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Absorption Spectroscopy

a typical example
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Good point :
It can be treated
as a sum of layers
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Laser Absorption Spectroscopy
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In the lab

Molecules of atmospheric interest
(and planetary in general)
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Photodiode

In situ
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Laser Absorption Spectroscopy Photodiode

P, T, Ny, Ngas Negy -

Beer-Lambert law:

'O(,L Studying the light absorption

I — Io.e \induced by a gas sample

Interaction
pathlength

Absorption
coefficient
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What about o ?

Beer-Lambert law:
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H Spectroscopy - principle

What carries o ?

Absorption coefficient:

o (o) = N.k.D (o)

N : molecular density per cm3 (PTAepend/nt)

k : line strength (T dependent)
7’

@ : line profile (o, Pand T, ... dependent)
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%I Spectroscopy - principle

What carries o ?

N : molecular density per cm3 (PT dependent) Absorption coefficient:

k : line strength (T dependent) o (o) = N.k.D (o)

® : line profile (o, Pand T, ... dependent)

cm2

o (o) : cm

O

Data treatment N.k : integrated intensity: cm2

Experiment

O (cmt)
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What carries o ?

N : molecular density per cm3 (PT dependent)
k : line strength (T dependent)

® : line profile (o, Pand T, ... dependent)

Data treatment

cm2

Database, theory...

! k:

Grenoble Alpes

Absorption coefficient:

o (o) = N.k.D (o)

ol (o) : cm

O

N.k : integrated intensity: cm2

l with N ~ 10%° molecules / cm3

line strength [cm.molecule]

O (cmt)
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What carries o ?

N : molecular density per cm3 (PT dependent) Absorption coefficient:

k : line strength (T dependent) o (o) = N.k.D (o)

® : line profile (o, Pand T, ... dependent)

Instruments

Trace
detection )

31,’ Spectroscopy _--="" Physics
- & databases

(Hitran etc..)
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Energy level
position

Area Line shape
abundance environment

CRDS provides d

Y axis accuracy

O (MHz) ﬁ OFC provides
X axis accuracy

Both Absorption and Frequency are essential !!!
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What about Y scale ?

Beer-Lambert law:

_ -oL
| =1,.e

The need for huge and accurate pathlength
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. Detectivity @ 70 mBar N,
Ultra trace detection 1 ppt H,0 / H.S
6 ppt CH,
0.1 ppb COZ (4 ppt @2 um)
95 ppb 02
To pump Gas in PP

Ultra vacuum fittings
VCR
Photodiode

Temperature regulated
| = | | =
CRDS Cell \

Internal volume: 20 cc Length ctrl
Int dia 8mm Length ~50cm

Typ. Pressure: 5mBar

Highly reflective Fupt
mirrors Typical Y scale detectivity : 1012 /cm 2600 0go

+ time domain measurement
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What about X scale ?

+ef Imeve+
Réseau fibré métrologique
a vocation européenne

Laser emission frequency
stability and determination



Absolute optical frequencies UCA

X scale : beating laser with an Optical Frequency Comb crenenieses

Wavemeter

DFB : 2 MHz
ECDL : 200 kHz
VCOF : sub-kHz

192 243 365 065 379 Hz
N

Beatnote Fefimev&

—)

Frequency

Laser absolute frequency determination down to a few Hz
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H X scale : beating laser with an Optical Frequency Comb
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Absolute Y scale
cell (few 10"33cm-2)

X scale
Probe Laser Wavemeter (30 MHz abs.)

Ve
X scale refinement

| \
| |
I FFT with a Absolute X scale
: Frequency fast ADC (Hz level) :
: Comb 2 kHz refresh rate :
\ ]

Jfrep & feo referenced

stabilized Absolute CRDS “on the fly”

(the laser is weakly locked)
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%I X scale : beating laser with an Optical Frequency Comb
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—— REFIMEVE / VCOF beat note

200

32 kHz RMS

1kHz RBW —VCOF1/VCOF2 beat note
\ GPS-locked
E \\ Rubidium "bump"
= 10 .
< \\ /
c
S 5 :
g ' \.\/‘ \ .
() AN \ /
o . .
C 1 _: \. \ -«
ISR AN ./
<_E ]l REFIMEVE-locked \ /.
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Time (s)

REFIMEVE signal is typically 6 kHz broad but still ultra-stable
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Spectroscopy

an example on CO,
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Wavelength (um)
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0.0016
] Wavelength ~1.5 um
000141 11 bar of CO,
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Q
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Wavelength ~1.5 um
100 ubar of CO,
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Spectroscopy — Ultra high sensitivity
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HITRAN: 21 6228.689961 1.689%-24 4.784¢-03.09490.127 0.00000.69 —=.003111 3 0013 0 0 0 01 ROe 3866632438 Manuscript in preparation
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CO2

Absorption coefficient (cm'1)

Fit residuals
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. Lorentzian Fit
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Need for ultra stable X scale

Grenoble Alpes

Manuscript in preparation
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.. | L.© Measured transitionsl
X107 3 :
: 20013-00001 efimeve+
— ] . Hesegu_ﬁbre métrologique
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Routine Lamb-dip measurements at 2.1 um

Phys. Chem. Chem. Phys., 2023 (25) 6319
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An example on H,0O
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25 kHz steps
- 0.80
e
(&)
‘?C’ 50 MHz steps | °
. 0.79 4 \p °
S )
0.78 - . . R * Al residuals ;
0.77 - .
7185.56 7185.60 7185.64

Wavenumber (cm")

Routine saturated absorption on water

Ultra-stable VCOF source

J.Chem.Phys 148, 054201 (2018)
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VCOF-OFC beat note !
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J.Chem.Phys 148, 054201 (2018)
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varsore H Spectroscopy — Saturated absorption

interdisciplinaire de Physi

T fffffffffff Rb-GPS accuracy (2x10%2)

@ 200 THz

30 Hz 1

(~1h)
. / 1.6x10713

240 Hz rms
+efim eve+
Réseau fiore métrologique

Ultra-stable VCOF source

Comb f... locked to REFIMEVE

rep
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One comb to
rule them all !

0.6 um

THz -
experiment?

Difference Cavity length Feedforward Direct frequency ECDL

e : I Comb to comb?
frequency stabilization laser correction measurement stabilization



Spectroscopy at Liphy

UGA

Université

Laboratoire h

interdisciplinaire de Physique

Spectroscopy — Signal distribution

Oscillator
1490-1590
Frep: 250 MHz
Fceo : 20 MHz

1-1.7 um
extension

efimeve+

Réseau fibré métrologique
a vocation européenne

Grenoble Alpes

1.5-2.3 um
extension

REFIMEVE NI
SERIIALE - co2 * HZS- ECOL @ 2.1 pm Coherence
isotope ratio OETESEE o cfor
THz 124
VCOF isotope ratio {ECDL @ 1.2 um} 2.1 um
ECDL @ 1.3 um
Spectroscopy @13u C_CFgeanefr;ie
Direct
® 24/7 needs absorption

referenced experiments
® Linewidth critical experiments

Note: all experiments are comb linewidth dependent
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H Spectroscopy — Signal distribution
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/

Remote beatnote

measurement arrangement 10 MHz efimeve+
distribution it miioie
Local 10 MHz toroom3 ...
000000000 @ Jtoroomz

Ref clock

L ’:o room 1

Etherﬁet

synthesizer

Experiment

Laser locking

10 MHz distributi LO e  counter

- z distribution r 1

- Ethernet network 5

- Fiber links ? : - =

Note: all experiments are comb linewidth dependent
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Application to geosciences
(and exobiology)

PROGRAMME
|, DERECHERCHE

g ORIGINES

Funded by
the European Union

©
an r agence nationale

de la recherche
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H State of the art performances
@) LSCE
Frequency (THz)
215:845 . 215;851 . 215:857
0.06 - H,JFo
o
‘T.E 16
< 0.04- &2
o °
=
=
.0
=
§ . Paleoclimate
< HDO study in
| . polar regions
0.00 T v - T o - T Y 1 ; L =
7199.8 7200.0 7200.2
Wavenumber (cm?)
The OFC permits to correct for frequency drift Ultrastable

VCOF source

Long term stability and accuracy
Atmos. Meas. Tech., 17, (2024) 4599—-4612
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@ LSCE 13C / 12C relative content
20 - carbonate
10': Camora (marble)
. . . ] A01 AO03 A02 A04 AO05
Optical determination _ .1 . . - e s
. . . S ]
of isotopic ratio . _ i
o ] -
220 -
Thanks to frequency accuracy )
-30 Hydrocarbure (organic)
7 » |
0 | 3 | 6 | 0

Sample #
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State of the art performances
Optical determination of

. . 5 mBar of

Isotopic ratio of CO, pure CO2

_ 0 6 12 18 24
6 g 20_‘ [ [ 1 1
57 e
- N (A NPV == 1201701609  (417) o
g 3 ,_:D o0 4 A0y = 6.7 ppm (SD = 3.7 ppm) 0.07%
& = g
c 2- < 16.13 -
- < WW\MW\/W\ E 12c180160 (518
§ N — oo 8628 = 16.121 %. (SD = 5.5 ppm) 0.3%
® 1 =
< o= & 27.52 - 13¢C16()16 (513)
| — n'0yg - C*0*0
1/~ -— white noise 0 27501 Fgae = 27.516 %. (SD = 5.2 ppm) 1%
i1 2 4 8 16 o 6 12 18 24
Number of aliquots time (h)

Fig. 4. Allan plot (left) and A0y, 8425, Beas time series corresponding to the working-gas measurements of Fig. 3. Analytical scatter of repeated aliquots behaves
as expected for white noise.

... LSCE is already connected to REFIMEVE

Chemical Geology 673 (2025) 122450
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Signal distribution

Connections foraartners

Laboratoire h

New comb, already running (}Eﬂ

interdisciplinaire de Physique i
o 1-1.7 pm 1.5-2.3 um 1.0-0.5 pm
% extension extension extension
LSCE =
scillator .
1490-1590 8 fiber |GE
Connected to Frep: 250 MHz bundle
Fceo : 20 MHz _ UCA

1-1.7 um 1.5-2.3 um
extension extension

ECDL @ 2.1 pum
spectroscopy

ECDL @ 1.2

VCOF | |sotope ratio | @ 1.2um

ECDL @ 1.3 um

To be Spectroscopy
discussed Direct
@ absorption

Note: all experiments are comb linewidth dependent

G nobIeAIp

u fibré métrologique

REFIMEVE
beating

a

REFlI\/I)F
efimeve:

Laser frequency
measurement

1.6p
Coherence
Transfer

CO2 + H2S
isotope ratio

2.1 um
Coherence
Transfer

CENTRE NATIONAL
D'ETUDES SPATIALES
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Sensitivity and accuracy for state of the art spectroscopy and applications
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Thank you
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Wavenumber (cm™)

HITRAN: 21 6256.445123 1.466e-24 R 46e Manuscript in preparation
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