of mixed excitation in the two acetylene
units is only based on the shift of the vibrational band origins. It remains tentative.
If ever confirmed, it would probably be the first such case to be reported, for any van

der Waals dimer.

The present results account for the multimer bands revealed thanks to the
increased performances of FANTASIO+. Aggregates larger than the dimer seem
therefore not to be observed on the spectra we have recorded. Much larger pressure
ratios p/p. were usually associated to their observation in the lower IR region in the
literature, usually with He as carrier gas and sometimes with pulsed injection
systems. Nevertheless, we were able to observe larger multimers with the previous
FANTASIO set-up around 3 pm using Ar”, thus before adding the second
turbomolecular pump. Their absence could therefore indicate their fast
predissociation in the presently investigated, 2CH excitation range. This is thus not

the case with dimers.

The optimal temperature for the simulations was found to be T,, = 20 K.
Lines from all relevant //K states were included in the simulation. We convolved
the Doppler line profile for T, = 20 K with a Lorentzian profile. The optimal FWHM
was found to be 0.015 and 0.075 cm™ for b- and a-type transitions, respectively.
These values are much larger than for acetylene-Ar in the same range. In this mixed
dimer, the widths for unperturbed lines were determined to be 7 10 cm™ FWHM,

corresponding to a mean half-time of 7.5 ns*. The wider profiles in the pure dimer

16

URL: http:/mc.manuscriptcentral.com/tandf/tmph



Page 17 of 37 Molecular Physics

©CoO~NOUTA,WNPE

indicate a much smaller lifetime. It is even five times shorter in the A, upper state,
corresponding to vibrational excitation in unit 2, than in the B, state involving unit
1 excitation. However, the present values result from the analysis of band contours
with strong line overlap. They need to be confirmed from a detailed line analysis. In
any case, the present results demonstrate that this problem does not prevent the

pure dimer species to be monitored and detected in situ, around 1.5 um.

Acetylene is observed in numerous outer environments such as comets™ * * |

planetary ” * (including Earth” * and Titan®) and stellar” * * atmospheres, and the

65 66 67 20

interstellar medium % % Some of the laboratory experiments’® * report the
observation of acetylene dimers under temperature conditions are not that different
from those on Titan for instance. Furthermore, pressure conditions in some outer
environments such as Titan are in favor of the formation of aggregates, as

specifically investigated in *. It is therefore not unlikely that acetylene dimers be

formed in space.

Portable spectrometers are nowadays becoming available in the NIR spectral
range” ", often providing significantly increased sensitivity compared to mid IR
remote sensors. The telecom DFB diode laser spectral range, around 1.6 um, as
presently used, is of specific relevance for space detection. These lasers are fibered,
portable and can indeed be associated to ultra high sensitivity techniques as the one
used in the present investigation. This increased detection sensitivity, compared to

typical FTIR sensors compensates for the smaller band strength of overtone and

combination bands in the NIR region, compared to fundamental bands in the lower

17
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IR. In addition, thanks to increased contribution of anharmoncity parameters, the
stronger overtone vibrational bands, involving multiple CH excitation for instance,
are usually more separated from one species to another in the overtone range, thus
decreasing overlapping problems and making the band search easier. Finally, we
have now demonstrated that pure acetylene dimers can be observed and
spectroscopically characterized at high vibrational excitation energies, around 2CH
stretches. The NIR region therefore provides an appealing alternative for remote

sensing of the pure acetylene dimers in space.

VI.Conclusion

The FANTASIO set-up developed in Brussels was modified by including a
second turbomolecular unit to produce the expansion. As a result, carrier gases
other than Ar could be used, with also more flexibility in the nozzle sizes and
designs. The CW-CRDS spectrometer probing jet-cooled molecules was also updated
by using a significantly more reflective set of mirrors in the cavity around the free
jet. The performances of the resulting FANTASIO+ set-up were illustrated using
various acetylene data. A newly reported sub-band in 2CH, “C,H,-Ar (K-K” = 2-3)
was presented. Sub-bands of the pure acetylene dimer could be assigned, again in
the 2CH excitation range, to b- and a-type transitions. The latter could possibly

correspond to single CH excitation in each of the monomer units.

18
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This report thus definitely assesses the existence of pure acetylene dimers in
the 2CH, overtone spectral region. It opens up room for more detailed spectroscopic
investigation for both pure and mixed acetylene dimers, and probably of other

species relevant for space remote sensing.
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Figure captions

Figure 1: CW-CRDS jet-cooled spectrum of a mixture of “C,H, and Ar around 6548.5 cm™".
The initial FANTASIO set-up was used for the spectrum presented in panel (1), then
updated with a second turbomolecular pump in panel (2) then with the more reflective
CRDS mirror set in panel (3). The intensity scale was multiplied by a factor 1.5 in panel (3)
to reflect the gain in the S/N level, compared to panel (2) (see text). The slit nozzle was 14 X
0.03 mm (1); 30 X 0.015 mm (2); and 10 X 0.03 mm (3). The experimental conditions are 1%

C,H, in 99% Ar; p/p.. = 81000/3.3 Pa (1); 151000/2.1 Pa (2); and 129000/1.6 Pa (3).

Figure 2: Absorption features recorded using FANTASIO+, with ”C,H, seeded in Ne (top)
and Ar (middle) using adapted nozzle geometries. The spectrum of the pure acetylene dimer

simulated using b-type selection rules is presented at the bottom (see text for further

details). The central @ branches are identified according to the usual notation ** AJ ..(J ).

Flow and pressure conditions: C,H/Ne 184/1118 sccm/min, p/p. = 322000/0.5 Pa,
axisymmetric nozzle, 150 um diameter (top); C,H,/Ar 185/2929 sccm/min, p/p.. = 126000/2.5

Pa, slit nozzle 10 X 0.03 mm (middle). T , = 20 K in the simulation.

Figure 3: Portion around 6548 cm™' of the CW-CRDS jet-cooled spectrum of a mixture of
“C,H, and Ar recorded using the same injection flow rate of Ar and acetylene flow rates
increasing in the ratio 1 (bottom), 2 (middle) and 3 (top). The initial FANTASIO
spectrometer was used with, however two turbomolecular pumping units. The slit nozzle
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was 30 X 0.015 mm. Flow and pressure conditions: C,H/Ar 98.4/4882 sccm/min, p/p. =
146000/1.9 Pa (bottom); C,H/Ar 196.8/4882 sccm/min, p/p. = 147000/1.6 Pa (middle);

C,H,/Ar 290/4882 sccm/min, p/p. = 149000/1.9 Pa (top).

Figure 4: Portion around 6560 cm™' of the CW-CRDS jet-cooled spectrum of a mixture of
“C,H, and Ar recorded using the same injection flow rate of Ar and acetylene flow rates
increasing in the ratio 1 (bottom), 2 (middle) and 3 (top). The initial FANTASIO
spectrometer was used with, however the two turbomolecular pumping units. The slit nozzle
was 30 X 0.015 mm. Flow and pressure conditions: C,H/Ar 98.4/4882 sccm/min, p/p. =
146000/1.9 Pa (bottom); C,H/Ar 196.8/4882 sccm/min, p/p. = 147000/1.6 Pa (middle);

C,H,/Ar 290/4882 sccm/min, p/p.. = 149000/1.9 Pa (top).

Figure 5: Bottom: CW-CRDS jet-cooled spectrum of a mixture of “C,H, and Ar recorded
using FANTASIO+. Top: Spectrum of the pure acetylene dimer simulated using a-type
selection rules. Middle: Spectrum of the pure acetylene dimer simulated using a- and also

b-type selection rules; The b-type AK = —1 sub-bands with K” = 3 to 5 are included. The

branches are identified according to the usual notation “* AJ «(J"). Flow and pressure

conditions are identical to those of Figure 2 (mid panel). T, , = 20 K in the simulations.

Figure 6: T-shaped structure of the pure acetylene dimer, with principal axes of inertia.
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Table legends

Table 1: Positions (cm™') of the acetylene dimer @ branches observed in the 2CH
spectral excitation range. The sub-bands are identified according to the usual

notation **AJ ,..(J ").

Table 2: Constants used to simulate spectral structures attributed to (°C,H,), in the
NIR spectral range.

* adapted from Fraser et al."' (see text).
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Table 1
a-type b-type
‘R | Q) | QW) | Q) | QL) | Q) | QL) | Q)
6538.29 | 6541.80 | 6544.14 | 6546.51 | 6548.84 | 6551.11 | 6553.43 | 6555.70
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Table 2

Molecular Physics

Ground state ® B, state A, state
Origin (cm™) 0 6547.58 6538.32
A (MH)) 35282 36000 35250
B (MH,) 1913.29003 1900 1904
C (MH)) 1798.60956 1810 1795
A, (MH,) 2.3341 2.3341% 2.3341%

* Constrained to the ground state value.
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Figure 1: CW-CRDS jet-cooled spectrum of a mixture of 12C2H2 and Ar around 6548.5 cm-1. The
initial FANTASIO set-up was used for the spectrum presented in panel (1), then updated with a
second turbomolecular pump in panel (2) then with the more reflective CRDS mirror set in panel
(3). The intensity scale was multiplied by a factor 1.5 in panel (3) to reflect the gain in the S/N
level, compared to panel (2) (see text). The slit nozzle was 14 X 0.03 mm (1); 30 X 0.015 mm (2);
and 10 X 0.03 mm (3). The experimental conditions are 1% C2H2 in 99% Ar; p0/px = 81000/3.3

Pa (1); 151000/2.1 Pa (2); and 129000/1.6 Pa (3).
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Figure 2: Absorption features recorded using FANTASIO+, with 12C2H2 seeded in Ne (top) and Ar
(middle) using adapted nozzle geometries. The spectrum of the pure acetylene dimer simulated
using b-type selection rules is presented at the bottom (see text for further details). The central Q
branches are identified according to the usual notation . Flow and pressure conditions: C2H2/Ne
184/1118 sccm/min, p0/po = 322000/0.5 Pa, axisymmetric nozzle, 150 um diameter (top);
C2H2/Ar 185/2929 sccm/min, p0/pwo = 126000/2.5 Pa, slit nozzle 10 X 0.03 mm (middle). Trot =
20 K in the simulation.
254x190mm (96 x 96 DPI)
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Figure 3: Portion around 6548 cm-1 of the CW-CRDS jet-cooled spectrum of a mixture of 12C2H2
and Ar recorded using the same injection flow rate of Ar and acetylene flow rates increasing in the

ratio 1 (bottom), 2 (middle) and 3 (top).

however two turbomolecular pumping units.

The initial FANTASIO spectrometer was used with,
The slit nozzle was 30 X 0.015 mm. Flow and pressure

conditions: C2H2/Ar 98.4/4882 sccm/min, p0/pe = 146000/1.9 Pa (bottom); C2H2/Ar 196.8/4882
sccm/min, p0/po = 147000/1.6 Pa (middle); C2H2/Ar 290/4882 sccm/min, p0/px = 149000/1.9

Pa (top).
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33 Figure 4: Portion around 6560 cm-1 of the CW-CRDS jet-cooled spectrum of a mixture of 12C2H2
34 and Ar recorded using the same injection flow rate of Ar and acetylene flow rates increasing in the
35 ratio 1 (bottom), 2 (middle) and 3 (top). The initial FANTASIO spectrometer was used with,
36 however the two turbomolecular pumping units. The slit nozzle was 30 X 0.015 mm. Flow and
37 pressure conditions: C2H2/Ar 98.4/4882 sccm/min, p0/pe = 146000/1.9 Pa (bottom); C2H2/Ar
38 196.8/4882 sccm/min, p0/po = 147000/1.6 Pa (middle); C2H2/Ar 290/4882 sccm/min, p0/px =
39 149000/1.9 Pa (top).
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Figure 5: Bottom: CW-CRDS jet-cooled spectrum of a mixture of 12C2H2 and Ar recorded using
FANTASIO+. Top: Spectrum of the pure acetylene dimer simulated using a-type selection rules.
Middle: Spectrum of the pure acetylene dimer simulated using a- and also b-type selection rules;
The b-type sub-bands with K” = 3 to 5 are included. The branches are identified according to the
usual notation . Flow and pressure conditions are identical to those of Figure 2 (mid panel). Trot =
20 K in the simulations.
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Figure 6: T-shaped structure of the pure acetylene dimer, with principal axes of inertia.
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