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MIR : molecular fingerprint region
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Different motivations

Study of fundamental
constants
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Measurement and
Interpretation of
atmospheric &
astrophysical spectra
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V. Avetisov et al., Sensors (2019)

Improve molecular data bases

= Detect and uniquely identify
molecules in remote environments

N Improve measurement accuracy,
and assure Sl traceabillity for
critical species (GHG, polluants)
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Saturated Absorption Spectroscopy

High resolution for high precision Physical limitations

1.0 Direct absorption

Thermal broadening (Gaussian)
0.8

» Doppler effect Av ~ 100 MHz

ump

p
Saturated absorption
probe

Coll./transit broadening (Lorentzian)

0.6

0.4

Absorptance / r.u.

0.2 » Pressure effect Av ~ 100 kHz (1 Pa)

» Transit broadening Av ~ 100 kHz (1 mm)
Av ~ 10 kHz (1 cm)

0.0

-100 -50 0 50 100
(V - vg) / MHz > Power broadening Av = Ayp/1+ S ~ \/EAI/O

Technical limitations

» Laser width and stability — Ultrastable laser source
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REFIMEVE: Sl traceable frequency reference

Dissemination of ultrastable frequency reference via fibre network

Piloting institutions: LNE-SYRTE & LPL
Link to nat. frequency standard (LNE-SYRTE)

Users: Research Institutions

vy v v Vv

Distribution by French academic research
network RENATER using dedicated repeater
stations

» Link to NML of neighbouring countries

» 2 signals:
» Optical (main) signal: 1.55 ym (< 10-15 @ 1s)
» RF signal (Paris area): 100 MHz (10-14 @ 1s)

-

Y

Nice AG FIRST-TF Nov 9, 2023




Sl traceable MIR QCLs linked to atomic clocks
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atomic clocks ~ 1.54 um laser
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ultra-stable cavity
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n
VQCL — F(Vref‘" A 1) - A2

~10-14 (H-maser)
~10-16 potentially (Cs fountain)

I’.@
Systéme

Chanteau et al, New J. Phys. (2013)
Argence et al, Nature Photon. (2015)
Santagata et al, Optica (2019)
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Sl traceable MIR QCLs locked to OFC
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Setup @ LERMA

LNE-SYRTE

Optical fibre °
with noise  *

Reference
100 MHz

compensation ,

Dichroic
to

Spectroscopy Reflection

I/QCL — (nl — nz)]Cr + Abeat . fl" i 250 MHz

beat note Apeat
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Study of selected O3 lines @ LERMA

Direct absorption
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Study of selected O3 lines @ LERMA

-1

% Line Pos/cm!' Pos/MHz (TW) Pos/MHz | Diff./ kHz
2 3 (Jka,kc < JKa,Kc) (HITRAN) u=0.05 MHz (HITRAN) (HITRAN-
- u=3-30MHz | TW)
S
% V (19136 <+ 18135) | 1048.673642 31 438 444.717 31 438 444.9 180
>
% W{( 927 « 826) | 1049.029700 31449 119.145 31449 119.2 60
0 X (999 ¢ 89s) | 1049.032171 31449 193.254 31 449 193.3 50
1000 1020 1040 1060
Line position / cm™ Y (16107 « 15106) | 1049.033936 31 449 246.076 31 449 246.2 120
\ Z (1038 ¢+« 937) 1049.447882 31 461 655.885 31 461 656.0 120

-1

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

cm molecule

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

-20

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

Intensity / 10

1048.6 1048.8 1049.0 1049.2 1049.4
Line position / cm™
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Sl traceable MIR QCLs locked to OFC
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Ultra-precise QCL-based MIR spectroscopy at LPL

Saturated absorption spectroscopy of CH3OH

(Gas inle

» abundant interstellar and
protostellar molecule

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

» sensitive to variations of me/mp

Gas outlet
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Record uncertainties @ LPL

.
LI

29 132715 076.7 (1.0) kHz

P(E,co0,0,2,33) line

| {_ Tt 11| 291327150743 (7.4) kHz
al ¢ 1 | @ zero-power, zero pressure
29 132 715 075.3 (1.3) kHz 291327150775 (0.7) kHz—
& ¢ » Record uncertainty on methanol line
Systematics Correction (kHz) Uncertainty (kHz) posmons
ﬁ-equency calibration 0 <0.0003 » Rel frequency stability 3.8 10-11
power shift +16.94 kHz (June 2017) 14
+12.32 kHz (October 2017) ' (stat)
—s 7.4 kHz elobal pressure shift -2.4 1 . _
© other spectroscopic . » Total relative uncertainty : 2.5 10-10
uncertainty St not measured, estimated <5 kHz 5
line fittin 0 5 :
~2000 improvement over - T Ty > FPC leads to ~10 times reduced
previous measurements OVl Systematics +9.92 (October 2017) 73 systematic uncertainty
Statistics 0 1.1
+14.54 (June 2017)
A +9.92 (October 2017) It

Santagata et al, Optica (2019)
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Spectral coverage and tuneability @ LPL

Wave number (cm’l)
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Resonance Enhanced Multiphoton Dissociation

spectroscopy of H> @ LKB

+ I, at LKB . .
2
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Resonance Enhanced Multiphoton Dissociation

spectroscopy of H>+ @ LKB

Full scheme

REFIMEVE

: : Frequency comb
2

at 1542 nm

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

351 ” A Max beat signal 10 dB less than ideal theory
58 dB in 30 kHz
—40 - 53 dBin 100 kHz

Noise 5-6 dB above shot noise

|
~
o

Comb/comb beat note

1560 nm comb noise (~ 200 uW)
Expected shot noise

Electronic noise SFG comb noise (~ 200 nW)
Analyzer noise floor

Amplitude (dBm)

-90

-100

-110+

Test frequency stability

0
f- 64MHz (MHz)

spectroscopy of formic acid
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| . : b
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3f Lock-In
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HCOOH at 9.17 uym as accuracy test @ LKB

Measurement campaign Central frequency analysis v, = 32 708 391 980 966 (18) Hz Stat
5.51013

4 optical powers 0.72,1.44,2.16 and 2.88 mW

4 pressures 0.5,1,1.5and 2 ub .
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Conclusions

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

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

» Achieved line centre uncertainties are in the 10-° to < 10-12 range
» Data can serve as unigue benchmarks for molecular calculations

» and further development/measurements will constrain fundamental constants
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@ LPL using a newly developed spectrometer

= m./m, time variation in the present —
epoch using CH3OH, NH;, ... | -

= test fundamental symmetries in ab—ie R
chiral molecules ’

= stabilised QCL

2 &
i Cournol et al, Quantum Electron. (2019)

sub-Hz (10-14-10-15) target uncertainty

@ LPL, LKB, LERMA NH;
@ 9.6 um, 11.5 ym, 13.6 pm

+ ) =5%
o ] Jk=5, 587 MHz ‘K~ 3
= m,/ m, variation (spatial & S 1900, 16700

: VcC
temporal) in lab/space
comparisons using CHsOH, 1620.601440 cm’
(6.2 pm)
NHs...

sub-kHz (10-11) target uncertainty
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@ LKB

= Fundamental constant
measurement (m./m,, ) using MIR

(9.17 um) spectroscopy of Ha+

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

@ LERMA

Fundamental ozone molecular line shape
and parameter measurements (vo, v, 6,
S, ...)in the MIR for

= unifying spectroscopic data
between UV and IR

= jnvestigating isotope dependencies
= extending spectral coverage
sub-kHz (10-11) target uncertainty

Nov 9, 2023



“,

" FIRST

- Thank you for your attention

KACAV | CRSKIEEY e | ©
| FRANCE r “SRefimeve+
| %:_:) ”/;é\w a n | Réseau fibré métrologique
* “edeFrance * ,IB| g g Ie (i?rance \/ a vocation européenne

Nice AG FIRST-TF Nov 9, 2023



