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CAS – The Center for Astrochemical Studies

Caselli & Ceccarelli A&ARv 2012
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Laboratories @ CAS

Molecular Spectroscopy for Radioastronomy

⇓

Gas–Phase High Resolution Rotational/Ro–Vibrational
Molecular Spectroscopy for Radioastronomy
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Gas-Phase Spectroscopy at CAS

▶ Stable (COMs) and reactive (ions and radicals) species
▶ Isotopologues characterisation
▶ THz extension of low-frequency experiments
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Back to Basics – Spectroscopy 101

ELECTROM. 
SOURCE DETECTORRADIATION-MATTER 

INTERACTION
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Spectroscopy at CAS

▶ SOURCE:

▶ CW in FM from multiplication/amplification of a cm-wave source
▶ Broadband Chirped-pulsed, eventually multiplied/amplified – CP-FTS

▶ GAS RESERVOIR:

▶ Waveguides
▶ Absorption Cells – CASAC
▶ Supersonic free-jet expansion chamber – CASJet

▶ DETECTORS:

▶ Room temperature Schottky diodes
▶ InSB Bolometers (“wet” and “dry”)
▶ FTS heterodyne systems
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CASAC – Absorption Cell
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AMC: amplifier/multiplier chain 
LIA: lock-in amplifier

Several cells are available: 
• static cell
• discharge cell
• pyrolysis cell
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CASAC Experiment – then/now

▶ Schottky-based active/passive multiplier chain (Virginia Diodes Inc.)
▶ 80 GHz – 1.1 THz =⇒ extended to 1.6 THz

▶ Three absorption cells:
▶ Discharge glass tube (3m-long x 5cm-diameter)
▶ Pyrolysis glass tube (3m-long x 5cm-diameter)
▶ Static Cell (2.5m-long x 10cm-diameter)

▶ DC discharge (2kW) & solenoid (up to 350 Gauss)
▶ N2L cooling of the cell
▶ Pyrolysis oven up to 1500 °C
▶ Single and double–pass arrangement
▶ Cryogenic InSb (QMC) and Schottky diode (Virginia Diodes Inc.) detectors

Dry cryogenic InSb system w/ cryocompressor
▶ Diffusion (VHS-6 Agilent) & mechanical (Edwards E2M40) pumps
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CASAC Experiment
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CASJet – Molecular Jet Experiment

▶ Supersonic free-jet expansion

▶ Rotationally cooled molecular beam (as low as ∼10 K)

▶ Pulsed valve (Series 9, Parker Hannifin), 1mm-diameter aperture

▶ Large diffusion + mechanical pumps (chamber pressure down to

10−6–10−7 Torr)

▶ Same source + detector as CASAC (80–1600 GHz / 4–0.2 mm)

▶ High-voltage (up to ∼1.8kV) DC nozzle

▶ Heating nozzle (up to ∼300 °C)

▶ Stabilisation in the “zone of silence”
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CASJet Experiment

III Chilean Astrochemistry School Sulphur Spectroscopy



CASJet Experiment

5.1. THE FREE UNIT JET EXPERIMENT 51

window on the opposite side of the roof-top mirror, interacts twice with the gas, and

finally reflects back outside the chamber to the detector (see Figure 5.5).

The double interaction of the radiation with the molecular beam causes the typical double-

peaked line shape of each rotational transition, resulting from the Doppler shift of the

absorption frequency with the radiation going forward (blue-shift) and backward (red-

shift). This so-called double-pass coaxial arrangement permits to better distinguish the

sample absorption lines from the noise and instrumental spikes.

Figure 5.5: Double-pass coaxial arrangement (credit: C. Deysenroth).

The main radiation source is a frequency synthesiser (Keysight E8257D) synchronised to a

10 MHz rubidium frequency standard (Stanford Research Systems) for accurate frequency

and phase stabilisation. The radiation from the synthesiser is then coupled to a Virginia

50 CHAPTER 5. ROTATIONAL SPECTRUM OF CH3NCS

Figure 5.3: Schematic representation of the high voltage DC nozzle ( 2 kV) for the production of
reactive species and of the pulsed valve (Series 9, Parker Hannifin) with a 1 mm-diameter orifice (credit:
C. Deysenroth).

Figure 5.4: Schematic representation of an adiabatic gas expansion. The figure is based on Reference
[55].
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gas flow

52 CHAPTER 5. ROTATIONAL SPECTRUM OF CH3NCS

Diodes (VDI) solid state Active Multiplier Chain (AMC), which allows for very good

frequency agility and full coverage of the 75-1100 GHz frequency range (see Figure 5.6).

The signal, after interacting with the molecular plasma, is then detected by a liquid-He

cooled InSb hot electron Bolometer (QMC Instruments Ltd.). Frequency Modulation

(FM) is achieved by modulating the carrier signal with a sine-wave at a rate of 30 kHz.

The output is processed by means of a lock-in amplifier (MFLI, Zurich Instruments)

tuned to twice the modulation frequency, thus resulting in a second derivative profile of

the absorption signal recorded by the computer-controlled acquisition system.

Figure 5.6: Geometric arrangement of AMC box, Teflon window and HDPE lenses for high transmission
in mm- and sub-mm range.

5.2 The Chirped-Pulsed Microwave Spectrometer

Recent advances in high-speed digital electronics permitted the development of broadband

spectrometers for microwave spectroscopy. Among these, the broadband Chirped Pulse

Fourier Transform Microwave Spectrometer (CP-FTMW) [58, 59, 60], implemented in

conjunction with the Free Unit Jet at MPE, represents a promising tool for recording

rotational spectra with time resolution (see Figure 5.7). By increasing the shot-by-shot

bandwidth of Fourier transform microwave spectroscopy from⇠ 0.5 MHz to > 10 GHz, the

CP-FTMW technique has thus increased the rate at which broadband spectral information

can be acquired in the microwave region by orders of magnitude [59, 58]. Furthermore,

when combined with the chamber described for the Free Unit Jet, the pulsed microwave
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CP-FTS

Broadband Chirped-Pulsed Fourier Transform Spectrometer

▶ 6–26 GHz (20 W and 4 W) / 75–110 GHz (250 mW) / 160–220 GHz (∼2 mW)
▶ Detector noise figures: 6dB @ 26 GHz, 5dB @ 90 GHz, 15-20dB @ 200 GHz
▶ 5 GHz Arbitrary Waveform Generator (Keysight M8190A)
▶ FID recorded w/ 25 GHz scope or 2.5 GHz digitiser card
▶ 2 active x6 multiplier to reach 3mm band
▶ Mixer with sub-harmonically pumped 3mm local oscillator to reach 2mm

band

▶ Ideal for dense and/or uncertain spectra
▶ Movable and flexible system
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CP-FTS
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Some results from the past...
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Protonated OCS: what is known

▶ OCS large proton affinity (632 kJ/mol)
▶ Isoelectronic with HOCO+

▶ N(HSCO+) may be comparable with N(HOCO+)

Fock & McAllister, ApJL 1982

▶ Two stable isomers: HSCO+ and HOCS+ (∼21 kJ/mol higher)
▶ HSCO+: Þa = 1.57 D / Þb = 1.18 D
▶ HOCS+: Þa = 1.52 D / Þb = 1.64 D

Wheeler +, JCP 2006

▶ Higher energy isomer detected in the lab by Ohshima & Endo (CPL 1996)
▶ Laboratory HSCO+ detection in 2007

McCarthy & Thaddeus, JCP 2007

III Chilean Astrochemistry School Sulphur Spectroscopy



HSCO+: Experiment

▶ CASAC experimental conditions:

▶ ∼20 mTorr of OCS (10 %) + H2 (10 %) + Ar
▶ Cell at –90◦C
▶ Single-pass arrangement
▶ “Anomalous” discharge conditions:

DC = 5mA / 1.5 kV and magnetic field = 200 G

▶ CASJet experimental conditions:

▶ 0.3% OCS in H2

▶ Valve open for 1 ms pulsing at 15 Hz
▶ Discharge at 1.5 kV
▶ Pressure in chamber few 10s of ÞTorr
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HSCO+: Experimental spectrum
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Lattanzi+, A&A 2018
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CP-FTS + CASJet: First test on ions

▶ CP-FTS coupled to CASJet
▶ DC @ 1.5 kV w/ 0.3% OCS in H2

▶ N(HSCO+)/N(OCS) ≈ 3×10−4
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HCSSH: dithioformic acid

▶ Sulphur analogue of formic acid, HCOOH

▶ CS2 proposed as a major sink of sulphur on dust and ice analogues

e.g. Jiménez-Escobar+ 2014

▶ CS2 found in comets, both in comas (visible and UV emission) or in situ

Calmonte+ 2016

▶ CS2 still undetected in interstellar ices and not detectable by radiotelescopes

▶ First detection of single substituted formic acid HC(O)SH

Rodríguez-Almeida+ 2021

▶ Recent detection of double-sulphur species (HS2) opens new perspectives

Fuente+ 2017
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HCSSH: Experiment

▶ Two stable isomers: trans-HCSSH and cis-HCSSH (∼4 kJ/mol higher)
▶ trans-HCSSH: Þa = 1.48 D / Þb = 0.19 D
▶ cis-HCSSH: Þa = 2.08 D / Þb = 1.64 D

Prudenzano+ 2018

▶ Previous cm-wave (up to 40 GHz) spectroscopy by Bak+ 1978

▶ CASAC experimental conditions:
▶ 1:1 mixture of CS2 and H2 in Ar for a total pressure of 20-30ÞTorr
▶ DC = 40mA / 0.8 kV
▶ Room temperature

▶ Measured 204 and 139 new transitions of trans and cis, respectively, up to

478 GHz
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HCSSH: Experimental spectrum
D. Prudenzano et al.: Rest frequencies of dithioformic acid

Fig. 2. Left panel: experimental spectra of the 547,⇤ – 537,⇤ transitions of trans-HCSSH, with total integration time of 146 s and 3 ms of time
constant. Right panel: experimental spectra of the 537,⇤ – 527,⇤ transitions of cis-HCSSH with total integration time of 87 s and 3 ms of time
constant. Both panels: The Ka = 7 asymmetry doublet is not resolved. The red traces indicate the resulting line profile fitted with the proFFit code
(see text).

deviation were removed from the final fit. Experimental uncer-
tainties for our measurements are set to 25 or 50 kHz; the higher
value is assigned only to lines broadened due to partially over-
lapped K doublets. The final fits lead to the determination of the
complete set of quartic centrifugal distortion constants and four
sextic constants, i.e. HJ , HJK , HKJ , and h1 (energy contributions
depending on J6, obtained from the rotational Hamiltonian). One
octic constant, i.e. LKKJ , was also determined for the trans iso-
mer. The weighted root mean square (RMS) deviations are 0.936
and 0.933 for trans and cis, respectively. The resulting param-
eters are listed in Table 1. The lists of all the experimental
frequencies are available at the CDS as supplementary data. Pla-
narity of the species was confirmed by calculation of the inertial
defect, � = Ic � (Ib + Ia) (Darling & Dennison 1940), obtained
using the moments of inertia I↵, derived from the ground-state
rotational constants. The inertial defect values for trans and cis
dithioformic acid are 0.0185 and 0.0173 amu Å2, respectively,
close to those of the two formic acid planar isomers, i.e. 0.0126
and 0.0102 amu Å2 (Trambarulo et al. 1958, Davis et al. 1980
and references therein, Winnewisser et al. 2002).

The complete line catalogues, computed by using the spec-
troscopic parameters in Table 1, are provided as supplementary
data at the CDS and also include the 1� uncertainties, upper-
state energies, line strengths, and the Einstein A coefficients for
spontaneous emission, all expressed in SI units as follows:

Ai j =
16⇡3⌫3

3✏0hc3

1
2J + 1

S i jµ
2, (1)

where ⌫ is the line frequency, ✏0 is the vacuum permittivity, h
is the Plank’s constant, c is the speed of light, J is the quantum
number of the upper state for the rotational angular momentum,
and S i jµ

2 is the line strength. The lists consist of transitions with
Eu/k < 300 K and predicted uncertainties lower than 50 kHz,
resulting in lines between 0.2 and 300 GHz. All of these rest fre-
quencies have at least a precision of 6⇥ 10�8, corresponding to a
radial velocity of 0.018 km s�1 or even better. Partition functions
at various temperatures for both isomers are listed in Table 2.

4. Discussion and conclusions

This laboratory study provides a comprehensive spectroscopic
characterization of the two stable conformers of HCSSH in the
ground state. Extension of the measurements up to 478 GHz and
the resulting larger dataset lead to an overall improvement of
the spectroscopic parameters with respect to that of Bak et al.
(1978). In particular, the uncertainties on the A rotational con-
stant and on the DJ centrifugal distortion constant were reduced
by more than 3 orders of magnitude. We extended the cen-
trifugal distortion analysis with all the quartic and four sextic
constants. Additionally, the octic LKKJ parameter was included
for the trans conformer. Further improvements in the fit of the
cis conformer were obtained through measurements of b-type
transitions. These new sets of spectroscopic parameters made
it possible to compute accurate rest frequencies. In compari-
son to previous studies, predicted uncertainties were significantly
reduced and have values as low as 2 kHz (0.006 km s�1) at 3 mm
wavelength.

An astronomical search of these molecules can be carried
out in the cm, mm, and submm bands, depending on the tem-
perature of the source. As shown in Fig. 3, in cold environments
with Tkin ⇠ 10 K or lower (such as the S-rich prestellar cores
L183 and Barnard 1), assuming local thermal equilibrium, cal-
culated line intensities and distribution for the trans isomer peak
around 45 GHz. In warm regions with Tkin ⇠ 100 K, the peak
shifts at higher frequencies, ca. 200 GHz. Owing to its larger b
component of the dipole moment, the cis isomer shows a differ-
ent intensity distribution. In this case the calculated peak lies at
⇠280 GHz in cold sources and at ⇠780 GHz in warm regions.
However, the strongest lines above 300 GHz, i.e. b-type transi-
tions with low Eu/k, present uncertainties higher than 1 MHz.
These large errors are a consequence of the restricted number
of measurable b-type transitions, strongly limited by the overall
lower intensity of the cis’ lines with respect to the trans.

Work is also under way in our group to extend astrochemi-
cal modelling of sulphur to a number of new species, including
HCSSH (Laas et al., in prep.). Although this molecule has not

A56, page 3 of 7

Prudenzano+, A&A 2018
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Some ongoing projects
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D2CS: deuterated thioformaldehyde

▶ Thioformaldehyde detected in several astronomical regions, including singly

and doubly deuterated

e.g. Marcelino+ 2005

▶ Spectroscopically old microwave transitions available

e.g. Cox+ 1982, and Johnson+ 1971

▶ Database relies on astronomical observations by Marcelino+ 2005

▶ CDMS: “Predictions above 200 GHz should be viewed with increasing caution,

especially if the calculated uncertainties exceed 0.2 MHz”
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D2CS: Experiment

▶ CASAC experimental conditions:

▶ 1:6:20 mixture of CS2 and D2 in Ar for a total pressure of ∼30ÞTorr

▶ DC = 40mA / 0.65 kV

▶ Cell at -25◦C

▶ Measured more than 150 new rotational transitions in 4 days up to 1.068 THz
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D2CS: Experimental spectrum
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Lattanzi+, in preparation
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CH3NCS: methyl isothiocyanate

▶ Sulphur analogue of CH3NCO, recently detected in ISM

Halfen+ 2015; Cernicharo+ 2016

▶ Methyl isothiocyanate (CH3NCS), methyl thiocyanate (CH3SCN), and,

mercaptoacetonitrile (HS–CH2–CN) are the most thermodynamically stable

molecules of C2H3NS stoichiometry

Gronowski+ 2016

▶ Only cm-wave spectrum (<26 GHz) previously observed

Koput 1986

▶ Very complex and dense spectrum, with rotational transition from the ground

state and various excited torsional and vibrational bending modes
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CH3NCS: Experiment

▶ Very low torsional barrier (V3=2 cm−1; CH3NCO: (V3=21 cm−1)

Koput 1986

▶ Large dipole moment (Þa = 3.4 D; CH3NCO: Þa = 2.9 D)

Lett & Flygare 1967 1986

▶ CASJet experimental conditions:
▶ Solid sample: melting point ∼37◦C
▶ Bubbler at ∼80◦C with He flow
▶ no DC

▶ Measured several lines in the 35-125 GHz with a combination of CW in FM
and CP-FTS

▶ Preliminary fit of lower K’s available, but very much work in progress

▶ New measurements w/ Heating Nozzle to come “soon”...
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CH3NCS: Experimental spectrum – CASJet + CP-FTS
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Tonolo+, in preparation
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CH3NCS: Experimental spectrum – CASJet in CW
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Next?
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Current projects

▶ Protonated Sulphur Monoxide: HSO+

▶ Large dipole moment: Þa = 2.87 D / Þb = 1.07 D

▶ Closed-shell molecule: favourable partition function compared to SO

▶ Predictions in hand; few scans already performed; testing some candidate lines

▶ Protonated thioformaldehyde: H2CSH+

▶ Very large dipole moment: Þa = 4.64 D / Þb = 1.96 D

▶ ab initio predictions in hand; experiment to start in the next weeks
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Conclusions

▶ Sulphur chemistry still largely to discover

▶ Sulphur COMs, including isotopic substituted and isomeric forms

▶ Not always straightforward to pass from Oxygen to Sulphur

▶ First double-S in ISM opens up new scenarios
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