HicH RESOLUTION FT-SPECTROSCOPY OF
TRANSIENT SPECIES ON THE FIR AILES
BEAMLINE OF SOLEIL SYNCHROTRON

Marie-Aline MARTIN-DRUMEL,
Olivier PIRALI, Didier BALCON, Michel VERVLOET,
Pascale Roy & Philippe BRECHIGNAC

Institut des Sciences Moléculaires d'Orsay (ISMO)
SOLEIL synchrotron - AILES beamline

66" International Symposium on Molecular Spectroscopy

SULEIL 3 @ smo

M.A. MARTIN-DRUMEL TRANSIENT SPECIES AT AILES-SOLEIL JUNE 22, 2011 1



TAL SET-UPS AND RE

FIR SPECTROSCOPY

ASTROPHYSICAL BACKGROUND

FIR:

@ Favorable region for studying the emission from cold
object of the interstellar medium

@ Possibility of understanding star forming and galaxies

evolution
Spectral range studied by several missions:
HERSCHEL, ALMA, SOFIA (~ 0.3-5 THz) J

Stellar pregnancy and birth in the
Milky Way

Herschel (ESA)
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FIR SPECTROSCOPY

ASTROPHYSICAL BACKGROUND

FIR:

@ Favorable region for studying the emission from cold
object of the interstellar medium

@ Possibility of understanding star forming and galaxies

evolution
Spectral range studied by several missions:
HERSCHEL, ALMA, SOFIA (~ 0.3-5 THz) J

Transient species (excited molecules, radicals, ions):

@ Present in the interstellar medium (non-equilibrium
physical conditions)

Stellar pregnancy and birth in the @ Intermediates in chemical reactions

Milky Way
Herschel (ESA) Need to provide FIR data on transient species to the
astrophysical community
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FIR: LIMITATIONS AND APPLICATIONS AT AILES

FIR EXPERIMENTAL DIFFICULTIES Einstein coefficient (spontaneous emission):

@ low probability of spontaneous emission

@ low brilliance of classical sources
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FIR: LIMITATIONS AND APPLICATIONS AT AILES
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

HicH RESOLUTION FIR MEASUREMENTS AT AILES

FOURIER TRANSFORM INTERFEROMETER
@ Bruker IFS 125

@ OPDpjax: 8.82 m
@ Highest resolution: 0.00102 cm~! (~ 30 MHz)
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HicH RESOLUTION FIR MEASUREMENTS AT AILES

FOURIER TRANSFORM INTERFEROMETER
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

HicH RESOLUTION FIR MEASUREMENTS AT AILES

FOURIER TRANSFORM INTERFEROMETER
@ Bruker IFS 125

@ OPDpjax: 8.82 m
@ Highest resolution: 0.00102 cm~! (~ 30 MHz)

Turbo molecular vacuum pumping (P< 10~* mbar),
Polypropylene windows (50 pum), Mylar beamsplitter (6 pum),
Bolometer detectors (4.2 K: 50-700 cm~!/ 1.6 K: 15-60 cm~1)

DISCHARGE EXPERIMENTS

@ Radio-frequency (RF): emission
@ Electrical (DC): absorption
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EXPERIMENTAL SET-UPS AND R

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

EMISSION SET-UP

@ Radio-frequency (RF) discharge (power: 1000 W max.)

@ Light source: emission of the plasma (focused at the entrance
iris of the FT)

Off-axis

parabolic mirror
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EXPERIMENTAL SET-UPS AND R

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

EMISSION SET-UP

@ Radio-frequency (RF) discharge (power: 1000 W max.)

@ Light source: emission of the plasma (focused at the entrance
iris of the FT)

slow gas flow

Off-axis

@ Plasma length:
~1lm

parabolic mirror

(]

Pressure in the cell:
~ 10 mbar

@ Resolution: 0.004 cm~1!
(~ 120 MHz)

(]

Rotational temperature:
~ 2500 K
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

PICTURES AND EMISSION SPECTRUM

0 v (cmfl) 700

—=—> TPrecursor

Self-absorptions
Blackbody + Molecular
Emission
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

PICTURES AND EMISSION SPECTRUM

0 v (cmfl) 700

Self-absorptions
Blackbody + Molecular
Emission

Molecules: NH3, H,O, HCN + isotopes (DO, HDO)
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EXPERIMENTA

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

FIR EwmissioN EPECTRUM OF NHjs
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* NHs: 1510 new pure rotational transitions: (0000) and 1> =1 )
Previous publication: PIN CHEN et al., J. Mol. Spect. 236
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>S AND RE

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

ADVANCEMENT ON MOLECULAR SPECIES

@ NHj3 (symmetric rotor)

* Pure rotational transitions within the 2 lowest vibrational levels
Collaboration Jet Propulsion Laboratory (JPL, USA), universities of
Toyama (Japan) & Kéln (Germany)

S. Yu et al., J. Chem. Phys. (2010)
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ADVANCEMENT ON MOLECULAR SPECIES

@ NHj3 (symmetric rotor)
* Pure rotational transitions within the 2 lowest vibrational levels

Collaboration Jet Propulsion Laboratory (JPL, USA), universities of

Toyama (Japan) & Kéln (Germany)
S. Yu et al., J. Chem. Phys. (2010)

+ Pure rotational transitions within excited vibrational levels
Collaboration S. Yurchenko (UCL, UK)
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ADVANCEMENT ON MOLECULAR SPECIES

@ NHj3 (symmetric rotor)

* Pure rotational transitions within the 2 lowest vibrational levels
Collaboration Jet Propulsion Laboratory (JPL, USA), universities of
Toyama (Japan) & Kéln (Germany)

S. Yu et al., J. Chem. Phys. (2010)

+ Pure rotational transitions within excited vibrational levels
Collaboration S. Yurchenko (UCL, UK)

@ H,0 (asymmetric rotor)
* Pure rotational transitions up to the first vibrational hexad
Collaboration L. COUDERT (LISA, Créteil, France) and JPL (USA)

The THz Cosmos, June 23, L. COUDERT (RF09, 4h19)
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ADVANCEMENT ON MOLECULAR SPECIES

@ NHj3 (symmetric rotor)

* Pure rotational transitions within the 2 lowest vibrational levels
Collaboration Jet Propulsion Laboratory (JPL, USA), universities of
Toyama (Japan) & Kéln (Germany)

S. Yu et al., J. Chem. Phys. (2010)

+ Pure rotational transitions within excited vibrational levels
Collaboration S. Yurchenko (UCL, UK)

@ H,0 (asymmetric rotor)
* Pure rotational transitions up to the first vibrational hexad
Collaboration L. COUDERT (LISA, Créteil, France) and JPL (USA)

The THz Cosmos, June 23, L. COUDERT (RF09, 4h19)

@ HCN (/inear molecule)
analysis in progress (M. VERVLOET)

* Pure rotational transitions within the 8 lowest vibrational states
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

STUDIED RADICALS

Radicals: NH,, NH, OH (OD)
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

STUDIED RADICALS

Radicals: NH,, NH, OH (OD)

000)9, 8, 010)5,, >4,
FI-F1  F2-F2 F1-F1 F2-F2
T T T T A T T T T
200.7 200.8 200.9 201.0 201.1 208.1 208.2 208.3 208.4 208.5 208.6

Wavenumber (cm”)

* Pure rotational transitions: (000) and v, =1 J
Previous FIR publication: MoRrINO & KawaGucHI, J. Mol. Spect. 182 (1997)
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EXPERIMENTAL SET-UPS AND R

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

ABSORPTION SET-UP

@ Light source: Synchrotron radiation

@ Electrical discharge (DC) (power: 1 kV / 2 A max.) J

fast gas flow

Plasma length:
~ 70 cm

Absorption path length:
28 m max.

Pressure in the cell:
~ 0.1 mbar (+ He)

@ Resolution: 0.001 cm~1
(~ 30 MHz)
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

PICTURE AND ABSORPTION SPECTRA

Primary
Pumping
+

Roots

- Helium Heligym +- Precursor

v (em™)
Positive Column
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

PICTURE AND ABSORPTION SPECTRA

\Cathode

¥

Primary
Pumping
+
Roots

- Helium Heligym +- Precursor

Positive Column

Radicals: NH», NH, OH, C3, CH, CN
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EXPERIMENTAL

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

PURE ROTATIONAL SPECTRA OF OH
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* OH: Resolution of the hyperfine structure for several transitions )
Previous FIR publication: HARDWICK & WHIPPLE, J. Mol. Spect. 147 (1991)
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EMISSION SPECTROSCOPY

ABSORPTION SPECTROSCOPY

v3 BAND OF C3 (MID-IR)
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* C3: Observation of the ro-vibrational v3 band + several hot bands

M.A. MARTIN

Previous MIR publication: KAwAGUCHTI et al., J. Chem. Phys. 91 (1989)

TRANSI

SPECIES AT AILES-SOLEIL

JUNE 22, 2011
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EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)
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ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)

@ OH (°M)

* Pure rotational transitions within v=0, 1 and 2 (in progress)
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ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)

@ OH (°M)
* Pure rotational transitions within v=0, 1 and 2 (in progress)
] NH2 (281)

* Pure rotational transitions within (000) and (010) (in progress)
The THz Cosmos, June 23, M.A. MARTIN-DRUMEL (RF13, 5h27)
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ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)
@ OH (°M)

* Pure rotational transitions within v=0, 1 and 2 (in progress)

] NH2 (281)
* Pure rotational transitions within (000) and (010) (in progress)
The THz Cosmos, June 23, M.A. MARTIN-DRUMEL (RF13, 5h27)
@ °>NH,, NH isotopes (first spectra)

Collaboration L. MARGULES, S. BAILLEUX (PHLAM, Lille, France), E. ROUEFF
(OBSPM, Paris, France), M. GERIN (LRA, Paris, France)

The THz Cosmos, June 24, L. MARGULES (FA06, 10h27)

M.A. MARTIN-DRUMEL TRANSIENT SPECIES AT AILES-SOLEIL JUNE 22, 2011

14



EXPERIMENTAL SET-UPS AND RESULTS

EMISSION SPECTROSCOPY ABSORPTION SPECTROSCOPY

ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)
@ OH (°M)

* Pure rotational transitions within v=0, 1 and 2 (in progress)

] NH2 (281)
* Pure rotational transitions within (000) and (010) (in progress)
The THz Cosmos, June 23, M.A. MARTIN-DRUMEL (RF13, 5h27)

@ °>NH,, NH isotopes (first spectra)
Collaboration L. MARGULES, S. BAILLEUX (PHLAM, Lille, France), E. ROUEFF
(OBSPM, Paris, France), M. GERIN (LRA, Paris, France)

The THz Cosmos, June 24, L. MARGULES (FA06, 10h27)

@ SH (°N)
Collaboration A. CUISSET, S. ELIET (LPCA, Dunkerque, France)
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ADVANCEMENT

@ C; (%) (Mid-IR)
Collaboration D. TOKARYK (University of New Brunswick, Canada)
% 3 band (4 hot bands) ~ 2000 cm~? (in progress)
@ OH (°M)

* Pure rotational transitions within v=0, 1 and 2 (in progress)

] NH2 (281)
* Pure rotational transitions within (000) and (010) (in progress)
The THz Cosmos, June 23, M.A. MARTIN-DRUMEL (RF13, 5h27)
@ °>NH,, NH isotopes (first spectra)

Collaboration L. MARGULES, S. BAILLEUX (PHLAM, Lille, France), E. ROUEFF
(OBSPM, Paris, France), M. GERIN (LRA, Paris, France)

The THz Cosmos, June 24, L. MARGULES (FA06, 10h27)

@ SH (°N)
Collaboration A. CUISSET, S. ELIET (LPCA, Dunkerque, France)

@ CH, CN 1 FIR FT-spectra of C-bearing radicals (absorption)
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CoONCLUSION: TwO COMPLEMENTARY TECHNIQUES

Emission Absorption
Discharge RF DC
Power 1000 W 1-3 kV, 0.6-2 A
Pressure ~10 mbar ~0.1 mbar (4 2 mbar He)
Light Source plasma SR
Resolution 0.004 cm™! 0.001 cm™?
Accuracy (l.p.) < 5107* cm™! (12 mHz) < 1.107* em™! (3 MHz)
Abs. length 0.7m 24 m
Rot. temp. 2500 K 300 K
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Emission Absorption
Discharge RF DC
Power 1000 W 1-3 kV, 0.6-2 A
Pressure ~10 mbar ~0.1 mbar (4 2 mbar He)
Light Source plasma SR
Resolution 0.004 cm™! 0.001 cm™?
Accuracy (l.p.) < 5107* cm™! (12 mHz) < 1.107* em™! (3 MHz)
Abs. length 0.7m 24 m
Rot. temp. 2500 K 300 K

@ Emission:
@ High temperature: rotational transitions in excited vibrational states
@ Absorption:

@ High accuracy on line position
@ High sensitivity: observation of unstable species (C-bearing radicals)
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PROSPECTS ON TRANSIENT SPECIES

Radicals:

Ce groupe de | Du radium?.. @ >N radicals:

lignes, au centrell Jamais de la Possible detection?
Di radium,sans ’

A
LT,

=R
v

doute?
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M.A. MARTIN-DRUMEL

TRANSIENT SPECIES AT AILES-SOLEIL

Radicals:

o 15N radicals:
Possible detection?

@ C-bearing radicals:
new discharge? new power supply?
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AILES BEAMLINE

01THz 1THz 10THz 100 THz
1 1 1

1
\\\;% SR Frequency

“47&'3 T m T T Wavenumber

3.3cm?  33cm?  330cm’ 3300 cm
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AILES BEAMLINE

01THz 1THz 10THz 100 THz
1 1 1 1

\\\§§ ISR Frequency

"dlits T m T T Wavenumber

3.3cm?  33cm?  330cm? 3300 cm

Bruker IFS 125 HR
Rmax = 0.001cm™! (~ 30MHz)
— Diluted Matter

Bruker IFS 125 MR
Rmax = 0.008cm™! (~ 240MHz)
— Condensed Matter
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