Spectroscopy techniques using frequency-comb : the
special case of Dual comb spectroscopy
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Spectroscopy techniques using freque

Partie |I: Spectroscopy with combs

- Introduction

- Different techniques of Frequency comb spectroscopy
Partie II: Dual Comb spectroscopy

- Dual Comb Principle

- Dual Comb in the international community
- Extension towards the UV range

Partie Ill: The Dual Comb experiment at ILM

Experimental setup
Results
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Frequency comb spectrometer(S) _—

Broadband spectroscopy + comb mode resolution + frequency precision

/ Fluorescence on atomic system
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Dispersive element (+Fabry Perot) Time domain techniques

- Using a diffraction grating - FTS using a Michelson interferometer
- Virtually-imaged phasearray (VIPA) - FTS with Dual Comb

- Vernier spectroscopy - Ramsey-comb spectroscopy

- Other heterodyne measurements (THz)
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‘_ L First Cavity-enhanced Frequency-comb spectrocsopy j‘\\
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Frequency comb = bright source + broadband + harmonic generation possible

v

Grating
spectrometer
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Harmonic Enhancement cavity

generation Resolution 0.03 to 0.07 nm in the UV range
[T. Gherman, D. Romanini, Opt. Express 10, 1033 (2002)]

. [G. Méjean, S. Kassi, and D. Romanini — Optics Letters Vol 33 n°11 (2008)]
> Mode-locked Cavity enhanced Dual Comb Spectroscopy (ML-CEAS) [Grilli et al, Environmental Science & Technology, Vol 26 (2012) ]

Cavity free spectral range: FSR=c/2nL= £, \

<+—>
In-situ and Real Time Measurements of 10,
v BrO, NO2, and H2CO at pptv and ppgv
'}

Comb modes
Cavity resonances

Bandwidth between 50 et 100 cm™~! depending on the cavity finesse
_Need of low-dispersion cavity mirrors.
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Comb resolution with a Grating-based spectrometer?

——\ernier FSR ——,

> Vernier spectroscopy

GHz resolution over 2000 cm™*
[L. Rutkowski and J. Morville, JQSRT, vol 187 (2017) ]

SUUULUUUUU M LU ,U WUV UL

[ Review: Lu et al, Photonics 2022, 9, 222]

see talk L1_Talk4 Jérome Morville “Cavity Enhanced Frequency Comb Vernier Spectroscopy d'hydrures métalliques produit par
pulvérisation cathodique »

Vertical diffration : 50 GHz

Cylindrical VIPA etalon Reflection Grating
» virtually-imaged phasearray (VIPA) spectrometer lens '

1.2 GHz sampling frequency, at 633nm over 10nm bandwidth. — — i
[S.A. Diddams, L. Hollberg, V. Mbele, Nature 445, 627 (2007)]

~J_Horizontal
diffraction

ol :3GH:z
? Imaging Lens

InGaAs Camera

- First observation of the OD + CO = DOCO kinetics
[B. J. Bjork et al Ye, Science 354, 444-448 (2016)]

- Recently 94 MHz resolution, observation of N2, H2, CH4 in a plasma
[Sadiek et al, Optics Express 32, 26 (2024) ]

[ Adapted from Review of:
Thorpe, M.J and J. Ye Appl. Phys. B 91, 397-414 (2008)]



Frequency comb spectrometer(S) _—

Broadband spectroscopy + comb mode resolution + frequency precision
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Dispersive element (+Fabry Perot) Time domain techniques

- Using a diffraction grating - FTS using a Michelson interferometer
- VIPA - FTS with Dual Comb

- Vernier spectroscopy - Ramsey-comb spectroscopy

- Other heterodyne measurements
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Fourier Transtform spectroscopy with Combs
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[Mandon, J.; Guelachvili, G.; Picqué, N. Nat. Photonics 2009, 3, 99-102]
resolution of 1.5 GHz, spanning 80 nm @1.5um (C,H,):
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Fourier Transtform spectroscopy with Combs
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. FT spectrometer
—i = ﬁrep | cff;'ep |

FFT
[Mandon, J.; Guelachvili, G.; Picqué, N. Nat. Photonics 2009, 3, 99-102] 'I'
resolution of 1.5 GHz, spanning 80 nm @1.5um (C,H,): MHMHHML
e Froquency

\ || [
+ Enhancement cavity : [ Kassi et al, Spectrochimica, Spectrochimica Acta Part A

||
R s Y i R Y
A I A 75 (2010) 142-145 |
weak b—X transition of 160, in the atmosphere, at 0.1 cm™?! resolution
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Comb resolution with a Fourier-Transform Spectrometer?

(a) fire<f., -~ ILS — ILS sum -+ FTS sampling
s R - \ / ’\\‘—" —==
(b) f:TS: frcp
Paz oyt - - -
5 4 B 2 4 0 1 2 3 4
l’\-l’lﬁm

[Rutkowski, L et al, J. Quant. Spectrosc. Radiat. Trans 2018, 204, 63—73 (2018)]

subnominal FTS

Resolution of 111 MHz, over 100 cm™? (CO2 at 1.5um )
[Maslowski, P. et al. Phys. Rev. A, 93, 021802. (2016)]

+ Interleaving
-> precision beyond the Voigt profile

The instrumental function is not
impacting the adjacent comb

/ modes

- Cavity Ring Down - Fourier transform - Comb spectroscopy -> see
talk L1_Talk2 Romain Dubroeucq “Spectroscopie par temps de déclin
cavité Fabry Perot par peignes de fréquences »

[Dubroeucq et al, Optics Express, vol 3 (2022) + arXiv:2409.09531 (2024)]
[Liang et al, Nature, vol 638 (2025)]
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Comb resolution with a Fourler-Transform Spectrometer? B,
Dual Comb Spectroscopy N

N

Partie Il: Dual Comb spectroscopy
- Dual Comb Principle

- Dual Comb in the international community
- Extension towards the UV range
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Dual-Comb Spectroscopy - temporal representation

Af; rep

f Time increment T =
7ep,1

100fS frep
\ o Jrepz femtosecond
repg 4_—> : :
02 frep,1 Effective time
Afrep = frep1 — frep2 Qdo

nanosecond
Laboratory time

» time
M
A rhrarialimiorn— time
f;‘ep .
. Free Induction decay
TF

The pioneers: MHz
MPQ, Nathalie Picqué
NIST’s group, I.Coddington ’ X ‘
Laval University, Jérome Genest

Relative coherence
<1 rad during the acquisition time



The dual-comb meth()d()l()gy = ;
spectral domain e \

« Or how to map optical frequencies into RF frequencies »

Aﬁ"ep = frep,l - frep,z m

Bfrep!
iehl
— | . R
Frepi optical frequencies
Afrep
O Hz

RF frequencies
The pioneers:

MPQ, Nathalie Picqué
NIST’s group, I.Coddington
Laval University, Jérdme Genest
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The pioneers:

MPQ, Nathalie Picqué

NIST’s group, I.Coddington
Laval University, Jérdme Genest

The dual-coi;ib ihethodology

spectral domain

« Or how to map optical frequencies into RF frequencies »

Bfrep!
aeha
= 'l
Frepi optlcal f requencies
Afrep

«—>
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O Hz

RF frequencies
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Dual Comb Spectroscopy

History

2005: Ammoniac detection around 10um (2 KLM free-running TiSa lasers + DFG)
[Schliesser and Keilmann, Optics Express Vol 13, 22 (2005)]

2005: 82.6 MHz resolution in the THz domain [Yasui, E. Saneyoshi, and T. Araki, Appl. Phys. Lett. 87, 061101 (2005)]

2006: Vater vapor detection in the THz range (2 KLM TiSa lasers + antenna) [Brown et al, Applied Spectroscopy, Vol 60, n°6 (2006)]
Comb resolution in the THz domain: [Yasui et al, Appl. Phys. Lett. 88, 241104 (2006)]

2010’s: DCS emerging among the IR spectroscopist community

[Coddington, Opt. Lett. 34(14), 2153-2155 (2009)] i B
[J. Roy, et al Opt.Express Vol20, n°20 (2012)] Comb resolved. it ‘ in_\,;?-’
generator 2 i ,I
. Enhancement cavity = Sioization
2014 -> outside the laboratory Frequency | C‘\\} e
[Rieker et al, Optica, Vol 1, issue 5 (2014)]: ge;gg,f;,”
l Phase—lock/
d Wavelength (nm)
(d) i 1660 1640 1620 1600 C) [Bernhardt, B et al.. Nature Photon 4, 55-57 (2010).]
" ' | 4.5GHz resolution, 20nm bandwidth, Yb laser
£ - CcHB HZOfea'“’es/W\ | " Acétyléne C2H2 and Ammoniac NH3
E> | (+ weak CO,) . [
§ € \ n 6086.6 6086.8 cm’
- — |
;‘ s |‘ CO, features |
& 2 \ weak H,0, HDO,
= \ /  hotbands)
0.0 1 I 1 I 1 ]
6000 6050 6100 6150 6200 6250 6242 6 6242 8 e

Wavenumber (cm’)



... -
Dual Comb Spectroscopy
Architectures and Applications

Typically GHz resolution
/ + phase correction algorithms to retrieve the comb structure

? . [Walsh et al J. Phys. B: At. Mol. Opt. Phys. 58 (2025)]
P =

(a) Free-running

Multi-Heterodyne Signal

S e Typically GHz to MHz resolution
Phase ‘ + phase correction
Locf. TQ“I‘ T M“ / Phase-locked or mutually coherent by the laser architecture (ex. Part I1l)
rf

(c) Fully referenced

— of f' Sub-MHz resolution -> Spectral interleaving possible

] ! Tz@_, T / Systematic error of 200kHz to 300kHz, at 3.4 um and 1.5um (Méthane)
= LT Al I |i¢ [Zolot et al, JQSRT, 118, 26-39 (2013)]

oo i -> HITRAN data base improvement

| Reference
Systematic error of 600kHz at 7.8 um (38.4 THz) over 1.2THz (N20)
[from review : Coddington et al. Optica Vol. 3, No. 4 (2016)] [Komagata et al, Physical Review Research 5, 013047 (2023)]

\ -> HITRAN data base improvement
e BvERSTe
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Dual Comb Spectroscopy
Architectures and Applications

Long-path absorption
LIDAR

Hyperspectral - LIDAR

HCN absorption line
From the backscattered light
of water-vapor dropled

.«— Retroreflectors o5

> 3 ~~Sources

[Boudreau, Optics Express, Vol. 21, No.
6 (2013)]

Power Spectrum (dB)
=

= i el ) ¥ s
E e it 5 o TR T 23
L 15607 el g™ s 22
1555 1550"\ e s of
1545 20
Wavelength (nm) Distance (m)

Sl
Methan leak detection [Coburn et al, Optica Vol. 5, No. 4 (2018)] Hyperspectral - IMAGING
Simulatenous CH4, NH3, CO2, and H20

NH3 : subppm.m and CH4: ppm.m [Herman2021]

[Vicentini, Nature Photonics,
1 vol15, 890 (2021)]
Retroreflection on a natural target (forest): '

. Patino Rosas and N. Cézard, Opt. Express 32, 13614-13627 (2024) ]
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Dual Comb Spectroscopy - Spectral ranges

7.5 um 3um 1.5 um 500 nm

Dual-Comb
Demonstrations

uency Comb

Fre
%echnology

2x10'

1010 1.0” 1012

2x10™ 10" 10

Frequency [Hz] [Coddington et al, Optica, Vol3 n°4 (2016)]

® EOM
+ Microresonnators (chip-based): 1.5 um
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Differential abscrption cross section

iNSTITUT LUMIERE MATIERE

UV atmospheric remote sensing
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Absorption line metrology in the UV
broadband and high resolution spectroscopy -> UV congestionned lines

“table-top” synchrotron beamline?
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Differential Absolute absorption cross section €107 [em?]

1.25'

? MWM
wﬂm

OCIO

e f M w J :J

1

ggouhm

250 300 350 401
Alnml]

High spectral resolution to explore the
full dynamic of fundamental transient
effects

(combustion, chemical reaction
dynamics at the microsecond time scale)
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UV - Dual Comb: State of the art

R. Jason Jones’ group in Arizona [McCauley et al, Optica, Vol. 11, No. 4, April 2024] (2 Yb fiber comb + 3rd harmonic - Fel and Fell absorption lines — 2THz wide)
N. Picqué’s group at MPQ-Garching [Xu et al, Nature, vol°627, 2024] (Erb fiber + EOM combs +2X SHG - Cesium — 50GHz wide )

S. Diddams’ group in Colorado [Chang et al, Optics Letters, vol°49, 7, 2024] (Erb fiber comb + PPNL for 5th harmonic )

L. Vodopyanov's group in Florida [Muraviev et al, Optica, vol 11, 11 2024] ( 2 KLM laser + HHG, 7 harmonic)

B. Bernhardt’s group in Graz [Furst et al, Optica vol n°11, 2024] (2 Yb sources in one, THG + broadening, 50GHz resolution, 37.5 THz wide)

| Article nature
Near-ultraviolet photon-counting dual-comb BT ———

‘Spectroscopy [ R OPTICA

.
S P S TP Broadband near-ultraviolet dual comb s
S Optics Letters P

i rpreen T = S — hl::;ls"g:;:ivét&z:r;z:.(:acnnzn. ALexanogn EBER, © FLORIAN SIEGRIS : , P | I ( :
| T p—— b gl SEkr rang g 1 . . . - RO = Sy
| et lhchtoes smmngrereiz MUIti-h@armonic near-infrared—ultraviolet dual s oz cuimens ooy, rvsgm 1« torc o e

e spectrometer Recontd 2 December 20ET roviond 27 Feteusty 222, 40000000 3 Mavon 2024; puodsed 2 2o 2de Dual-frequencv-comb Uv spectroscopy With one

KaisTina F. CHang,' © DameL M, B, Lesxo,'? CarTer MasxBurn,'? PeTer Chang,'? million resolved comb lines
Eucene Tsao,"* ALexanpes J. Lino,'* ano Scorr A. Diopaus'?#* €

Anprey Muraviev,' Dmitri Konnov,' @ SERGEY VASILYEV,”
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Comb resolution with a Fourler-Transform Spectrometer? B,
Dual Comb Spectroscopy N
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Partie Ill: The Dual Comb experiment at ILM

- Experimental setup
- Results
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UV-DCS, with a ... TiSa laser | LM

- Sufficiently low optical phase noise 0.11 rad (1 kHz : 50 MHz) [Sutyrin et al, Optical Engineering, vol n°12, 2014]
+ Low harmonics generation (SHG - THG) to reach the UV range
-> coherent UV-comb pulses

- Sufficient power in the UV range (>10 mW) -> OK remote sensing

- Broad and versatile spectral range (>10nm) THG Ti:sa SHG Ti:sa
-> multispecies monitoring /—A — JR
HCHO
HONO
S0,
BrO
NO,
OH
CioHg
(o]wie]
2(IJO ZéO 360 3;')0 4(IJO 450 560
Alnm] TiSa, near IR: 800nm

[S. Galtier, C. Pivard, P. Rairoux. Remote Sensing, 12(20), 2020 ] 22



Home-made bidirectional ring laser cavity

| -> intrinsic mutual coherence |

e .
== 2% L M1 Tisa M2
Laser
OC  din1 BS
M5 (= | I s—— | @‘D*\
., dirz ¢
py 4 P3 | Acquisition card

OC: output coupler
BS: beam splitter
P1-4: prisms for dispersion compensation

[Ideguchi et al, Optica, vol 3 n°7,2016] , [Garduno-Mejia et al, Optic Comm, vol n°171, 1999], [Bartels et al, Opt.
Lett., vol n°24, 1999], [Fortier et al, Opt. Lett., vol n°31, 2006], [Pelouch et al, Opt. Lett., vol n°17, 1992],

INSTITUT

LUMIERE

MATIERE
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. i _5‘:52:
Home-made bidirectional ring laser cavity EL

From the green pump laser

Two pairs of prisms for intra-cavity
dispersion management

[Clément Pivard. Development of a bidirectional Dual Comb laser source towards atmospheric trace gases monitoring.

PhD thesis, Université Lyon 1 Claude Bernard - Institut Lumiere Matiere (ILM), defense date: december, 15, 2022.] 22
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Afyep PP Asynchronous operation? LI

How to variate Afep ?

Crystal translation (um) / Lens translation (um) / Prism translation (um) / Mirror adjustment (um)

Source of Afyep ?

Correction of the Non-linear Schrodinger equation: [ | N/

Self-steepening effect: group velocity dependance as function of pulse duration and S b é W
energy Lol R ) ol

From the green pump laser TiSa C.r\’ﬁt'll

......
::::::

:::::

Predicted group velocity change: ~ 0.1(2)fs/n/ [sander et al, Optics Express Vol 18 n°S (2010)] s B (11 N %

-------

Two pairs of prisms for intra-cavity
dispersion management

p [Hz]
5=
Qo
i

W
L
|

delta f re

Coef _dir=0.25(11) fs/nJ
v

T T T T T
4 9 8 10 12
difference energy [nJ]

Measurement Af,..,, versus differential intracavity energy on the ILM-BDTiSa 25



Behaviour as function of Af,..,,

How to variate Afep ?

INSTITUT LUMIERE MATIERE

Crystal translation (um) / Lens translation (um) / Prism translation (um) / Mirror adjustment (um)

1.0 4 @) dirl 1.0 (b) — dirl
dir2 — dir2
0.8 1 0.8
El El
206 - f Z 0.6 ! ; ——}
] o |
o J ] |
2 2 /
3 0.4 £ 0.4
Afrop =12Hz | & : /T
Tep 0.2 /f 0.2 4 \
0.0 i O O N PSS 0.0 ety Ogpanner” i RO -
385 390 395 400 405 410 415 385 3‘.I30 3;95 460 465 4i0 415
Optical frequency [THz] Optical frequency [THz]
1.0 =i 1.0 :
(c) dl:rl (d) 1 — dirl
— dir2 - — dir2
0.8 0.8 1 ;
El B |
06 206 |
@ L
- -
2 2
é 0.4 ) =04
Afrop = 107 Hz | * |\ <
Tep 0.27 T \ T 0.2 1
0.0 gt e’ - [ R N — 0.0 +—- N S
T T T T T T T T T T
375 380 385 390 395 400 405 370 375 380 385 390 395 400
Optical frequency [THz] Optical frequency [THz]

[ S. Galtier, C. Pivard, J. Morville and P. Rairoux ‘High-resolution dual comb spectroscopy
using a free-running, bidirectional ring titanium sapphire laser.” Opt. Express, 30 n°12,
21148-21158 (2022) ]

Afrep = 10.4 Hz

Afrep = 425 Hz

26



Mutual coherence of fr.,1 and frep2

frep1s frepz and Af.., measurements using a frequency counter FCA3000 Tektronix™

Frequency [Hz] -118.504 300 MHz

60
50 A
40 4
30 1 1
—— différence de fréquence
—— frequence direction 1
—— fréquence direction 2 [Armand Veau M1 internship 2022]
20 L— - -

0 200 400 600 800 1000

Time [s] 27



Di-oxygene DCS measurement

Optical path of 7 m
indoor

Acquisition card

Schematic setup for O, DCS spectroscopy

28



DCS signal: temporal trace and retrieved spectrum

DCS temporal trace

0.4 B
S 0.2
&
S ‘10‘Wf‘(?jL-m—-'u—-ua-v—-v-'v--v—
o
=~ 0.2 L
-0.4

)

0O 10 20 30 40 50 60 70
Time [ms]
Gain depletion

Centerburst

FT

-

70.499 70.500 70.501

Time [ms]

Spectral density (.a.u)

RF spectrum

IR spectra

k)
=

11— dir2 ~. 3
- dirl o\
— dirl Xdir2 | ]
{ — bcs /

f

o
o

Amplitude [a.u]
(=] [ ]
= o

o
N

e
o

384 386 388 390 392

Optical frequency [THz]

382 394

1 2 3 4 5
Frequency [MHZz]

RF frequencies towards optical frequencies

Vopt = Trep X (kfrep + (Vgr — AfCEO))
29



Di-oxygene DCS measurement I LIV

INSTITUT LUMIERE MATIERE

1.2 1
1.11
0.6
0.4 4 1.0
0.2 \ TF —
S o0 b > | J > © 0.91
E o >
2 o2 - ]
-0 | i —— HITRAN
~0.61 0.7
—0.8 A — 0.6 U
-1.01 - g : . ; ; j ;
T T z 15 A 0.50 0.75 1.00 1.25 150 175 2.00 2.25 0.5 l X Jdk Jui Jl Jl l l l
time [us] Ve [MHZ] ) . . . : T T T T
392.2 392.4 392.6 392.8 393.0 393.2 393.4 393.6
Vopt [THZ]
One-shot measurement - 3 ms acquisition time 1.1

Instrumental line-width: 0.7 GHz in the optical domain

1.0
sensitivity per spectral element at 1 second ~ 107 /\/Hz
0.9 1
i 0.8
b'I¥ — X3Z; electronic transitions of oxygen with ambient linewidth of 1.5GHz —
— exp

- GHz resolution level 0.7 —— HITRAN
- Asymmetric lineshape under investigation

0 p
Fie ff,l
[ S. Galtier, C. Pivard, J. Morville and P. Rairoux ‘High-resolution dual comb spectroscopy using a free-running, 391.5 3920 /3930 393.5

bidirectional ring titanium sapphire laser.! Opt. Express, 30 n°12, 21148-21158 (2022) ] v"pt [THz.
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Firsts results on UV -DCS

iNSTITUT LUMIERE MATIERE

ITIr o
> A \
dirl P ) A |
laser > y‘ Bgo 'U >—f —> ‘ R Iuv
dir2 I Gl ’ . Abel Feuvrier (PhD)
The principle
BBO crystal .
— type | phase matching - Imm thick 2 ﬂ,
8% to 20% SHG efficiency : ol J\M
Power: 10 to 80 mW at 400nm os
-> UV-IGM - Contraste 66% 5
19'90 19'95 20I00 20‘05 20|10
time [us]
IGM @390nm

[Abel Feuvrier et al -EOSAM October 2023 - EPJ Web of Conferences 287, 07019 (2023)]
ANR UV-ATMOCOS iyERSITE
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Schematic setup using a

—
=

Cs vapor cell

laser >

-
-
bo
ws)
oo
=il
Y
Y
B>
4
Y
:
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~
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<

Retrieved UV spectra from FFT of a 2.5ms
window around the IGM centerburst.
Singe shot interferogram.

2 resonances of 133Cs - atomic linewidth =~ 1GHz.
6S,/,~8P/, @ 387.615 nm

-V AN 6S,/,~8P,,, @ 388.861 nm

-> Cs lines to assess the resolution of the spectrometer ?

-> Towards quantitative transmission measurement using a NO2 spectral lines

in a vacuum gas chamber.
ST

G

fl 7 0 \
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- Frequency comb spectroscopy

Conclusion and perspectives
Frequency comb spectroscopy

Variety of spectrometers: Speed - accuracy/precision - Spectral coverage

- Dual Comb in the UV range:
The free-running bidirectional KLM TiSa laser at ILM
- Afrep Observed from 0 to 450 Hz — measurement of resolved molecular lines.

- UV Spectroscopic measurements with & 10mW total power

- How to improve the sensitivity:
Averaging protocols: a posteriori (computing) or real-time correction protocols.
Address the asymmetrical line shapes.

- Field-deployable instrument ?

laser \<
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- Frequency comb spectroscopy at other spectral ranges ?
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