
AG FIRST-TF 2023

Vers une spectroscopie moléculaire ultra-
résolue et traçable au système international 
d’unités (SI) dans l’infrarouge moyen
C. Janssen, M. Abgrall, H. Alvarez-Martinez, A. Amy-Klein, B. Argence, 
N. Cahuzac, E. Cantin, B. Darquié, H. Elandaloussi, L. Hilico, J.-P. Karr, 
R. Le Targat, M. Leuliet, Y. Liu, L. Lorini, O. Lopez, M. Manceau,  
P. Marie-Jeanne, M. Mazouth, A. Mbardi, B. Pointard, P.-E. Pottie, 
C. Rouillé, M. Saffre, M. Tønnes, T. Zanon-Willette 

LERMA, Paris, France 
LKB, Paris, France 
LPL, Villetaneuse, France 
LNE-SYRTE, Paris, France 



MIR spectral region
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MIR : molecular fingerprint region
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Source : 
HITRAN 202210
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Different motivations
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Study of fundamental 
constants

Tests of fundamental 
symmetries

chiral molecules

weak forceweak force

Value :

Tempo-
spatial 
variability :

methanol

Electron - proton 
mass ratio

Measurement and 
interpretation of 
atmospheric & 

astrophysical spectra

Improve molecular data bases

Detect and uniquely identify 
molecules in remote environments

Improve measurement accuracy, 
and assure SI traceability for 
critical species (GHG, polluants)



Saturated Absorption Spectroscopy

MIPAS
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50 MHz

ν0 ~ 30 THz

60 kHz60 kHz

High resolution for high precision

Doppler effect Δν ~ 100 MHz

Direct absorption
Thermal broadening (Gaussian)

Pressure effect           Δν ~ 100 kHz (1 Pa)


Transit broadening     Δν ~ 100 kHz (1 mm) 

                                        Δν ~ 10 kHz (1 cm)


Power broadening     Δν = Δν0 1 + S ≃ 2Δν0

Saturated absorption
Coll./transit broadening (Lorentzian)

  Laser width and stability → Ultrastable laser source

Physical limitations

Technical limitations



REFIMEVE: SI traceable frequency reference

MIPAS
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Dissemination of ultrastable frequency reference via fibre network

Piloting institutions: LNE-SYRTE & LPL

Link to nat. frequency standard (LNE-SYRTE)

Users: Research Institutions 

Distribution by French academic research 
network RENATER using dedicated repeater 
stations

Link to NML of neighbouring countries

2 signals:


Optical (main) signal: 1.55 μm (< 10-15 @ 1s)

RF signal (Paris area): 100 MHz (10-14 @ 1s)



N

SI traceable MIR QCLs linked to atomic clocks

MIPAS
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MIR

NIR NIR

vQCL ~ vNIR - vNIR   



SI traceable MIR QCLs locked to OFC

MIPAS
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Stabilisation scheme allows 

• < 10-15 rel. frequency stability (0.1-10 s)

• SI traceable f uncertainty < 10-14 (1s)

laser 
diode

PLL

PD
EOM!!"

8-18 GHz43 km fibre

ultrastable
1.54 µm laser

!#$% ≅ 1.54	()

f0
1.82 µm

PLL

1.55 µm

D

AgGaSe2

QCL PD

!&'!
10.3	()

• sum frequency generation:

ν

νQCL = 10.3 µm
1.82 µm

1.54 µm

• QCL tuneable over ~1.5 GHz SFG



Setup @ LERMA

MIPAS
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to  
spectroscopy

XPS module 
comb @ 1.8 µm

   Dichroic    

   Reflection    

QCL 9.5 µm  

beat note Δbeat

PLL

, fr ≃ 250 MHzνQCL = (n1 − n2) fr + Δbeat

λ



Study of selected O3 lines @ LERMA

MIPAS
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Study of selected O3 lines @ LERMA
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(JKa,Kc ← JKa,Kc)

Pos / cm-1 
(HITRAN) 

Pos / MHz (TW) 
u = 0.05 MHz

Pos / MHz 
(HITRAN) 

u = 3-30 MHz

Diff. / kHz 
(HITRAN-

TW)

V  (1913,6 ← 1813,5) 1048.673642 31 438 444.717 31 438 444.9 180

W (  92,7   ← 82,6 ) 1049.029700 31 449 119.145 31 449 119.2 60

X  (  99,9   ← 89,8 ) 1049.032171 31 449 193.254 31 449 193.3 50

Y  (1610,7 ← 1510,6) 1049.033936 31 449 246.076 31 449 246.2 120

Z  (103,8   ← 93,7) 1049.447882 31 461 655.885 31 461 656.0 120

If significant (slight blue-shift in HITRAN) of about 0.1 MHz


Line positions (strong lines of v3 fundamental band) seem 
much more reliable than 3-30 MHz uncertainty range


Uncertainty (50 kHz ~ 2 10-9) due to unexplained variability 
in line position determinations.



SI traceable MIR QCLs locked to OFC

MIPAS
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Stabilisation scheme allows 

• < 10-15 rel. frequency stability (0.1-10 s)

• SI traceable f uncertainty < 10-14 (1s)



Ultra-precise QCL-based MIR spectroscopy at LPL

MIPAS
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Saturated absorption spectroscopy of CH3OH Spectroscopy Setup

abundant interstellar and 
protostellar molecule


abundant organic molecule in 
atmosphere (leads to production 
of ozone)


sensitive to variations of me/mp



Record uncertainties @ LPL

MIPAS
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Record uncertainty on methanol line 
positions


Rel frequency stability : 3.8 10-11 
(stat)


Total relative uncertainty : 2.5 10-10


FPC leads to ~10 times reduced 
systematic uncertainty 



Spectral coverage and tuneability @ LPL

MIPAS
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~ 100 GHz full tuning range of QCL

Longest continuous single scan 
tuning (1.5 GHz)


Shift wrt to HITRAN database 
(blue sticks) is evident


Database incomplete


Fine structure can be revealed



Resonance Enhanced Multiphoton Dissociation 
spectroscopy of H2 @ LKB

MIPAS
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3 body : p+ + p+ + e- 


(1,2) ← (0,2) transition can 
be calculated at the 
7∙10-12 accuracy level

ν ∝ me/mp →

Δ(me/mp)
me/mp

= 2
Δν
ν

me/mp from H2  
spectroscopy

+

+



Resonance Enhanced Multiphoton Dissociation 
spectroscopy of H2+ @ LKB
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spectroscopy
of H2+QCL @ 9.17 μm

Full scheme

SFG comb noise (~ 200 nW)

(~ 200 μW)

Beatnote SFG comb/original comb (RBW = 30 kHz)

Test frequency stability

3f Lock-In

spectroscopy of formic acid

[ HCOOH ] PD

58 dB in 30 kHz 
53 dB in 100 kHz



HCOOH at 9.17 μm as accuracy test @ LKB
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Central frequency analysis

• Very weak pressure shift 
• Light shift  
• Slight modulation shift

Frequency adjustment

 Hz 𝜈𝑐 = 32 708 391 980 966 (18) Stat 
  5.5 10-13   

Measurement campaign

4 optical powers 0.72, 1.44, 2.16 and 2.88 mW 
4 pressures  0.5, 1, 1.5 and 2 µb 
3 modulation depths 17.7, 26.6 and 33.4 kHz HWHM

10 scans up and 10 scans down                 480 spectra 𝜈𝑐 = 𝜈0+ α P + β I + γ M
Trends

(ν - νr ) / kHz
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Conclusions

Development and setup of ultrastable SI-traceable MIR spectrometers for 
ultra-high resolution molecular spectroscopy 

New and original measurements of ozone, methanol and formic acid line 
positions around 10 μm have been presented

Achieved line centre uncertainties are in the 10-9 to < 10-12 range  

Data can serve as unique benchmarks for molecular calculations

and further development/measurements will constrain fundamental constants
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Perspectives
Improve line parameter data for remote sensing in the MIR : 


Provide new scheme for FIR measurements 
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Perspectives

AAPG2024 Ultiµos PRC 
Coordinated by : Benoît DARQUIE 48 months 
Axe B.1 : Physique de la matière condensée et de la matière diluée – CES n° 30 
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WP2: Identify transitions in ammonia that could lead to much tighter constraints in future Earth/space 
comparison campaigns. Following the same original 
approach, highly-accurate laboratory MIR sub-Doppler 
spectroscopic characterizations will be conducted for 
screening the rotation-vibration spectra of NH3 (a 
historical target for testing the stability of µ1), in order to 
identify super sensitive MW/MMW transitions to 
propose for new astronomical observations. Amongst 
other, the blue transition in Fig 3 has been suggested14. 
Interestingly, the sensitivity Q (with ∆ν/ν = Q×∆µ/µ and 
ν the transition frequency) of such transitions can only 
crudely be estimated, as it depends on the exact position 
of molecular energy levels that ab initio calculations 
cannot determine precisely enough. A comprehensive 
laboratory analysis of the NH3 level structure is thus 
mandatory, but necessitates to combine very different spectral regions of the MIR as illustrated in Fig 3. This 
cannot be conducted on a single spectrometer and has to be highly collaborative in nature. Ultiµos thus 
gathers the few groups in France who have developed the sub-Hz SI-traceable QCLs/OFC technology. 
Collectively, we will extend highly precise methods of frequency metrology to new and expanded regions of 
the MIR well beyond the 10 µm window in order to maximise the spectral coverage. For the particular 
example of Fig 3, LKB, LERMA and LPL will respectively focus on the 13 µm, 9-11 µm and 6-7 µm regions.  
WP3: Identify additional molecular candidates for Earth/space comparison campaigns. Besides NH3, we 
search to identify and determine well specified transitions of other promising species that have already been 
suggested previously: preliminary studies that we have already undertaken show that possible combinations 
exist in PH3

15 and H2O2
1,2 and we stress that methylamine and ethylene glycol1,2 have also been selected by 

radio-astronomers as targets for future measurement campaigns using new-generation radio telescopes17. In 
Ultiµos we will (i) undertake a systematic survey of available astronomical data and molecules; (ii) using 
available spectroscopic data, systematically investigate the above molecules for promising and accessible 
transition schemes; (iii) search to accurately determine their high-Q MW/MMW transition energies using 
our MIR SI-traceable QCLs/OFC technology. This will significantly extend laboratory data base for 
Earth/space comparison campaigns and improve the capacity of testing the stability of µ.    
Added value of Ultiµos: 
 (i) Extension of the sub-Hz QCLs/OFC technology and of sub-Doppler spectroscopic methods traceable to 
the SI to new and expanded regions of the MIR well beyond the10 µm window, and to new polyatomic species. 
(ii) Production of both MIR and MW/MMW transition frequencies with record uncertainties ranging from a 
few 10 Hz to a few kHz for species of astrophysical interest, including CH3OH and NH3. (iii) Identification of 
transitions exhibiting record sensitivities to µ variations to be used in future Earth/space comparison campaigns, 
or if their astronomical detection is difficult, to be used in future laboratory-based ultra-precise studies aiming 
at probing changes over a few years. (iv) More stringent constraints on a drifting-µ. 
Results will be disseminated to radio astronomers to help them tune telescopes to relevant frequencies, and to 
external partners searching for signatures of new physics.  
Ability of Ultiµos to address the research issues: Ultiµos is interdisciplinary and addresses several 
challenges of Axis B.1 (CE30), namely atomic and molecular spectroscopy, radiation-matter interaction, 
optics and laser physics, instrumental developments and atomic and molecular physics. 

II. Partnership 
Scientific coordinator: Dr Darquié, a CNRS researcher, leads the Metrology, Molecules and Fundamental 
Tests group of LPL. His activities focus on precise spectroscopic measurements with cold polyatomic 
molecules, MIR frequency metrology and precision tests of fundamental physics. He pioneered the sub-Hz 
stabilization of QCLs by locking to a frequency comb calibrated against atomic clocks via a fibre link, and is 
an expert in ultra-high resolution sub-Doppler spectroscopy in the MIR7–11. He has strong experience in project 
management through his role as PI in several operations (H2020 EURAMET EMPIR, ANR, Paris region DIM, 
FP7 Marie Curie action…). He is co-author of 58 papers in peer reviewed journals and has given 60 invited 
conferences and seminars. He will dedicate 50% of his time to the project. 

Fig 3: Ammonia MW transition (blue) with a remarkably high 
sensitivity Q suggested for astrophysical observations14. MIR 
transitions (red) between 6.2 μm and 13.6 μm that can be 
combined to determine the displayed MW lines.  

➡ me/mp time variation in the present 
epoch using CH3OH, NH3, … 

➡  test fundamental symmetries in 
chiral molecules

using a newly developed spectrometer@ LPL

@ LPL, LKB, LERMA

@ LKB

➡ me/mp variation (spatial & 
temporal) in lab/space 
comparisons using CH3OH, 
NH3… 

➡ Fundamental constant 
measurement (me/mp ) using MIR 
(9.17 μm) spectroscopy of H2+ 

sub-Hz (10-14-10-15) target uncertainty sub-100 Hz (10-12-10-13) target uncertainty

@ LERMA

➡ unifying spectroscopic data 
between UV and IR  

➡ investigating isotope dependencies 
➡ extending spectral coverage

sub-kHz (10-11) target uncertaintysub-kHz (10-11) target uncertainty νRF = νa - νb - νc 

va

vb

Vc

Fundamental ozone molecular  line shape 
and parameter measurements  (ν0, γ, δ, 
S, …) in the MIR for 



FIN
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Thank you for your attention


