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Measure entire absorption bands and/or different species simultaneously, with high sensitivity and in short acquisition times 



Optical frequency combs
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Thousands of synchronized laser lines

Prix Nobel 2005
John Hall & Theodor Hänsch
for their contributions to the development 
of laser-based precision spectroscopy, 
including the optical frequency comb technique

S. Cundiff & J. Ye, Rev. Mod. Phys. 75, 325 (2003)

http://www.fisi.polimi.it/en/research/research_structures/laboratories/54063

http://www.nobelprize.org/nobel_prizes/physics/laureates/2005/

The bandwidth of incoherent light sources with the resolution of cw lasers



From pulsed lasers to combs
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Mode locked femtosecond lasers

𝒏 Mode index 104 – 106

𝒇𝒓𝒆𝒑 Repetition rate 50 MHz – 10 GHz

𝒇𝒄𝒆𝒐 Carrier-envelop offset frequency 0 – frep The perfect link between radio and optical frequency ranges

νn = n frep + fceo

Optical frequency of the nth mode:



Stabilization
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Repetition rate
Measurement: fast detector
Actuators: cavity length (stepper motor, PZT, EOM) and/or pump current

Beat note 
detection

Comb

1/frep

Offset frequency
Measurement: f-2f interferometry
Actuators: oscillator pump current, intracavity dispersion and/or external A/EOM

m = 2n

ν2 - ν1 = 2(nfrep + f0) - (mfrep + f0) = f0

Comb
Highly non-linear fiber
supercontinuum

SHG crystal Beat note 
detection

n2n1

Octave 
spanning

n

D.J. Jones et al., Science 288, 635 (2000)



Opto-electronics
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Science, 369, 267 (2020)



Cavity enhancement
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In 

Time domain

L = c / 2frep

Match the cavity length to the pulse separation

Perfect comb-cavity matching

Frequency to amplitude 
noise conversion

ν

Cavity free spectral range: FSR = c/2nL =  frep

Frequency domain

Comb modes
Cavity resonances

Match the cavity resonances to the comb modes

Cavity finesse: F = FSR / Δν

Δν



Intra-cavity absorption
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Amplitude reduction

Resonance broadening

Shift of the resonant frequencies

Molecular transition = absorption + local variation of the refractive index

Opt. Express 23(11), 14472 (2015)



Intra-cavity dispersion
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ν
Comb modes
Cavity resonances

The FSR-frep matching cannot be perfect on the entire comb bandwidth.

+ +



1D Dispersive spectrometers
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T. Gherman and D. Romanini, (2002)

R. Grilli et al., Phys. Rev. A 85, 051804 (2012)

1D dispersion

• Diffraction grating + CCD array

• Resolution > GHz

• Frequency calibration of the grating

• Spectral coverage – few nm

• Acquisition time – ms

Opt. Express 10(19), 1033 (2002)



2D Dispersive spectrometers
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Laser

camera

M1 M2

PZT

VIPA DG

VIPA (NIR and MIR)

• Virtually Imaged Phased Array
+ orthogonal dispersion grating                                    
+ camera

• Mode per mode resolution possible 

• # spectral elements ~ # of pixels

• Acquisition time – ms

Nature 445, 627 (2007)

Opt. Express 16, 2387 (2008)



2D Dispersive spectrometers
Lucile Rutkowski, CES, Lecco, 2022 – lucile.rutkowski@univ-rennes1.fr

Laser

camera

M1 M2

PZT

VIPA DG

VIPA (NIR and MIR)

• Virtually Imaged Phased Array
+ orthogonal dispersion grating                                    
+ camera

• Mode per mode resolution possible 

• # spectral elements ~ # of pixels

• Acquisition time – ms

Immersion grating (10 µm)



Vernier filtering approaches
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FSR = frep

3FSR = 4frep

FSR = frep+ df

➢ Use the cavity as a frequency filter

➢ Mismatch between FSR and frep



Mode resolved Vernier
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~
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Using a femtosecond laser

Using micro-cavities

Comb
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comb

PD
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n

Using QCL-combs

Vernier in mode per mode filtering

• Spectral coverage : entire comb

• Comb mode resolution

• Acquisition time < sec

• Sensitivity limited by intensity noise

3FSR = 4frep



Continuous filtering
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frepFSRc = frep

𝑳𝒄 = 𝑳𝑷𝑴𝑳𝒄 = 𝑳𝑷𝑴 + Δ𝑳

𝜞𝑽 =
𝒄

𝟐𝑭𝜟𝑳

Comb lines

Cavity modes

Vernier order kMaximum transmission

ν𝒌 ≈ 𝒌
𝒄

𝟐𝜟𝑳

OFC
center frequency

Vernier width

𝜞𝑽



Continuous filtering
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𝑭𝑺𝑹𝑽 =
𝑳𝑷𝑴
𝜟𝑳

𝑭𝑺𝑹𝒄

OFC

Spectral resolution

THz

𝜞𝑽 =
𝒄

𝟐𝑭𝜟𝑳

Vernier in continuous filtering

• Spectral coverage : entire comb

• Tunable resolution > 5frep

• Acquisition time ~ sec

• Immune to intensity noise

• Require external frequency 
calibration



Discharge spectroscopy
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NIR detection in a flame
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[H2O] and [OH] overlapped cycles and averages

Flat flame burner*
• Flame diameter = 3.8 cm
• Flame temperature ~1950 K

Measurements at stoichiometry
• CH4 flow rate = 950 mL/min
• Air flow rate = 9050 mL/min

- Background spectrum recorded with flame off
- H2O and OH radical transitions



Fourier transform approaches
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Mechanical FTS
Michelson interferometer

Measurement in optical path difference (OPD)

• Interferogram + FFT

• Single detector

• Comb modes resolution possible

• Spectral coverage – entire comb range



Dual comb spectrometers
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FTS without mechanical movement, instead two combs with different repetition rates

Time domain measurement

• Interferogram + abs(FFT)

• Single detector

• Comb modes resolution

• Spectral coverage – entire comb range

• Acquisition time – ms



Cavity-enhanced DCS
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Opt. Express 24(10), 10424 (2016)



Mechanical FTS
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Fast-scanning comb-based mechanical FTS

Translation 
stage

1/frep

Optical path
difference

c / frep

- (1)

(2)

Single detector

Balanced detector

– Fast-scanning interferometer (1 m/s)

– 1 GHz resolution in 0.4 s

– Stabilized cw reference laser for OPD calibration

Auto-balanced detection



Comb-cavity coupling
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EOM

λ/4λ/2

Comb

PBS

Grating

LPF

LPF

~

Ph

Ph

LPF

LPF

Current servo

PZT servo

EOM servo

fPDH

PDH

Controllers

DBM

detection

E. D. Black, Am. J. Phys. 69(1), 79 (2001)

A. Foltynowicz et al., Appl. Phys. B 110, 2 (2013)

Continuous transmission necessary:
2-point Pound-Drever-Hall locking technique

0f

≈

1st locking point
PZT ~6 kHz; EOM ~500 kHz

2nd locking point
Pump current ~150 kHz

𝐹𝑆𝑅 =
𝑐

2𝐿
= 𝑓𝑟𝑒𝑝

𝜈

Error signal #1 

δ𝜈K = K δfrep+ δfceo

Error signal #2 

δ𝜈P = P δfrep+ δfceo

Transmitted bandwidth usually 
limited by the cavity dispersion



Detection in a flame
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Er:fiber
comb

FTS

High-temperature 
water and OH 

spectra in a flame

C. Abd Alrahman et al., Opt. Express 22, 13889 (2014)

Premixed methane/air 
flat flame burner

High temperature spectrum (2000 K)

OH lines

Remote operation

Spectra at different heights above the burner

Cavity for flame measurement: 
• finesse 150

• length 60 cm, FSR 250 MHz

• open air

FTS:
• Resolution 1 GHz in 0.4 sec



Absolute comb stabilization
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EOM

λ/4λ/2 PBS

Grating

PDH

Rb clock

DDS
Frequency

counter

FTSComb

fceo frep BPF PZT servo
DBM

fDDS

PZTGas flow

frep

fceo

L. Rutkowski et al., JQSRT 204, 63-73 (2017)

Stabilization of the absolute values of frep and fceo

➢ Require stabilization of the cavity length



Sub-nominal resolution
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OPDmax = c/frepTrain of bursts separated by c/frep

Single-burst interferogram
Nominal resolution matched to frep

Contains all spectral information

FTS sampling 
points

Instrumental
line shape (ILS)

Comb line

FTS spectrum

frep

frep

FTS spectrum



Spectral interleaving
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S. Schiller, Opt. Lett. 27, 766 (2002)

P. Maslowski et al., Phys. Rev. A 93, 021802(R) (2016)

L. Rutkowski et al., JQSRT 204, 63-73 (2017)

repf

frep or fceo scan 
to map the entire absorption lineshape

• Resolution – comb linewidth
• Frequency scale – given by the comb
• Sampling point spacing – arbitrary tuning
• Compact and fast spectrometer



High precision spectroscopy
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CO2 in N2 at 26 Torr

3ν1+ ν3 band
1000 ppm CO2 in N2

HITRAN model
measurement

• Laser Er:fiber: 250 MHz

• Cavity - F = 10000, FSR = 187.5 MHz
• Interferogram: δνN = 750 MHz 

(OPDmax = 40 cm)

• Optical step: 18.75 MHz 

• 40 interleaved spectra

• Total acquisition time: 700 s



Cavity mode spectroscopy
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Er:fiber cw laser
1576.9396 nm

FTS
Grating

λ/4λ/2 PBS PZTFlow

fceo servo
f-2f

Rb clock 
fclk = 20 MHz

frep servo

DDS

fDDS

Er:fiber fs laser
250 MHz

EOM
FSR = 333 MHz 
Γ= 200 kHz

Grating~
PZT servo

fPDH

to NICE-OHMS

4frep = 3FSR

L. Rutkowski, et al., Opt. Express 25(18), 21711 (2017)

A.C. Johansson, et al., Opt. Express 26(16)20633 (2018)

➢ Comb-cavity locking via a stabilized cw reference

➢ Cavity filled with 1% CO2 in N2 at 750 Torr



Cavity mode spectroscopy
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@ 1603 nm

Full spectrum

Interleaving of 120 spectra taken with a 20 kHz optical step. Lorentzian fit for each cavity mode:



Cavity mode spectroscopy
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Absorption and dispersion spectra from mode widths and center frequencies 

Three absorption bands measured, no need to consider broadband dispersion effects.



Conclusion
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ννν

fs laser

Comb Cavity Detection

Many techniques, balance between:

• Spectral coverage

• Spectral resolution 
• Time resolution
• Sensitivity
• Total acquisition time 
• Robustness

Measure entire absorption bands and/or different species simultaneously, with high sensitivity and in short acquisition times 

Vernier spectrometer in continuous filtering

• Use the enhancement cavity as a frequency filter 

• Entire comb bandwidth, but loose the frequency ruler

Fourier transform spectroscopy

• Multiplex measurement, rely on a Michelson interferometer

• Easily combined with cavity enhancement, comb mode resolution
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