
AG FIRST-TF 2026
01–02 October 2026

SI-Traceable Precision Microwave Molecular
Spectroscopy for Fundamental Physics

Mathieu Manceau, M. N. Ngo, H. Dinesan, A. Cournol, L. Lecordier, S. Tokunaga, A.
Shelkovnikov, R. Hahn, B. Darquié1

S. Collignon, D. Lederer, C. Lauzin2

1 Laboratoire de Physique des Lasers, USPN, CNRS
2 Université catholique de Louvain



1 Molecular microwave (MW) spectroscopy for
precision measurements

2 Measurements at LPL and UC Louvain
3 MW spectroscopy as a detection tool



1 Molecular microwave (MW) spectroscopy for
precision measurements

2 Measurements at LPL and UC Louvain
3 MW spectroscopy as a detection tool



Molecular spectroscopy and µ variation

Probing variations of µ = me/mp

▶ Molecular transition frequencies depend on µ = me/mp

▶ Measure frequency variations
• Clock comparisons: present-day drift
• Laboratory vs. astrophysical spectra: cosmological timescales
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Molecular spectroscopy and µ variation

▶ Sensitivity coefficient Kµ : frequency response to ∆µ

∆ν

ν
= Kµ

∆µ

µ
,

▶ Scaling with µ:
Kel

µ ≈ 0 (electronic energies weakly depend on µ),

Kvib
µ ≈− 1

2 (since ωvib ∝
√

1/µred),

Krot
µ ≈−1 (since ωrot ∝

h̄2

2I , I ∝ µred)

▶ Enhanced sensitivity: LAM modes : Tunneling / inversion
modes |Kµ |≫1 potential ≈ exp(

√
µ).
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Molecular spectroscopy and µ variation

▶ Sensitivity coefficient Kµ : frequency response to ∆µ

∆ν

ν
= Kµ

∆µ

µ
,

▶ Scaling with µ:
Kel

µ ≈ 0 (electronic energies weakly depend on µ),

Kvib
µ ≈− 1

2 (since ωvib ∝
√

1/µred),

Krot
µ ≈−1 (since ωrot ∝

h̄2

2I , I ∝ µred)

▶ Enhanced sensitivity: LAM modes : Tunneling / inversion
modes |Kµ |≫1 potential ≈ exp(

√
µ). Ground Frequency splitting : 24 GHz

Jansen et al., Chem. Phys. 140.1 (2014).

Jansen et al., Physical Review A 84, 062505 (2011).
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Molecular spectroscopy and µ variation
Methanol and constraints on ∆µ

▶ Current constraints from high redshift molecular absorbers (methanol):

|∆µ/µ|< 3×10−7 (3σ)

implying µ̇/µ ∼ 10−17 yr−1 if a linear change is assumed.
▶ Local (Milky Way) studies compare terrestrial vs. interstellar environments:

|∆µ/µ|< 2×10−8 (NH3), < 6×10−8 (CH3OH).

▶ Constraints are limited by laboratory accuracy on microwave transitions (∼ 10 kHz).

Jansen P. et al., J. Chem. Phys. 2014;140. Levshakov S. A. et al., Mon. Not. Roy. Astron Soc 2022; 511. Daprà M.
et al., Mon Not R Astron Soc 2017; 472. Muller S. et al., A&A 2021;652. 3/16
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Molecular spectroscopy and µ variation
Methanol and constraints on ∆µ

FWHM = 
90 kHz

Astro 
Data

Jansen P. et al., J. Chem. Phys. 2014;140. Levshakov S. A. et al., Mon. Not. Roy. Astron Soc 2022; 511. Daprà M.
et al., Mon Not R Astron Soc 2017; 472. Muller S. et al., A&A 2021;652. 3/16



Molecular spectroscopy and µ variation

widely tunable SI-traceable mid-infrared QCL at 10 µm

Chanteau et al, New J. Phys. (2013), Argence et al, Nature Photon. (2015) Santagata et al, Optica (2019) 4/16



Molecular spectroscopy and µ variation
widely tunable SI-traceable mid-infrared QCL at 10 µm

▶ ultimate stabilities (0.06 Hz) and accuracies (sub-Hz)
▶ narrowest QCL so far (0.1 Hz)

Chanteau et al, New J. Phys. (2013), Argence et al, Nature Photon. (2015) Santagata et al, Optica (2019) 4/16



Molecular spectroscopy and µ variation

Methanol spectroscopy with a QCL: FP cavity

25 kHz
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Molecular spectroscopy and µ variation

Methanol spectroscopy with a QCL: FP cavity
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▶ 25 kHz linewidth
▶ 600 Hz line centre uncertainty
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Molecular spectroscopy and µ variation

Towards laboratory–astrophysics
comparisons

▶ Target astrophysical molecules
• NH3 and CH3OH

▶ Improve MIR molecular spectroscopy
• Sub-100-Hz line-centre uncertainties

▶ Identify the most relevant schemes
• Astrophysically observed MW transitions
• Large Kµ sensitivity
• Accessible MIR combination differences

▶ Build robust laboratory frequencies
• Identify limiting systematics
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Molecular spectroscopy and µ variation

Cross-validation by direct MW measurements

▶ MIR route
• Ultra-precise rovibrational frequencies
• MW intervals from combination differences

▶ MW route
• Direct measurement of the same rotational intervals
• Independent instrumentation chain

▶ Different systematic effects
• Independent uncertainty budgets

▶ Measuring molecular MW transition frequencies at the 10-100 Hz level ?
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Molecular spectroscopy and µ variation

Cavity FTMW
MW cavity mode

(±k)

Supersonic jet
(cold molecules)

Doppler doublet

ν₀(1 − v/c) ν₀(1 + v/c) ν

▶ High sensitivity
▶ Doppler doublet / Residual shifts :

molecular-beam dynamics

Chirped-pulse FTMW

Chirped MW pulse
(1–40 GHz)

Detection
(FID)

Supersonic jet
(cold molecules)

~ 100 kHz
ν

▶ Broadband excitation : 10’s of GHz covered

▶ Optimized for spectroscopy : sensitivity / Rotational transitions resolution
▶ MW frequency uncertainties: typically at the kHz level
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MW measurements at LPL and Louvain
Microwave spectroscopy setups

Microwave horn Microwave horn

Modulation Demodulation

Amplification Amplification

Cell, waveguide 
or cavity

Excitation Collection

10.546 GHz 10.546 GHz

10.589 GHz

43 MHz42 MHz

10.504 GHz

Time

Pulse sequence

Switch MW

Switch RF

Excitation Collection

Switch MW

Acquisition
~ 100 ns to 100 µs

Delay ~ 200 ns

~ 0.1 µs to 1 µs
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MW measurements at LPL and Louvain
Microwave spectroscopy setups

Microwave horn Microwave horn

Modulation Demodulation

Amplification Amplification

Cell, waveguide 
or cavity

Excitation Collection

10.546 GHz 10.546 GHz

10.589 GHz

43 MHz42 MHz

10.504 GHz

Time

Pulse sequence

Switch MW

Switch RF

Excitation Collection

Switch MW

Acquisition
~ 100 ns to 100 µs

Delay ~ 200 ns

~ 0.1 µs to 1 µs

Measured Free induction decay signal 
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MW measurements at LPL and Louvain
Microwave spectroscopy setups

▶ Coherent excitation followed by FID detection

▶ Signal averaging : up to ∼ 107 FIDs traces

▶ OCS R(0) transition @ 12 GHz as a test (Large dipole moment / well-studied)

9/16



MW measurements at LPL and Louvain
Background noises

µ

σ = 1 µV σ = 0.7 µV

DSPth

σth = 0.4 µV 

Demodulation

Amplification

Collection

12.163 GHz

12.206 GHz

43 MHz

Acquisition
 200 MS/s

50 dBModulation

Amplification

Excitation

12.163 GHz

RF    242 MHz

MW    11.921 GHz

34 dB Empty Waveguide

▶ Timing-sequence optimization + amplification −→ ∼ thermal-noise floor
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MW measurements at LPL and Louvain

OCS: line shape and frequency determination
Time-domain FID model

f (t) = As(t)cos(2πν t+φ)

qSDV + wall relaxation

s(t)= W(t)︸︷︷︸
wall

collisions

e−(Γ0− 3
2 Γ2)t

(1+Γ2t)3/2︸ ︷︷ ︸
collisional broadening
+ speed dependence

e−
(kv0 t)2

4(1+Γ2 t)︸ ︷︷ ︸
Doppler

▶ Fit directly in the time domain

▶ Line centre ν as a fit parameter

▶ ν0 = 12162978559 Hz σstat ∼ 10 Hz σsys ∼ 500 Hz ? (Lineshape, pulse area, pressure ...)

FID curves from UC Louvain. 11/16



MW measurements at LPL and Louvain

Outlook ▶ Understand and reduce systematics
• Pulse-area dependent frequency shifts
• MW switching transients / residual

fields
• Pressure dependence and line-shape

model

▶ Target µ-sensitive transitions
• CH3OH: 6.668519 GHz Kµ ≃−42
• CH3OH: 12.178597 GHz Kµ ≃−33
• NH3: 23.694495 GHz Kµ ≃+4.46

▶ Extend the spectrometer
• Current range: 2–20 GHz
• Towards > 20 GHz for NH3

▶ OCS: control systematics =⇒ Hz–sub-Hz spectroscopy of CH3OH / NH3
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MW spectroscopy as a detection tool
Rovibrational frequency determination at δν/ν ∼ 10−14

Ramsey 
interferometer

Cryo cell

Buffer gas cell

Ultrastable
Mid IR laser 

Molecules

Cryo gas

200 Hz fringe pattern

▶ Slow buffer-gas molecular beam + Ramsey interrogation
• Slow beam (∼ 100 m/s): long interaction time
• < 100 Hz frequency resolution

Shelkovnikov et al., Phys. Rev. Lett. 100, 150801 (2008) 13/16



MW spectroscopy as a detection tool

Rovibrational frequency determination at δν/ν ∼ 10−14

Ramsey 
interferometer

Cryo cell

Buffer gas cell

Ultrastable
Mid IR laser 

Detection 

Molecules

Cryo gas

MW

E
ne

rg
y

|v=1⟩

Normal vibrational mode

Excited state 
Rotational structure

|v=0⟩
Ground state 

Rotational structure

Mid-IR laser

▶ Double resonance scheme
• MIR Ramsey interrogation
• MW detection with high sensitivity
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MW spectroscopy as a detection tool

Towards sensitive cryogenic
MW detection

▶ Cryogenic platform @ LPL
• T ≃ 2.2 K
• Buffer-gas cooling of

complex molecules

▶ Enhance MW detection

• High-Q superconducting
cavity

• Cryogenic low-noise
electronics

▶ Cold complex molecules already
demonstrated.
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MW spectroscopy as a detection tool

Towards sensitive cryogenic
MW detection

▶ Cryogenic platform @ LPL
• T ≃ 2.2 K
• Buffer-gas cooling of

complex molecules
▶ Enhance MW detection

• High-Q superconducting
cavity

• Cryogenic low-noise
electronics

▶ Combine cold molecules and
low-noise MW detection.
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MW spectroscopy as a detection tool

Enantiomer-selective MW detection 
S R

Patterson & Doyle, PRL 111, 023008 (2013); Patterson, Schnell & Doyle, Nature 497, 475 (2013)

▶ Chiral molecules
• Three orthogonal

electric-dipole components
▶ Phase-sensitive response

• FID phase ⇒ molecular
handedness

▶ Sensitive and
state-selective

• Species and enantiomer
discrimination

• All transitions are
electric-dipole allowed

▶ Simultaneous measurement of both enantiomers: ↘ systematics for parity-violation
searches.
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Thank you for your attention
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MW spectroscopy
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MIR precision spectroscopy
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