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A simple instrument to measure frequencies from 0.1 THz to 1000 THz.

A phase-coherent link between the Optical and RF regions

A clockwork to transfer the resonant frequency of Atomic Clocks

Theodor W. Haensch
Nobel Prize 2005

Credits: Heriot-Watt University in Edinburgh
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Principles of Optical Frequency Combs
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Principles of Optical Frequency Combs



Born for Precise Frequency Measurements

for a review see, e.g.:
Optical comb generators for laser frequency measurement
Maddaloni et al. Meas. Sci. Technol. 20 (2009) 052001



Experiment performed at LENS, 
Firenze, Italy in1998





Intensity Scaling of Molecular Absorption

1256 OPTICS LETTERS / Vol. 27, No. 14 / July 15, 2002

Low-power Lamb-dip spectroscopy of 
very weak CO2
transitions near 4.25 m

natural combs



lEEE JOURNAL OF QUANTUM ELECTRONICS, 
VOL. 29, NO. 10, OCTOBER 2693 (1993)
Wide-Span Optical Frequency Comb Generator for Accurate Optical Frequency
Difference Measurement
Motonobu Kourogi, Ken'ichi Nakagawa and Motoichi Ohtsu, 



Quantum cascade laser frequency combs

 NL   (3)E3

17Hugi et al., Mid-infrared frequency comb based on a quantum cascade laser, 
Nature 492, 229-233 (2012)



Quantum cascade laser frequency combs

18Burghoff et al., Terahertz laser frequency combs, Nature Photon. 8, 462-467 (2014)



Electromagnetic Spectrum





Comb Vernier Spectroscopy

Comb Dispersion by VIPA and Grating

Fourier-Transform Analisys

Dual Comb Spectroscopy

A. Marian, M. C. Stowe, J. R. Lawall, D. Felinto, and J. Ye, Science 306, 2063 
(2004) S. A. Diddams, L. Hollberg, and V. Mbele, Nature 445, 627 (2007)



Advanced Optical Fiber-based spectrometers

Broad Absorptions in Liquids

Strain (DL/L)

Temperature variations



Combs for spectroscopy in liquids
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Operating Principle of FBGs

Periodic modulation
of the refractive index

in the core of an optical fiber
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laser

sensor

detectors

Set-up for Deformation Sensor



static and dynamic point strain measurement;
field and remote operation;
immunity to EMI;
embedding in materials;
monitoring networks;
low weight and cost;
application as field sensors in several areas.

FBG-based sensors

broad-band sources combined to passive or active filters;
limited sensitivity;
frequency response.

Capabilities:

Conventional interrogation techniques:



Interrogation of FBGs using a laser source

FBG

laser

FM-based Bragg-grating set-up

2 3 GHz
Fast PD

50-% FBG

PZTBT

DBM

3-dB coupler

OI

Loud speaker

1560-nm DFB
diode laser
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Fiber Optical Sensors

Italian patent : No. RM2007A000589 (2007).



Comb-assisted strain sensing

Diode Laser
1560 nm

Optical Frequency Comb

Beat and 
Lock Unit

10 MHz

PZT

Fiber-optic 
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NATIONAL OPTICAL FIBER LINK

Pushing  the  ultimate  resolution  in  the  spectroscopic  
frequency  measurement  down  to  10-­18 by  stabilizing  the  
frequency  comb,  to  which  the  probe  laser  is  referenced,  

against  an  optical  atomic  standard

Yb lattice  clock  under  construction  at  INRIM

A  1.5-­micron  laser,  continuosly
referenced to  the  primary Cs  fountain
via  an  OFC,  is disseminated through a  
long  optical fiber.  Part  of  the  laser  
radiation is reflected back  and  used to  
cancel the  phase noise accumulated
during the  fiber propagation

Istituto Nazionale di
Ricerca Metrologica

GPS  limits the  comb
accuracy to  5x10-­12

improved primary
standard

D.  Calonico  et  al.,  Appl.  Phys.  B  117,  979  (2014)Accuracy=3 10-­16 Stability=3 10-­14  / 1/2



A
llan deviation

Stability transferred by the link
(at 642 km distance, Turin-Florence, Italy)



Cold Molecules
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BUFFER GAS COOLING

N.R.  Hutzler et  al.,  Chem.  Rev.  112,  4803  (2012)
S.E.  Maxwell  et  al.,  Phys.  Rev.  Lett.  95,  173201  (2005)

Both  translational  and  rotational  (internal)  degrees  of  
freedom  of  the  desired  molecular  species  are  cooled  

via  collisions  with  a  thermal  bath  of  helium  in  a  
cryogenic  cell



CHARACTERIZING THE COLLISIONAL COOLING PROCESS

L.  Santamaria  et  al.,  The  Astrophysical  Journal  801:50  (2015)

Translational  temperatures  are  
extracted  by  Doppler  thermometry  

Due  to  a  non  perfect  thermal  exchange  between  the  copper  pipe  and  the  
two  PT  plates,  a  temperature  of  about  15  K  is  measured  on  the  He  line  
just  before  the  entrance  into  the  BGC  cell  (at  4.2  K);;  to  bridge  this  gap,  
an  improved  setup  for  better  cooling  of  the  He  line  is  under  construction

Laser-­absorption ro-­vibrational spectroscopy
of  the  12C2H2 ( )  band  is  performed  



MEASUREMENT OF TIME VARIATION OF 
CONSTANTS: A PROPOSAL

The cold fluoroform (CF3H) beam is
extracted from a buffer-­gas-­cooling source
(and then collimated by means of an
electrostatic hexapole lens). Employed in a
2-­photon Ramsey-­fringes interrogation,
the probe source is a mid-­infrared
quantum cascade laser at 8.63 micron,
phase-­locked to a specially-­developed
optical frequency comb (OFC) that is
ultimately referenced to the cesium
primary standard via the National optical
fiber link.

, 

L.  Santamaria  et  al.,  J.  Mol.  Spectrosc.  300,  116  (2014)





Moving deep into the Infrared



EXTENDING THE COMB TO THE MIR

S. Bartalini et al., Opt. Lett. 32, 988 (2007)

only vis/NIR combs are commercially available linking direct IR sources to OFCs

P. Maddaloni et al., New Journal of Physics 8, 262 (2006)

Span: 180 nm (5 THz)
Power per mode: 100 pW
by tuning the pump source and 
adjusting the QPM conditions, a 
comb is created from from 2.9 to 
3.5 µm in 180-nm-wide spans



40

With a GaSe non-linear
crystal they obtain a 
very wide tunability
range (3-10 m)
and an overall optical
power up to 1.5 mW.

MIR-comb generation



NL medium

Difference Frequency Generation - DFG



The Source: DFG in PP-Crystals



Wide tunability
Mode-hop-free operation

Narrow linewidth
Relatively high power

Much higher power, but cavity is needed to be 
frequency-stable and with single-mode behaviour

Optical Frequency-Down Conversion



Carbon cycle...

44/2



...and radiocarbon cycle

45/2







To meet these formidable challenges, sensors are 
needed with:

High sensitivity, for trace gas sensing
High resolution, for a high degree of discrimination
Infrared spectral coverage, to match strong  molecular bands
Wide tunability, to interrogate a large number of molecules

High precision, to reduce databases statistical uncertainties
High accuracy, to reduce systematic effects getting high 
reproducibility

The Challenge

Laser-based Infrared Spectrometers



-Assisted  DFG Setup

4.2-4.5 micron
hundreds of microwatts



CO2 (000 00) R(56) 
saturated-absorption
line at 2383.359 cm

D. Mazzotti, et al., Opt. Lett. 30 , 997 (2005)

uncertainty of 800 Hz (10-11) 
in the absolute frequency

Main limitation
comes from
transit time

Cavity-Enhanced Saturation Spectroscopy



11000<F<25000  @  4.5   m
FSR  =  150  MHz

Pushing up Sensitivity by Cavity Enhancement



Metrological spectroscopy: a smart DFG link 
to an Optical Frequency Comb Synthesizer

I. Galli et al., Optics Express 17, 9582 (2009)
original scheme proposed by Telle et al., Appl. Phys. B (2002))



Cavity width is 9 kHz
(measured with cavity ring-
down technique)

Cavity drift is about 1 kHz/s

measured FWHM:
16 kHz (@ 5 ms)
28 kHz (@ 2.4 s)
34 kHz (@ 24 s)
270 kHz (@ 240 s)

Coupling IR radiation into an enhancement cavity

Appl. Phys.B,102, 255-269 (2011)

A few kHz@70 THz 10-
10

http://www.springerlink.com/content/0946-2171/102/2/


frequency fluctuations

molecular absorption

The discriminator has its own
frequency response.
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Measuring the Laser frequency-noise: principle



Ultra-stable, widely tunable and absolutely linked mid-IR coherent source
I. Galli et al., Optics Express 17, 9582 (2009)

Intrinsic IR linewidth is ~ 10 Hz
Integrated IR linewidth is ~ 1 kHz (@ 1 ms)

Narrowing the IR linewidth



Linear Cavity Ringdown

P Cavity output Power
off-abs. decay time
on-abs decay time

c cavity  decay rate
g gas abs.  decay rate

L cavity length
R mirror reflectivity
A other abs. losses

absorption coefficient

P(t)  P(0)e
 
t
 = P(0)e  t

absorption cell Fabry-Perot Cavity

Laser AOM

ADC

Fast 
Photodiode

  
1
 

  c + g =  c +c 

 c  
1
 0

=
c
L
(1 R+A)

Measurement of the Cavity Ring Down time variations c



.Nonlinear Cavity Ringdown: 
Saturated absorption Cavity Ringdown-SCaR

Slope increase from region A to B is proportional to the absorption coefficient 
and hence to the gas concentration

A B

like
empty cavity

C + g

empty cavity + 
gas absorption

I>IS

C
I<IS

G. Giusfredi et al.  Phys. Rev. Lett. 104, 110801 (2010)



30 mW cw power @ 4.5 m 
~10Hz linewidth

Nonlinear absorption phenomena require power: 
Intra-cavity DFG

Opt. Lett. 35, 3616 (2010) 



Combining Precision and Sensitivity: 
The SCAR set-up

Phys. Rev. Lett. 107, 270802 (2011)



Hunting 14CO2: Background and motivations

Radiocarbon (14C) is a key isotopic species for analysis in many different 
sectors worldwide. It is contained in 14CO2 BUT it is a VERY elusive species 
(about 1 ppt concentration in natural abundance).

To date, two main techniques are widely used to measure radiocarbon 
concentration, both with some disadvantages:

Liquid Scintillation Counting (LSC) has very long measurement times 
(hours-days), requires sample with complex preparation and big mass (1-10 
g of C);
Accelerator Mass Spectrometry (AMS) requires large (7-200 m2), expensive 
(0.3-3 M ) and high-maintenance facilities, with slow turnaround time 
(1-4 weeks) and high costs (400-1000 ) for each measured sample.

High-sensitivity mid-IR laser spectroscopy has recently approached the 
performance of these two techniques, while reducing many of their 
disadvantages.

60/17



SCAR: the resolution

100 W Power

Phys. Rev. Lett. 104, 110801 (2010)

250 kHz

(0001-­‐0000)  R(0)  
transition of  17OCO



Natural abundance (1x10-12) detection of 14C16O2

1 scan

32 scans

32 scans

(58 nat. abund.)

Phys. Rev. Lett. 107, 270802 (2011)



SCAR: the sensitivity 

min = 4.8·10-10 cm-1 Hz-1/2

Pmin(CO2) = 19 fbar Hz-1/2

Cmin(CO2) = 1.6 ppt Hz-1/2

Phys. Rev. Lett. 107, 270802 (2011)

Achieved sensitivity: 42 ppq



Spectroscopy of the 14C16O2 3 band

Mol. Phys. 109, 2267 (2011)

Sample enrichment:
~2200 nat. abund.



Retrieved spectroscopic parameters

930 kHz

Mol. Phys. 109, 2267 (2011)



Detection linearity

Phys. Rev. Lett. 107, 270802 (2011)



Detection linearity (1-6400 nat. abund.)

L = 1 m
T = 195 K
P = 12 mbar



Voigt lineshape fitting (6400 nat. abund.)

S/N>1000

L = 1 m
T = 195 K
P = 12 mbar

2 scans



Preliminary AMS-SCAR intercalibration

AMS SCAR
pMC ppq ms-1 MHz ppq

modern sample 106.68 0.37 1253.3 7.8 1.491 0.026 1248 22

fossil sample 0.26 0.05 3.1 0.6 -0.004 0.036 -4 30

assuming no uncertainty
on linestrength!



Comparison with competitor techniques

LSC AMS SCAR
14C detection method -decay count 14C ion count absorbed photons

C mass (mg) ~4000 <1 ~70
Sample material C6H6 C+Fe CO2

Measurement 
repeatability

restricted to
same technique

restricted to
same technique

allowed by
any technique

Background
and/or
interferences

cosmic rays 13CH
12CH2

13CO2 (T>170 K)
N2O (>100 ppt)
O3 (>10 ppm)

Measurement time (h) ~17 ~1 ~3
Precision for modern 
samples (pMC)

~0.5 ~0.3 ~2

Limiting factor Poisson statistics Poisson statistics optical S/N ratio
Footprint (m2) ~1 ~100 ~2
Cost (k ) ~120 ~3000 ~300



Target line for 14C16O2 detection

14C16O2 (0001-0000) P(20)
= 2209.107713 cm-1

S = 3.8 10-30 cm (nat. abund.)

L = 1 m
T = 195 K
P = 11.6 mbar

13C16O2 (0551-0550) P(19)
= 2209.116593 cm-1

S = 1.3 10-30 cm

Simulation made with:
HITRAN on the Web (http://hitran.iao.ru)
using HITRAN 2008 database (http://www.cfa.harvard.edu/hitran)

Absorption coefficient (cm
-1)

Log(S
)

Frequency (cm-1)



Interference from 13C16O2 at 195 K

14C16O2

L = 1 m
T = 195 K
P = 12 mbar

13C16O2

64
scans



Towards lower temperature

Absorption coefficient (cm
-1)

14C16O2 (0001-0000) P(20)
= 2209.107713 cm-1

S = 3.7 10-30 cm (nat. abund.)

Simulation made with:
HITRAN on the Web (http://hitran.iao.ru)
using HITRAN 2008 database (http://www.cfa.harvard.edu/hitran)

Log(S
)

L = 1 m
T = 170 K
P = 12 mbar

13C16O2 (0551-0550) P(19)
= 2209.116593 cm-1

S = 3.8 10-32 cm

Frequency (cm-1)



Relative measurement precision

Pressure can be measured/stabilized   
to better than 0.1%

Temperature can be 
measured/stabilized

to better than 0.3%

Linestrength can be stabilized to better than 0.1%

Spectral area can be measured at 2%



http://www.osa-opn.org/home/multimedia/optics_in_2012/

http://www.osa-opn.org/home/multimedia/optics_in_2012/


Perspectives: work in progress

Present setup Future setup
Cell material stainless steel quartz
Volume (L) ~8 ~0.7
Optical 
finesse

~11000 ~15000

C mass (mg) ~70 ~6
Laser source intra-cavity DFG tunable CW DFB-QCL1

Absolute
freq. reference

OFCS referenced to
quartz/Rb/GPS clock

14C16O2-locked/narrowed
CW DFB-QCL2

Temperature (K) 195 170

Cooling method dry ice closed-cycle Stirling cryocooler

Footprint (m2) ~2 ~1

Cost (k ) ~300 <100



Peltier
CooledQCLs are emerging as the 

main sources in the mid and 
far infrared:

Compactness
Custom wavelength
High power output
Single mode emission

Quantum Cascade Lasers



QCL vs. NIR Laser diodes

Diode laser: emission
for electron-hole
recombination (a). 

QCL: only conduction
band involved (b).



frequency fluctuations

molecular absorption

The discriminator has its own
frequency response.
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Measuring the QCL s frequency-noise: principle



Myers et al., Opt. Lett. 27, 170 (2002)

Williams et al., Opt. Lett. 24, 1844 (1999)

Linewidth of a Quantum-Cascade Laser: 
Beyond the Schawlow-
S. Bartalini et al., Phys. Rev. Lett. 104 , 083904 (2010)

of Quantum-
Physics Today , p.20, (May 2010)

Observing QCL Intrinsic Linewidth



Basic QCL-Comb set-up

Sum  frequency generation:

Nd:YAG  power on  PPLN  Crystal:  1.2  W
QC  Laser  power on  PPLN  Crystal:  2.0  mW
Generated power@  858  nm:  7   W

Beat-­‐note detection:

Power@  858  nm:  7 W
Laser  Diode power:  100 uW
Beat-­‐note amplitude:  -­‐35  dBm;  SNR  =  45  dB

Spectroscopy



QCLs: noise suppression

Intrinsic linewidth: 
inter-subband
transition limit

Three techniques:

The results
CO2 high resolution spectroscopy

excess noise

noise 
reduction

Bartalini et al., PRL 104, 083904 (2010)

Molecular Physics, 111, 2041  (2013)

Optical injection locking Phase lock Frequency lock

Reference Comb-­‐referenced DFG  
source

Comb-­‐referenced
DFG  source

Molecular absorption
line

Linewidth 48  kHz 500  Hz 760  Hz

Opt. Expr. 37, 4811 (2012)

Appl. Phys. Lett. 102, 121117 (2013)

Opt. Lett. 37, 1011, (2012)



Accuracy improvement
of absolute frequency measurements

From
Doppler-limited direct-absorption spectroscopy

with a free running QCL
To

Sub-Doppler saturated-absorption spectroscopy
with a comb-assisted QCL

accuracy improved by
more than 3 orders of magnitude



SCAR2 setup

84/17

unpublished



Examples of commercial apparatuses

85/17

10 m
(wt. 10-100 t)

1 m
(wt. 0.25 t)

1 m
(wt. 1 t)

PerkinElmer
Quantulus 1220

High Voltage Engineering
3.0 MV Tandetron

PerkinElmer
Quantulus GCT 6220

LSC

AMS



Saturated-absorption cavity ring-down (SCAR)

Time-separated measurements in differential schemes (full/empty cavity, 
on/off-resonant gas) have intrinsic technical fluctuations.
Recording CRD spectra in the saturation-absorption regime has a double 
advantage:

sub-Doppler resolution for free;
gas absorption can be discriminated against cavity losses in a single ring-
down event.

Due to a varying saturation parameter during the ring-down process, the 
decay curves are not truly exponential.
An accurate theoretical model must be adopted to fit the experimental data, 
taking into account both the transverse beam shape and all 
homogeneous/inhomogeneous broadening mechanisms.

86/17

J. Opt. Soc. Am. B 32, 2223
(2015)



Technical upgrades

87/17

SCAR1 SCAR2
Cell material stainless steel quartz
Volume (L) ~8 ~0.7
Optical finesse ~11 000 ~18 000
C mass (mg) ~70 ~6
Laser source intra-cavity DFG tunable CW DFB-QCL1
Absolute
freq. reference

OFCS referenced to
quartz/Rb/GPS clock

N2O-locked
CW DFB-QCL2

Temperature (K) 195 170
Cooling method dry ice acoustic-Stirling cryocooler
Footprint (m2) ~2 ~1
Cost (k ) ~300 ~150



Upcoming results for SCAR2

New results, demonstrating few ppq sensitivity of 
SCAR spectroscopy, will be published in:

Galli et al. Optica, (2016)



Moving deeper into the (Far) Infrared



Electromagnetic Spectrum



Basics

Properties & advantages
Non-invasive, non-ionizing, 
non-contact and non-
destructive examination 
method
Can penetrate opaque materials
Complementary to traditional 
methods such as X-ray, UV, 
VIS and IR 
imaging/spectroscopy
Radiation frequency can tune 
the depth of penetration

State of the art 
Rapid instrumental progress 
and development in last 
decades
No commercial spectral 
libraries in spite of a range of 
commercial instruments 
Currently a database with 500 
spectra of art materials 
(pigments, dyes, binders)



S. Bartalini et al, 
Frequency Comb Assisted Terahertz Quantum Cascade Laser Spectroscopy,  
Phys. Rev. X 4, 021006 (2014).

choice for 
Phys. Rev X 
Highlights



P = 250 mW

zero-CEO frequency
6-octaves-spanning COMB
(more than 60000 teeth)

Total power = 1 W
Power per tooth = 30 pW

L. Consolino et al.,  Nat. Comm. 3, 1040 (2012).

Usually employed for THz TDS, but

<1 ps

S. Yokoyama, Opt. Express 16, 13052(2008).

Pump laser:

THz QCL



About  70-­‐80%  of  the  QCL  power
effectively  phase-­‐locked

S/N  =  50  dBm (1  Hz   RBW)

Electronic  Bandwidth  =  200  kHz



Rb-­‐GPS disciplined
quartz oscillator

Function
Generator PLL

10 MHz
ref.

Mode-­‐locked
Fs-­‐pulse
Ti:Sa
Laser

cavity-mirror
piezo-actuatortunable

ref.

77.5 MHz
frep

relative stability:

6 x10-13 in 1 s
relative accuracy: 

2 x10-12

Measured frep relative stability better than 5 x10-11

For the THz comb:

offset instabilities cancel out
only frep instabilies contribute to

the tooth linewidth

computer
control

Allan variance < 4mHz

~100Hz level @ 2.5 THz





Precise determination
of the line center

Comparison with state-of-the-art alternative techniques:

S/N  > 100 

expected
error on c:
~ 10 kHz   

Transition linewidth ~ MHz (FWHM)

0 = 2. 553 830 766 (10) THz



= Nw ~ 90 Hz

THz QCLs are suitable
for metrological-grade 
experiments

M.S. Vitiello et al.
Nat. Photon. 6, 525 (2012).

L. Consolino et al.,  
Nat. Comm. 3, 1040 (2012).

S. Bartalini et al, Phys. Rev. X 4, 021006 (2014).
Absolute Frequency

Saturation

L. Consolino et al.
Appl. Phys. Lett.
106, 021108 (2015)

Cavity
enhancement

A. Campa et al.
Optics Express,  
23, 3751 (2015).

L. Consolino et al.,
Sensors 13, 3331 (2013).

High-sensitivity techniques



IC-DFG-comb generation: the setup

99

First approach: intracavity DFG generation.

NIR-comb: 
mode-locked Ti:Sa
with fr

Yb FA output 
(signal): 
1032 1045 nm 

Galli et al., Opt. Express 21, 28877-28885 (2013).



IC-DFG-comb : the characteristics

100

NIR-comb spectrum

tunability power
ECDL/Ti:Sa 838 863 nm 30 W
NIR-comb 1032 1045 nm * 5 W (ampl.)
IC-DFG-comb 4.2 5.0 m 0.5 mW

* amplified NIR-comb 
FWHM

IC-DFG-comb envelope
(phase-matching bandwidth)

FWHM = 27 nm



IC-DFG-comb : the high-finesse cavity

101

Characteristics:
Length = 1 m          Finesse = 8000

To maximize the transmission 
we have matched the repetition 
rate of the comb and the free 
spectral range of the cavity. 



IC-DFG-comb : the teeth linewidth

102

The FNPSD of the comb in matching condition:

Galli et al., Opt. Express 21, 28877-28885 (2013).

2 kHz linewidth
instead of
100 kHz
thanks to the DDS



- wide shift in order to cover a wider spectral region, by tuning the PPLN crystal 
temperature (changing the phase matching conditions).

IC-DFG-comb : CO2 spectroscopy

103

It is also possible to shift the comb:
- fine shift in order to cover the frequencies between the teeth, either by tuning the 
pump frequency or the repetition rate of the NIR-comb;

Galli et al., Mid-infrared frequency comb for broadband high precision and sensitivity molecular 
spectroscopy, Opt. Lett. 39, 5050-5053 (2014)



QCL-comb: the frequency noise

The modes are coherent among themselves, 
but the overall emission has to be stabilized.

jitter

104

Quantum noise

Cappelli et al., Intrinsic linewidth of quantum cascade laser frequency combs, 
Optica 2, 836-840 (2015)



QCL-comb: the phase-locking of a mode to an 
IC-DFG-comb mode

QCL provided by ETH Zürich, Switzerland.

105



The dual comb technique

Mid-IR 
range

RF 
domain Dual comb technique: 

down-conversion of the IR 
spectra down to the RF.

20 frames 2-ms long

The locking effectively 
narrows the peaks from 500 
kHz to less than 20 kHz on 
a 1-s time scale.
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Whispering Gallery Mode micro-Resonators

coupling through evanescent
waves

compact and robust devices

transparent from near- to mid-
IR (CaF2, MgF2)

suitable for laser stabilization
and comb generation

1.55 m laser (Koheras, 4 kHz 
linewidth)
80kHz mode width

modes as narrow as <10 kHz in 
the near-IR (Q ~ 1010 )

~ 1 MHz width in the mid-
IR 
(Q ~ 107 108 )



Kerr-comb generation

high Q 
small 
size

nonlinear optical phenomena can be 
generated at very low coupled power 
levels

from Kippenberg et al., 
Science 332, 555-559 
(2011)

Kerr-comb generation 
by four wave mixing



Kerr-comb generation using a silica microresonator

Octave-spanning comb

Del Haye, Herr, Gavartin, Gorodetsky, Holzwarth, and Kippenberg, Phys. Rev. Lett. 107, 063901 (2011)



Kerr-comb generation

Tunable Comb with a Crystalline CaF2 Whispering Gallery Mode Resonator

Comb generated in integrated SiN resonator

Savchenkov, Matsko, Ilchenko, Solomatine, Seidel, and Maleki, Phys. Rev. Lett. 101, 093902 
(2008)

Foster, Levy, Kuzucu, Saha, Lipson, and Gaeta, Opt. Express 19, 14233-14239 
(2011)

controllable tuning of 
the comb repetition 
frequency by changing 
the frequency of the 
pump laser



Kerr-comb generation in the mid infrared

broadband frequency comb spanning from 2.1 to 3.5 
m

SiN resonator pumped with an OPO (2.5 to 3.2 m, 100-kHz linewidth)



Kerr-comb generation in the mid infrared

high-finesse CaF2 and 
MgF2 resonators
pumped with QCLs

4.5 m half-octave
spanning comb
60 kHz linewidth



CaF2 micro-resonator for mid-IR laser stabilization

CaF2 toroidal WGMR
3.6 mm diameter -->  FSR=18.9 GHz @ 4.3 m
Coupling: Al2O3 (sapphire) prisms

Q-factor ~2 x 109 @ 1.5 m  (F=250k)
~4 x 107 @ 4.3 m (F=11k)

DFB QCL @ 4.3 m 
(Hamamatsu)                    
700 mA thr., 10 mW

low-noise current
driver

Reference cell with 
pure CO2



Measuring the laser frequency noise

frequency fluctuations

molecular absorption
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Free-running QCL:
700 kHz FWHM (1 s timescale)

Locked QCL:
15 kHz FWHM (1 s timescale)
10 kHz (1 ms)

Siciliani et al., Laser and Photonics Reviews 10, 153 157 (2016)

Locking to V-shaped cavity (Fasci et al. OL 39, 4946, 2014):
4 kHz (1 ms); 1 MHz (1 s) 



Doppler-free spectroscopy electronic lock

More than 1.5 GHz tuning
by acting only on the resonator T



Doppler-free spectroscopy electronic lock

30 seconds span time

Improved precision on center 
frequency determination by more 
than a factor 3

Pump power: about 5 mW

Borri et al., Tunable microcavity-stabilized quantum cascade laser for mid-IR high-
resolution spectroscopy and sensing, Sensors 2016 (in press) 

Commercial vs home-made low-noise driver
free-running vs locked laser




