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Dr. Patrick Dupré, Université du Littoral Cote d'Opale

Patrick Dupreé is a recognized expert in molecular high resolution and quantitative laser
Spectroscopy. His career has included work in physics and chemistry laboratories in France,
the United States, the United Kingdom and Germany. His interests include experimental
spectroscopy and modeling. He is presently involved in developing Noise-Immune Cavity-
Enhanced Optical Heterodyne Molecular Spectrometry (NICE-OHMS) for metrology
applications and for trace gas detection in the Mid-InfraRed. Spectroscopy with high finesse
cavity is an ideal tool for saturated absorption, i.e. under sub-Doppler conditions.
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@ [Saturated Absorption: Modeling and Simulations|

© NICE-OHMS: Principles and Implementation|

© [C,H, in the NIR|

@ [HD in the NIR (Forbidden Transition)|

© [Bibliography]
Q

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 2 /47



P. DUPRE (pdup



Motivations

e Ultrasensitivity, i.e., Trace Detection

P. DUPRE (pdup m) (LPCA/ULCO) Spe y 1 V| Dec. 2018 4147



Motivations

e Ultrasensitivity, i.e., Trace Detection

@ Quantitative Spectroscopy of Gas (aerosol?)

P. DUPRE (pdup m) (LPCA/ULCO) Spe y 1 V| Dec. 2018 4147



e Ultrasensitivity, i.e., Trace Detection
@ Quantitative Spectroscopy of Gas (aerosol?)
@ Gas Metrology (OFC)

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 4147



e Ultrasensitivity, i.e., Trace Detection
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Basic Idea: Enhancing the Absorption Length, i.e., the length of interaction
between light and analyte. How?
@ Multipass Cell
e White Cell
e Herriot Cell

Alternative: Resonators (using small Dichroic Mirrors, 1984)

@ BBCEAS (Broad-Band Cavity-Enhanced Absorption Spectroscopy)
based on Broad Band sources (coherent or not): Arc Lamps,
Supercontinuum, LED, OFCS. It requires a Dispersive Detection

@ ICOS (Integrated Cavity Output Spectroscopy), On-Axis, vs. Off-Axis

@ CRDS (Cavity Ring-Down Spectroscopy), Continuous or Pulsed Wave,
Broad-Band vs. Narrow-Band Source (see O’Keefe 1988)

Cavity Finesse measurement (in Frequency)

Cavity Impedance Mismatch (Ring)

FMS (Frequency Modulation Spectroscopy)

NICE-OHMS (Noise-Immune Cavity-Enhanced Optical Heterodyne
Molecular Spectroscopy)
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@ The Absorption Beer-Lambert Law:
I(O)) — IO e—a(w) Laps

a (w) =N o (w) is the frequency depending absorption coef. (in cm™1).
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o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Leps
a (W) =N o () is the frequency depending absorption coef. (in cm™1).
o Approximation of the Optically Thin Medium [a (w) Lgps < 11:
I (w)

I —
Al (w) = OI— = o (W) Laps
0

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 9 /47



http://hitran.org/

o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Laps

a (W) =N o () is the frequency depending absorption coef. (in cm™1).
@ Approximation of the Optically Thin Medium [a (w) Lgps < 11:

Al(w) = 2 1@ _II(“)) = @ () Laps
0
%)

@ The Number Density (A in cm™) is proportional to

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 9 /47



http://hitran.org/

o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Laps

a (W) =N o () is the frequency depending absorption coef. (in cm™1).
@ Approximation of the Optically Thin Medium [a (w) Lgps < 11:

Iy—1I(w
A @) =27 _ ) Lags
I
e The Number Density (A in cm™3) is proportional to
o the Gas Pressure

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 9 /47



http://hitran.org/

o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Laps

a (W) =N o () is the frequency depending absorption coef. (in cm™1).
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o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Laps

a (W) =N o () is the frequency depending absorption coef. (in cm™1).
@ Approximation of the Optically Thin Medium [a (w) Lgps < 11:
Io—I(w)

Al (w) = I— = a (w) Laps
0

e The Number Density (A in cm™3) is proportional to
o the Gas Pressure
o the Concentration of each specific species

@ The line absorption Crossection (o (w) in cm?/molecule), includes a
Normalized Lineshape (like a Voigt profile whose width is pressure
depending):

fa(w)dsz

where S is the Line Intensity (in cm/molecule if w is in cm™1).
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o The Absorption Beer-Lambert Law:
I((,U) - IO e_a(w) Laps

a (W) =N o () is the frequency depending absorption coef. (in cm™1).
@ Approximation of the Optically Thin Medium [a (w) Lgps < 11:

Al (w) = w = o (W) Laps
0

e The Number Density (A in cm™3) is proportional to
o the Gas Pressure
o the Concentration of each specific species

@ The line absorption Crossection (o (w) in cm?/molecule), includes a
Normalized Lineshape (like a Voigt profile whose width is pressure
depending):

fa(w) do=8

where S is the Line Intensity (in cm/molecule if w is in cm™1).
e Sisavailable in the database like HITRAN (http://hitran.org/)
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Absorption in a Resonant Cavity
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Main Features of a Symmetric Resonant Cavity
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Main Features of a Symmetric Resonant Cavity

@ Cavity Finesse (Enhancement Factor)

2n VR
F=T 1R
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Main Features of a Symmetric Resonant Cavity

@ Cavity Finesse (Enhancement Factor)

2 R
Foin_m vR
L 1-R
o Free Spectral Range (FSR)
FSR= —
ZLCKZU
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Main Features of a Symmetric Resonant Cavity

@ Cavity Finesse (Enhancement Factor)

_2_7r_n\/7_€
L 1-R

o Free Spectral Range (FSR)
c

ZLCCZU
@ Response Time (or Characteristics Time)
B FLeqw F 1 F

— (= —— =
nc  2n "' 2A.p, 27FSR

FSR=
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Main Features of a Symmetric Resonant Cavity

@ Cavity Finesse (Enhancement Factor)

e 27 T VR
T L 1-R
o Free Spectral Range (FSR)
FSR= —
ZLCCIU
@ Response Time (or Characteristics Time)
o= e S 1 T
TC 21 2Acay  2mFSR

e Equivalent Absorption Length
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Main Features of a Symmetric Resonant Cavity

@ Cavity Finesse (Enhancement Factor)

e 27 T VR
T L 1-R
o Free Spectral Range (FSR)
FSR= —
ZLCCIU
@ Response Time (or Characteristics Time)
o= e S 1 T
TC 21 2Acay  2mFSR

e Equivalent Absorption Length

2F Leay
eq = =2CTprp
i1

e Trapped Power
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Formalism: Transfer Function (“Filter”) of a Lossless

Cavity
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Formalism: Transfer Function (“Filter”) of a Lossless

Cavity

o In the Frequency Domain
Lour (@) = Teap (@) - Eiy (w) |2

with (obtained from multiple interferences

Te—iwt,.,/Z T 1
Tear (@) = 1+ Relwtn - 1-R5 . [ w—iwFsg
i 1“( Ao (©) )

and with
R/ — Re_a’(w)Labs
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Formalism: Transfer Function (“Filter”) of a Lossless

Cavity

o In the Frequency Domain
Lour (@) = Teap (@) - Eiy (w) |2

with (obtained from multiple interferences

T e-iwtn/2 T 1
7:3@1/ ((X)) = 1 + 'Rei‘”t’f = 1 _ R - . w—insR
i 1+1(—Aml,(w) )

and with
R’ — Re_a’(w)Labs

@ In the Time Domain

2
Iout (1) = ‘FT_I

Teav (@) - Ein (w)]
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Simulation: Pulsed Source
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Simulation: CW Source
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Absorption in a Resonant Cavi

@ Linear Absorption at resonance (occupancy factor = 1)
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Absorption in a Resonant Cavity

o Linear Absorption at resonance (occupancy factor = 1)
o Alteration of the Characteristics Time (CRDS)

1 1
—-—=a(w)c
Trp (W)  To
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1 1
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o Alteration of the Detected Power
Al (w)
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@ NonLinear Absorption
o a(w,)
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o Linear Absorption at resonance (occupancy factor = 1)
o Alteration of the Characteristics Time (CRDS)
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Trp(w) To
o Alteration of the Detected Power
Al (w)
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0

@ NonLinear Absorption
o a(w, )
o Alteration of the Decay Shape (to nonexponential decay)
e Lamb-dip, etc...
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Limit of Detection or Sensitivity

Analysis of the Signal to Noise Ratios (SNR) for the different techniques
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Limit of Detection or Sensitivity

Analysis of the Signal to Noise Ratios (SNR) for the different techniques

o Signal (Cavity Enhancement factor: ~ F)
@ Source Intensity Fluctuations versus Photon-Shot-Noise (PSN)

2eAy
n <Peﬁ>

= (aLe‘l) min
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Limit of Detection or Sensitivity
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(discontinuous acquisition)

o The “Direct” Absorption techniques require acquiring the Noise
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Signal (Cavity Enhancement factor: ~ F)
@ Source Intensity Fluctuations versus Photon-Shot-Noise (PSN)
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= (aLe‘l) min

CRDS is intrinsically Immune to Source Intensity Fluctuations

(discontinuous acquisition)

o The “Direct” Absorption techniques require acquiring the Noise
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Differential Absorption (DAS)

Amplitude Modulation
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Beam Intensity Stabilization (AOM)
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Signal (Cavity Enhancement factor: ~ F)
@ Source Intensity Fluctuations versus Photon-Shot-Noise (PSN)

2eAy
n <Peﬂ>

= (aLe‘l) min

CRDS is intrinsically Immune to Source Intensity Fluctuations

(discontinuous acquisition)

o The “Direct” Absorption techniques require acquiring the Noise
Immunity

Differential Absorption (DAS)

Amplitude Modulation

Frequency/Phase Modulation (FMS)

Beam Intensity Stabilization (AOM)

o NICE-OHMS benefits of both: CW acquisition, and full noise Immunity.

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 16 / 47



NonLinear Absorption by CRDS

P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spec py in Cavity: Dec. 2018 17/ 47



NonLinear Absorption by CRDS

e First demonstrated in 1999 (Saturated Absorption in jet cooled NO»),
Romanini, Dupré & Jost, in Vib. Spectros. 19, 93.
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NonLinear Absorption by CRDS

o First demonstrated in 1999 (Saturated Absorption in jet cooled NO»),
Romanini, Dupré & Jost, in Vib. Spectros. 19, 93.
@ Then,

o P De Natale Group (Florence) in 2010 (CO>), Phys. Rev. Let. 104, 110801
e S. Hu (Hefei) in 2017 (CO), Rev. Scient. Inst., 88, 043108

@ Applications:
e High Resolution Spectroscopy
e Simultaneous determination of the number density and of the
crossection, from a single decay (CRDS)!

@ Attention

Requiring full control of the Intracavity Power

Modeling of the Nonlinear Interaction

Data Weighting (according to the noise source, see CRDS)
Crossover Resonances
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NonExponential Decay
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Saturation in NO, (with Fine and Hyperfine Transitions)
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Absorption versus Intracavity Power

Absorption versus the Intracavity Power at the Center of the ‘R;,(0.5) Line Pattern
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Simulation and Line Profile Anal

Saturation Analysis: C,H, Transition R(0) at 6558.79233 cm! (polyad 10)

n T o T — .
6x10° F Pressure: ~ 1.7 Pa Dipole Moment: ~ 11 mD _|

- + Transit-time Rate: 160 kHz Beam Waist: 0.45 mm A
‘TE I Collisional Rate: 100 kHz Beam Power: 10 mW 1
| ]
= 4x10° [~ N
o L

o i

N

="

b~ Linear

8 6 —— Dual Integration i
= 2x10 —— Triple Integration

< —— Monochromatic Integ.

Monochromatic
Doppler Broadening: 0.00793 cm'!
0 i L L L L L L | L L L L | L L L L
6558.77 6558.78 6558.79 6558.8 6558.81

Wavenumber (cm!)



C,H, NICE-OHMS Simulation (Absorption)

NICE-OHMS in Phase, C,H, Transition R(O) at 7143.8289 cm- (polyad 11)
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C,H, NICE-OHMS Simulation (Dispersion)
NICE-OHMS in Quadrature, C,H, Transition R(0) at 7143.8289 cm™! (polyad 11)
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C,H; Simulation (Dispersion): Lorentzian Component

Saturation Analyszs C2H2 Transition R(O) at 7143.8289 cm! (polyad 11)
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C,H; Simulation (Dispersion): Gaussian Component

Saturation Analysis: C,H, Transition R(0) at 7143.8289 cm™! (polyad 11)
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Direct Absorption of C,H, (P 11, v, + v, + (2v4 +v5)! < 0)
C,H,, Transition R,(4) (7239.79077 cm™Y), Direct Absorption at 7 ubar
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Direct Absorption of C,H, (P 11, v, + v, + (2v4 +v5)! < 0)
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Direct Absorption of C,H, (P 11, v, + v, + (2v4 +v5)! < 0)
C,H,, Transition R(4) (7239.79077 cm™), Direct Absorption at 7 ubar
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NICE-OHMS “Absorption” of C,H, (Polyad 11)
C,H,, Transition R (4) (7239.79077 cm''), NICE-OHMS in Phase at 7 ubar
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NICE-OHMS “Dispersion” of C;H, (Polyad 11)
C,H,, Transition R (4) (7239.79077 cm’!), NICE-OHMS in Quadrature at 7 ubar
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NICE-OHMS Dispersion of C,H; (Polyad 11) with OFC

C,H,, Transition R,(4) (7239.79077 cm™), NICE-OHMS in Quadrature at 2 ubar
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Resonance Width Power Dependence

Power Broadening, NICE-OHMS of C,H,, Transition Ry, v, + v, + (2v, + vs)!
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Simulation of HD: First Overtone, Transition R(0)
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HD: 1st Overtone, Transition R(1)

1-f WM-NICE-OHMS: HD Transition R, of the 1% Overtone (1 Pa)
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HD Hyperfine Structure according to N. Ramsey

HD Ground State: Hyperfine Energy Levels for N~1

21+ 521> 132 1-> 3721 +> 172 1->

According to Ramsey and Lewis
Phys. Rev. 108, 1246 (1957)

TTI0 30 0 50 Too 150
Energies Relative to the level Center (kHz)
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P. DUPRE (pdupre@gmx.com) (LPCA/ULCO) Spectroscopy in Cavity| Dec. 2018 41/ 47



Discussion on HD (Work in Progress)

@ New Transition Frequency: 217.105 181 891 (15) THz, <1 x 10’10,
(published value: 217.105 192 (30) THz [Kassi/Campargue JMS, 2011])
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An Innovative Technique, even to Saturate weak Transitions
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