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Turbulent combustion in real devices

unsteady
autoignition
high 
pressure
sprays
soot, NOx, 
CO

blow off 
instabilities
high pressure
sprays
soot, NOx, CO

solid particles
radiation
soot, NOx, CO

IC engines Gas turbines, rockets Furnaces and industrial processes
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Bringing reacting flows to the lab

Many spatial and time scales, many scalars
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Reacting flows: laminar
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Courtesy: B. Renou, 
INSA-Rouen
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single shot temperature map

flame

OH map

velocity map

range of feature 
length scales

Steinberg et al., Comb. Flame (2010)
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Resolving turbulent and flame scales

Kamal et al., PCI (2016)
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Spatial scales from μm to tens of cm
Time scales from μs to s

https://doi.org/10.1016/j.combustflame.2010.07.011
http://dx.doi.org/10.1016/j.proci.2016.08.067


Why we measure

⇢
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models solution �i,v
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H. Pitsch and H. Steiner
Physics of Fluids, 
12  2541  (2000)

Sandia flame D
Laminar flame

Kumar, K. , Sung , C.-J. 
Comb. Flame 151: 209 
(2007) 
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Things we would like to measure
Flow field

– Mean, fluctuations, correlations of velocity (1-2-3 components)
– Strain, vorticity (gradients in 2D or 3D)
– Pressure and fluctuations
– Length and time scales of turbulence, coherent structures

Scalar field
– Mean, fluctuation of temperature, major and minor species 

concentrations
– Equivalence ratio or mixture fraction
– Scalar gradients and length scales
– Structural information based on 2D- or quasi 3D-diagnostics
– Heat release rate (where, when, intensity)

Multiphase flow and particulates (e.g., coal, spray, soot, synthesis)
– Particle size, number density, volume fraction, velocity, …

Boundary and inflow conditions 
– Flow and scalar fields
– Surface temperatures

spatial
resolution

Everything everywhere all at once…

Reynolds
number

repetition
rate

precision spatial
dimensionality,
dynamic range

multiplexing

$$$
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Choosing the measurement technique

Time scale

Accuracy

Spatial resolution

Selectivity

Cost

long short

coarse fine

average high

low high

low high

non-intrusiveintrusive

Right tool for the right job
Focus on: what is the question? 

Interference
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Examples

Resolving 
temperatures in a 
steady laminar flame

ΔtΔL 

~10-100 μm ~ s

Measuring species 
during a shock tube 
reaction

Davidson et al., PCI33, 2011

~1 cm ~10 μs 

Instantaneous 
temperatures in a 
turbulent flame

<50 μm <1 μs
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Intrusive probe measurements

• Often affect or are affected by sampling region: accuracy
• Limited time response and resolution due to size and time lags in lines
• Material limitations : cannot cope with high temperature environments

Optical measurements
• Require optical access
• Significant effort in setup and instrumentation 

Hotwire
10-3 s
(<500-800 Hz)
10-3 m

Sampling probe
101 s
(0.1 Hz)
10-2 m

Thermocouples
10-2 s
(100 Hz)
10-3 m

Pressure sensor
10-4 s
(<15 kHz)
10-2 m
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Intrusive or optical methods?

Log Δt

Log ΔL

-1-2-3-4-5-6-7-8

-2

-3

-4

-5

-6

-7
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Log Δt (s)

Log ΔL (m)

-1-2-3-4-5-6-7-8

-2

-3

-4

-5

-6

-7

PIV

TLDAS

Rayleigh
Raman
LIF
LIGS
LII

CARS
τ 0

L 0

Time and spatial resolution
Absorption

LDA

Single shot

Optical methods :
- Non-intrusive
- Fast
- High resolution

Optical methods :
- Require access
- Expensive
- Expertise

Always use 
simplest method 
compatible with 
the question to be 
answered!
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Questions

15
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What is the question that you are trying to resolve? 

What is the hypothesis? 

Do you have a model to compare results? 
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Electromagnetic radiation

Note: Spectroscopists often use wavenumbers (cm-1)  =  n/c   or  = 10,000,000/lo  with lo in nm 

700 nm400 nm

visible infraredultra violet

200 nm 6000 nm
increasing wavelength, l

increasing frequency, n

Most combustion diagnostics:  200 nm < l < 6000 nm = 6 µm 

Brazil Winter School 2025 17

c = speed of light in a vacuum = 3.0E+8 m/s 
u = speed of light in a material
u = c/n, n = index of refraction
ν = c/lo = u/l (Hz)
E = hn = photon energy (J) 
h = 6.63E-34 J·s (Planck’s constant)



Light sources, lasers and all that

Beam propagation:
- Monochromatic: Single wavelength
- Polarized: linear/circular/random wave plane orientation
- Coherent: all waves in phase 
- Collimated: all waves propagate in parallel

Mixed wavelengths

Monochromatic
Coherent
Collimated
Polarized

Lamp

Laser

Brazil Winter School 2025 19



Waves can be manipulated using polarization

A polarizer separates an incident beam
into two linear components A birefringent material (e.g., crystal) 

has a different index of refraction 
parallel vs. perpendicular to the optical 
axis of the material.  Components 
travel at different speeds

https://en.wikipedia.org/wiki/Birefringence

Example: a half wave plate rotates 
the polarization of a linearly polarized 
beam by twice the angle between its 
optical axis and the polarization axis 
of the incoming beam

https://www.edmundoptics.com/resources/application-
notes/optics/understanding-waveplates/
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Combine a half wave plate with a polarizer to make a variable beam splitter 
or variable attenuator for a linearly polarized laser beam.

https://en.wikipedia.org/wiki/Birefringence
https://www.edmundoptics.com/resources/application-notes/optics/understanding-waveplates/
https://www.edmundoptics.com/resources/application-notes/optics/understanding-waveplates/
https://www.edmundoptics.com/resources/application-notes/optics/understanding-waveplates/
https://www.edmundoptics.com/resources/application-notes/optics/understanding-waveplates/
https://www.edmundoptics.com/resources/application-notes/optics/understanding-waveplates/


Light Amplification by Stimulated Emission of Radiation
pump

gain

coherent 
beam

M
1 

  1
00

%

M
2 

  ~
80

%

hν

E

Property

Operation Continuous Pulsed

Power W kW-GW 

Time interval μs ns, fs, ps

Wavelength Vis-IR Visible-near 
IR

6000

CW IR

Nd:YAG
Nd:YLF

1064 nm

4x, dye, OPO, excimer

He-Ne

DPSS
VCSEL

Covered by harmonics, OPO and frequency mixing
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Non-linear saturation 
Pockels cell
(ns-shutter)

t

Pulsed



Different types of lasers for different jobs

Weber, Marvin J. Handbook of laser wavelengths, CRC Press, 1999
Adapted by Danh.

Telecomms lasersBrazil Winter School 2025 22
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Reaching different wavelengths
crystal

pump
filter

harmonics separated

ν
2ν

res. pump pump dye laser
dye

crystal tuner

UV to near IR
By changing dyes and/or 
adding beam combiner

Recent developments: 
fs/ps lasers pulses: wide bandwidth: 

�t�e <
h

2⇡
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pump

optical parametric oscillator
phase control

tune 
position for 
different 
frequencies Δν

Line width:
OPO : <1 cm-1

Dye: <0.01 cm-1
Tunability

Conversion 
efficiency

⌫1 + ⌫2 = ⌫3
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Energy conservation
phase matching
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Optics (one-pager)

• What’s at the focus?
– Profile at the focus is the spatial Fourier transform of the incoming beam profile
– Gaussian beam (best possible profile, TEM00)
– Gaussian beam waist, 𝐷 = 2𝑤! ≅ 4𝜆/𝜋Θ
– Rayleigh range, 𝑧" = 𝜋𝑤!#/𝜆
– Estimate laser sheet width at center and edge on image
– Typical laser beam does not focus as well
– Incoming top hat beam is a sinc function (rings) at the focus
– Typical focusing range in the visible range is ~ 100 μm

• Right way and wrong way (let both surfaces do the work)

𝐼

𝑤

𝐼!
( ⁄1 𝑒#) 𝐼!

https://en.wikipedia.org/wiki/Rayleigh_length
dumplaser beam

plano-convex lens

Barlow, CISS 2019Brazil Winter School 2025 24

https://en.wikipedia.org/wiki/Rayleigh_length
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Photodiodes
• Semiconductor devices that convert 

light to current
• Fast (~ ps)
• Diagnostic applications:

– Laser absorption measurements
– Laser power/energy monitoring
– CW and pulsed 
– Chemiluminescence
– … 

Material Wavelength Range (nm)
Silicon 190-1100

Germanium 400-1700

Indium gallium arsenide 800-2600
Lead sulfide 1000-3500

Mercury cadmium telluride 400-14000

biased photodiode

diffuser

Setup for monitoring laser pulse energy

flat
window

Barlow, CISS 2019Brazil Winter School 2025 26



Photomultiplier tubes
• Good for low level signals 

(even photon counting)
• Electron cloud is amplified through 

a dynode chain (~10 stages)
• Custom socket design to optimize 

performance for pulsed measurements:
sensitivity, dynamic range, linearity

• Different photocathode materials 
for different wavelength ranges

• Can be used as fast shutters (ns range) 
by modulating dynode voltage

• Combustion diagnostic applications:
– Pointwise LIF and Raman/Rayleigh
– LDA
– LII
– LIGS

side-on

end-on

https://en.wikipedia.org/wiki/Photomultiplier_tube

Adapted from Barlow, CISS 2019Brazil Winter School 2025 27

https://en.wikipedia.org/wiki/Photomultiplier_tube


Array detectors (cameras):  Fast moving technical area
• Main types in combustion diagnostics:  CCD, EMCCD, CMOS, 

sCMOS by the way in which charge is generate/transferred
• CCD = charge coupled device

– Detector of choice for most low rep-rate (CW or 10 Hz) imaging and
spectroscopy applications

– Pixels are read out sequentially through the same circuitry (slower, 
more accurate)

– Back-illuminated architecture for high (~90-95%) quantum efficiency
– Thermoelectric cooling to -100 C (cryogenic to -110 C) minimizes dark 

current (determines noise floor) 
– Programmable on-chip binning to reduce readout noise with low-

level signals (example: spatial and spectral integration in Raman)

• EMCCD = electron multiplying CCD
– Allows charge on each pixel to be multiplied before readout; helps

with low signal levels, “single photon sensitivity”

• CMOS = complementary metal oxide semiconductor
– Each pixel has its own amplifier, readout circuitry (faster)
– High-speed imaging applications (PIV or PLIF at 10+ kHz)

• sCMOS = scientific CMOS
– Significant improvements in QE, linearity, faster framing than CCDs

Barlow, CISS 2019

Minimum shutter ~ 1-10 μs
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Image intensifiers
• Placed in front of CCD or CMOS detectors

– amplify low light signals 
– allows very short gate times (5-10 ns) to reject 

luminosity from flame (shorter costs more)
• Main elements

– Photocathode – converts photons to photoelectrons
– Micro channel plate (MCP) – amplifies electron charge 

through each micro channel
– Phosphor – converts electrons back to light at a good 

wavelength for the detector array
• Lens coupled or fiber-optic tapered bundle

– Lens coupling gives better image quality, allows easy 
replacement of intensifier, bigger footprint 

– Fiber bundle gives good optical efficiency and compact 
design, but image quality is not as good (fixed 
honeycomb pattern, lower resolution)

• Increased gain helps signal-to-noise ratio up to a point, 
but produces speckle noise and saturates easily: not a 
general fix for everything

http://hamamatsu.magnet.fsu.edu/articles/proximity.html

https://en.wikipedia.org/wiki/Image_intensifier

photo-
cathode

MCP fluorescent
screen
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Questions

30
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What are the characteristic time/spatial scales of my problem? 

Should I use an optical technique? 

What quantities am I trying to measure? 

Are they measurable? 

What kind of wavelengths would be involved? 

Do I need to use a laser? 

Can I use natural emission? 

What other questions should I ask? 
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• Incoherent
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– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Principles of radiation-molecule interactions

h⌫

electronic

elastic

inelastic

⌫0 = ⌫

⌫0 < ⌫

Atoms:        spin, electronic
Molecules: spin, rotational, vibrational, electronic

E

Molecules absorb or release photons
Energy levels are quantized
Levels determined as eigenvalues of the oscillation for each mode 

ν vibrational

non-linear oscillator

relevant coordinate

✏nm = h⌫
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j rotational

n

m

h = 6.63⇥ 10�34 J.s
<latexit sha1_base64="E96HRMpDkdjqPyVF6fuOipWbxlo=">AAACCHicbVC7SgNBFJ31lRhfq5YWDgbBxmU3kSiIGLCRVBHMA7JrmJ1MkiGzD2ZmlbBsaeM3+Ac2ForY+gl2foO9rU4ehSYeuHA4517uvccNGRXSND+0mdm5+YVUejGztLyyuqavb1RFEHFMKjhgAa+7SBBGfVKRVDJSDzlBnstIze2dDfzaNeGCBv6l7IfE8VDHp22KkVRSU9/unhSMQt6W1CPCMq/i/fxBYh/HNvdgyRBJU8+ahjkEnCbWmGRPv+6/P1Olm3JTf7dbAY484kvMkBANywylEyMuKWYkydiRICHCPdQhDUV9pPY68fCRBO4qpQXbAVflSzhUf0/EyBOi77mq00OyKya9gfif14hk+8iJqR9Gkvh4tKgdMSgDOEgFtignWLK+Ighzqm6FuIs4wlJll1EhWJMvT5NqzrDyRu7CzBZNMEIabIEdsAcscAiK4ByUQQVgcAsewBN41u60R+1Fex21zmjjmU3wB9rbD+H5nGI=</latexit>
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Transitions:



Radiation-molecule interactions: transitions

Elastic scatter: 
Rayleigh
(non-resonant
induced dipole)

𝐸

⌫p 6= ⌫nm
<latexit sha1_base64="FrPyDDbTYe/02PR1XyJFqCYcwas=">AAAB+3icbZDLSsNAFIYnXmu9xYorN4NFcFWSiuiy4MZlBXuBJoTJdNIOnZmEmYlYQraufABXgrhQxK0v4s63cdJ2oa0/DHz85xzOmT9MGFXacb6tpeWV1bX10kZ5c2t7Z9feq7RVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUeXRb1zS6SisbjR44T4HA0EjShG2liBXfFEGiTQEwQWlAmeB3bVqTkTwUVwZ1BtVJ7vH88OHpqB/eX1Y5xyIjRmSKme6yTaz5DUFDOSl71UkQThERqQnkGBOFF+Nrk9h8fG6cMoluYJDSfu74kMcaXGPDSdHOmhmq8V5n+1XqqjCz+jIkk1EXi6KEoZ1DEsgoB9KgnWbGwAYUnNrRAPkURYm7jKJgR3/suL0K7X3NNa/dqk4YCpSuAQHIET4IJz0ABXoAlaAIM78ARewZuVWy/Wu/UxbV2yZjP74I+szx+4+pci</latexit>

⌫e = ⌫p
<latexit sha1_base64="pAMclekzIzVV4VczqgoHElXiY7Y=">AAAB+HicbVDLSgMxFL3js9ZHx4orN8EiuCozFdGNUHDjsoJ9QDsMmTTThmYyQ5IR6tCtKz9AcKOgiFs/xZ1/Y/pYaOuByz2ccy+5OUHCmdKO820tLa+srq3nNvKbW9s7BXu32FBxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLgc+81bKhWLxY0eJtSLcE+wkBGsjeTbhY5IfYou0Lhnyci3S07ZmQAtEndGStXiy/3j6f5Dzbe/Ot2YpBEVmnCsVNt1Eu1lWGpGOB3lO6miCSYD3KNtQwWOqPKyyeEjdGSULgpjaUpoNFF/b2Q4UmoYBWYywrqv5r2x+J/XTnV47mVMJKmmgkwfClOOdIzGKaAuk5RoPjQEE8nMrYj0scREm6zyJgR3/suLpFEpuyflyrVJw4EpcnAAh3AMLpxBFa6gBnUgkMITvMKbdWc9W+/Wx3R0yZrt7MEfWJ8/E+qVnA==</latexit>

Absorption/emission
(resonant)

✏nm = h⌫
<latexit sha1_base64="jEVHyeZUXxluBrO4Ibfhr8F2YKI=">AAAB/XicbZC7SgNBFIZnjZcYb+utshkMglXYjYU2QsDGMoK5QHYJs5OzyZDZ2WVmVohL8FVsLBSxtfYVLAQrH0Unl0ITfxj4+M85nDN/kHCmtON8Wgu5xaXllfxqYW19Y3PL3t6pqziVFGo05rFsBkQBZwJqmmkOzUQCiQIOjaB/Mao3bkAqFotrPUjAj0hXsJBRoo3Vtvc8SBTjBjMRDfE57nkibdtFp+SMhefBnUKxkvv4ftv/gmrbfvc6MU0jEJpyolTLdRLtZ0RqRjkMC16qICG0T7rQMihIBMrPxtcP8ZFxOjiMpXlC47H7eyIjkVKDKDCdEdE9NVsbmf/VWqkOz/yMiSTVIOhkUZhyrGM8igJ3mASq+cAAoZKZWzHtEUmoNoEVTAju7JfnoV4uuSel8pVJw0ET5dEBOkTHyEWnqIIuURXVEEW36B49oifrznqwnq2XSeuCNZ3ZRX9kvf4A8xiZPw==</latexit>

⌫
<latexit sha1_base64="/WpQJdfzfot0l6nH7IMpvHbpzsU=">AAAB6nicbZC7SgNBFIbPeo3xFi+dzWAQrMJuLLQzYKFlRHOBJITZyWwyZHZ2mTkrxCWPYGOhiK21lU9iZ+mbOLkUmvjDwMf/n8Occ/xYCoOu++UsLC4tr6xm1rLrG5tb27md3aqJEs14hUUy0nWfGi6F4hUUKHk91pyGvuQ1v38xymt3XBsRqVscxLwV0q4SgWAUrXXTVEk7l3cL7lhkHrwp5M8/7r8v3/fTcjv32exELAm5QiapMQ3PjbGVUo2CST7MNhPDY8r6tMsbFhUNuWml41GH5Mg6HRJE2j6FZOz+7khpaMwg9G1lSLFnZrOR+V/WSDA4a6VCxQlyxSYfBYkkGJHR3qQjNGcoBxYo08LOSliPasrQXidrj+DNrjwP1WLBOykUr918yYWJMnAAh3AMHpxCCa6gDBVg0IUHeIJnRzqPzovzOildcKY9e/BHztsPfqiRlw==</latexit>

Hitran absorption database

Hanson CISS 2018 Lecture 2 

Raman: 
(non-resonant)

⌫e = ⌫p ± ✏/h
<latexit sha1_base64="ghjXlK9ZqSpGM/HznfgMTx7xctw=">AAACB3icbVDLSgMxFM3UV62vWnElSLAIrupMRXQjFNy4rGAf0Cklk962oZlMSDJCGboTQfAD3Lp140IRt/6CO//G9LHQ6oHLPZxzL8k9geRMG9f9clJz8wuLS+nlzMrq2vpGdjNX1VGsKFRoxCNVD4gGzgRUDDMc6lIBCQMOtaB/PvJr16A0i8SVGUhohqQrWIdRYqzUyu76Im4BPsOjnsgh9mWIfZCa8Ugc9lrZvFtwx8B/iTcl+VLu8fbhePu+3Mp++u2IxiEIQznRuuG50jQTogyjHIYZP9YgCe2TLjQsFSQE3UzGdwzxvlXauBMpW8LgsfpzIyGh1oMwsJMhMT09643E/7xGbDqnzYQJGRsQdPJQJ+bYRHgUCm4zBdTwgSWEKmb/immPKEKNjS5jQ/BmT/5LqsWCd1QoXto0XDRBGu2gPXSAPHSCSugClVEFUXSDntALenXunGfnzXmfjKac6c4W+gXn4xvna5uY</latexit>

StokesAnti
-Stokes

⌫
<latexit sha1_base64="/WpQJdfzfot0l6nH7IMpvHbpzsU=">AAAB6nicbZC7SgNBFIbPeo3xFi+dzWAQrMJuLLQzYKFlRHOBJITZyWwyZHZ2mTkrxCWPYGOhiK21lU9iZ+mbOLkUmvjDwMf/n8Occ/xYCoOu++UsLC4tr6xm1rLrG5tb27md3aqJEs14hUUy0nWfGi6F4hUUKHk91pyGvuQ1v38xymt3XBsRqVscxLwV0q4SgWAUrXXTVEk7l3cL7lhkHrwp5M8/7r8v3/fTcjv32exELAm5QiapMQ3PjbGVUo2CST7MNhPDY8r6tMsbFhUNuWml41GH5Mg6HRJE2j6FZOz+7khpaMwg9G1lSLFnZrOR+V/WSDA4a6VCxQlyxSYfBYkkGJHR3qQjNGcoBxYo08LOSliPasrQXidrj+DNrjwP1WLBOykUr918yYWJMnAAh3AMHpxCCa6gDBVg0IUHeIJnRzqPzovzOildcKY9e/BHztsPfqiRlw==</latexit>

Stokesanti-Stokes
Output: 
Incoherent signal 
(radiates ~isotropically)
Tricky to remove 
background noise in 
combustion conditions 33Intensity 1104



Radiance and absorption

n

m

M + hν à Μ* 
Μ* + hν à M + 2 hν 
Μ* à M + hν 

induced spontaneous

Nn

Nm

Anm
<latexit sha1_base64="cQPcd+5pRkA4IXXx3RDowCAlTTU=">AAAB7XicdVDLSgMxFM20Pmp9VcWVm2ARXA1pndbpruLGZQX7gHYomTRtYzOZIckIZeg/uHGhiFu/w19wIbjyUzRtFVT0wIXDOfdy7z1+xJnSCL1aqfTC4tJyZiW7ura+sZnb2m6oMJaE1knIQ9nysaKcCVrXTHPaiiTFgc9p0x+dTv3mFZWKheJCjyPqBXggWJ8RrI3UOOkmIph0c3lkF0uOW65AZDtFxykhQ8puxUUlWLDRDPlq+uX9afeN1rq5504vJHFAhSYcK9UuoEh7CZaaEU4n2U6saITJCA9o21CBA6q8ZHbtBB4YpQf7oTQlNJyp3ycSHCg1DnzTGWA9VL+9qfiX14513/USJqJYU0Hmi/oxhzqE09dhj0lKNB8bgolk5lZIhlhiok1AWRPC16fwf9Io2oUju3hu0kBgjgzYA/vgEBTAMaiCM1ADdUDAJbgGt+DOCq0b6956mLemrM+ZHfAD1uMHxICTog==</latexit>Bnm = Bmn

<latexit sha1_base64="wKlSFLRu7s4sUaAOFo+G4DYNCL8=">AAAB+HicbZDLSgMxFIYz1kutl46KKzfBIrgqM3WhG6HoxmUFe4G2lEx62oYmmSHJCHWYJ3HjQhG3voGv4EJw5aNoello6w+Bj/+cwzn5g4gzbTzv01nKLK+srmXXcxubW9t5d2e3psNYUajSkIeqERANnEmoGmY4NCIFRAQc6sHwclyv34LSLJQ3ZhRBW5C+ZD1GibFWx81fdBIpUnyOLQiZdtyCV/Qmwovgz6BQznx8v+1/QaXjvre6IY0FSEM50brpe5FpJ0QZRjmkuVasISJ0SPrQtCiJAN1OJoen+Mg6XdwLlX3S4In7eyIhQuuRCGynIGag52tj879aMza9s3bCZBQbkHS6qBdzbEI8TgF3mQJq+MgCoYrZWzEdEEWosVnlbAj+/JcXoVYq+ifF0rVNw0NTZdEBOkTHyEenqIyuUAVVEUUxukeP6Mm5cx6cZ+dl2rrkzGb20B85rz+eRJbG</latexit>

dA
<latexit sha1_base64="5SfF/HTBeCj6rS9RXGJ8n6QK2sg=">AAAB6XicdZDLSgMxFIYz9VbrrV52boJFcDVket9ZcaHLKrYV2qFk0kwbmskMSUaoQ9/AjQtF3Lp35ZO4c+mbmLYKKvpD4OP/zyHnHC/iTGmE3qzU3PzC4lJ6ObOyura+kd3caqowloQ2SMhDeelhRTkTtKGZ5vQykhQHHqctb3g8yVtXVCoWigs9iqgb4L5gPiNYG+u8d9TN5pCdL1YKThkiu2ioWjBQrpZKBhwbTZU7fLl+P3neSerd7GunF5I4oEITjpVqOyjSboKlZoTTcaYTKxphMsR92jYocECVm0wnHcN94/SgH0rzhIZT93tHggOlRoFnKgOsB+p3NjH/ytqx9qtuwkQUayrI7CM/5lCHcLI27DFJieYjA5hIZmaFZIAlJtocJ2OO8LUp/B+aedsp2PkzlKshMFMa7II9cAAcUAE1cArqoAEI8MENuAP31tC6tR6sx1lpyvrs2QY/ZD19AOuQkUk=</latexit>

dV
<latexit sha1_base64="MDiq951CF0MCbWHeJcEbtU1OrKc=">AAAB6XicdZDLSgMxFIYz9VbrrV52boJFcDVket9ZcKHLKvYC7VAyaaYNzWSGJCPUoW/gxoUibt278kncufRNTFsFFf0h8PH/55BzjhdxpjRCb1ZqYXFpeSW9mllb39jcym7vNFUYS0IbJOShbHtYUc4EbWimOW1HkuLA47TljU6meeuKSsVCcanHEXUDPBDMZwRrY130m71sDtn5YqXglCGyi4aqBQPlaqlkwLHRTLnjl+v30+e9pN7Lvnb7IYkDKjThWKmOgyLtJlhqRjidZLqxohEmIzygHYMCB1S5yWzSCTw0Th/6oTRPaDhzv3ckOFBqHHimMsB6qH5nU/OvrBNrv+omTESxpoLMP/JjDnUIp2vDPpOUaD42gIlkZlZIhlhios1xMuYIX5vC/6GZt52CnT9HuRoCc6XBPjgAR8ABFVADZ6AOGoAAH9yAO3Bvjaxb68F6nJemrM+eXfBD1tMHC3ORXg==</latexit>

Jv
<latexit sha1_base64="kq64exdAlnuj9ftMtIeaCdVvWUM=">AAAB8HicbVC7SgNBFJ1NfMT4ioqVzWAQrMJuLLQM2IhVBPOQZAmzk7vJkJnZZWY2EJZ8hY2FIrb+hb9gIVj5KTp5FJp44MLhnHu5954g5kwb1/10MtmV1bX13EZ+c2t7Z7ewt1/XUaIo1GjEI9UMiAbOJNQMMxyasQIiAg6NYHA58RtDUJpF8taMYvAF6UkWMkqMle7SdhDi63Fn2CkU3ZI7BV4m3pwUK9mP77fDL6h2Cu/tbkQTAdJQTrRueW5s/JQowyiHcb6daIgJHZAetCyVRID20+nBY3xilS4OI2VLGjxVf0+kRGg9EoHtFMT09aI3Ef/zWokJL/yUyTgxIOlsUZhwbCI8+R53mQJq+MgSQhWzt2LaJ4pQYzPK2xC8xZeXSb1c8s5K5RubhotmyKEjdIxOkYfOUQVdoSqqIYoEukeP6MlRzoPz7LzMWjPOfOYA/YHz+gMaNJRP</latexit>

en
<latexit sha1_base64="NuLLtbnoI7rX3xFltzyPeBrvJfU=">AAAB8HicdZDLSgMxFIYz1kutt6q4chMsgqthpvdlwY3LCvYibSmZ9EwbmskMSUYoQ5/CjQtF3PoWvoILwZWPommroKI/BD7+cw455/cizpR2nFdrKbW8srqWXs9sbG5t72R395oqjCWFBg15KNseUcCZgIZmmkM7kkACj0PLG5/O6q0rkIqF4kJPIugFZCiYzyjRxrpMup6PYdoX/WzOsfPFSsEtY8cuGqoWDJSrpZIB13bmytVSL+9PB29Q72efu4OQxgEITTlRquM6ke4lRGpGOUwz3VhBROiYDKFjUJAAVC+ZLzzFx8YZYD+U5gmN5+73iYQESk0Cz3QGRI/U79rM/KvWibVf7SVMRLEGQRcf+THHOsSz6/GASaCaTwwQKpnZFdMRkYRqk1HGhPB1Kf4fmnnbLdj5c5OGgxZKo0N0hE6Qiyqohs5QHTUQRQG6RrfozpLWjXVvPSxal6zPmX30Q9bjB7NYlLg=</latexit>

d⌦ =
dA

r2
en · er

<latexit sha1_base64="dpy2HyUm1g60UgrQEOVKWVFPNeU="></latexit>

detector

rates

population

dNn

dt
= �NnAnm + (Nm �Nn)⇢⌫Bnm

<latexit sha1_base64="NF/wtXbyyGW8VwnIfXDEqAgZwP4="></latexit>
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J⌫,n = J⌫ · en =
dI⌫
d⌦

<latexit sha1_base64="z+6RadC6EGtNf88tnxCFxy0lHQI="></latexit>

Radiative power/area/stereo radian/frequency

photon density (#/volume)

Energy/frequency x (photon flux) = Power/area/frequencyI⌫ = (h⌫)(⇢⌫c)
<latexit sha1_base64="zpx7HrB5SSDl/3mLNzD9JeOnjoI=">AAACCXicbZDLSsNAFIYn9VbrLepON4NFaDclqQvdCAU3Ci5asBdoQphMJ83QySTMTIQSunXTV3HjQhG3fQN3voWP4PSy0NYfBj7+cw5nzu8njEplWV9Gbm19Y3Mrv13Y2d3bPzAPj1oyTgUmTRyzWHR8JAmjnDQVVYx0EkFQ5DPS9gc303r7kQhJY/6ghglxI9TnNKAYKW15JrzzMoenI3gNS6GGMiw5IowXJi5DzyxaFWsmuAr2Aoo1s/E9uT8Z1z3z0+nFOI0IV5ghKbu2lSg3Q0JRzMio4KSSJAgPUJ90NXIUEelms0tG8Fw7PRjEQj+u4Mz9PZGhSMph5OvOCKlQLtem5n+1bqqCKzejPEkV4Xi+KEgZVDGcxgJ7VBCs2FADwoLqv0IcIoGw0uEVdAj28smr0KpW7ItKtaHTsMBceXAKzkAJ2OAS1MAtqIMmwOAJPINX8GaMjRfj3fiYt+aMxcwx+CNj8gNN0JvB</latexit>

Equilibrium:

degeneracies 
Nn

Nm
=

gn
gm

exp(�✏nm
kT

)
<latexit sha1_base64="rlhJucpOiO6hw49jdT+Por/5IOc="></latexit>

Planck’s distributionI⌫ =
8⇡(h⌫)⌫2/c2

exp(h⌫/kBT )� 1
<latexit sha1_base64="1f/xTxua0YZwTH+qn5N8+88HOyM="></latexit>



Energy levels for a rigid rotor
• Eigenvalues to the Schrödinger equation for diatomic molecule with fixed bond length, r0

𝐼 = 𝜇𝑟23

𝐸4 =
ℎ3

8𝜋3𝐼 𝐽 𝐽 + 1 , 	𝐽 = 0,1,2,…

𝜇 =
𝑚5𝑚3

𝑚5 +	𝑚3

rotational energy levels

moment of inertia reduced mass

𝐹4 =
𝐸4
ℎ𝑐 =

ℎ
8𝜋3𝑐𝐼 𝐽 𝐽 + 1 = 𝐵𝐽 𝐽 + 1 [cm-1]

rotational energy levels in wavenumbers

rotational constant, 𝐵
F=0
2B

6B

12B

J=0
1

2

3

2B

4B

6B
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C – center of mass



Energy levels for a rigid rotor
• Selection rule, Δ𝐽 = ±1,  so for absorption Δ𝐽 = +1

• Lines in rigid rotator absorption 
spectrum are evenly spaced  (cm-1)

• BCO ~ 2 cm-1          𝜆!!"#←!""&	~	2.5	mm

• Non-rigid rotator:  add centrifugal distortion term,
  

• Interaction of light with a rotating dipole moment; only heteronuclear molecules have transitions

𝐹4 = 𝐵𝐽 𝐽 + 1 [cm-1]

F=0
2B

6B

12B

J=0
1

2

3

2B

4B

6B

𝜈4!65←4"62 = 2𝐵(𝐽" + 1)	

absorption spectrum
for pure rotation

2B

cm-1

←1    0

←2    1
←7    6

𝐹4 = 𝐵𝐽 𝐽 + 1 −𝑫𝑱𝟐(𝑱 + 𝟏)𝟐 …
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Vibrational-rotational (ro-vibrational) IR spectra
• Combine vibrational and rotational transitions (energies in the IR)

• Harmonic oscillator approximation 
(see CISS Linne or Hanson for details, or Google)

• Total energy (vibration plus rotation)

𝑇',! = 𝐺 𝑣 + 𝐹 𝐽

𝑇',! = 𝜔) 𝑣 + ⁄1 2 − 𝜔)𝑥) 𝑣 + ⁄1 2 * + 𝐵𝐽 𝐽 + 1 + ⋯

𝜔) = ⁄𝜈 𝑐	 first anharmonic correction
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http://titan.physx.u-szeged.hu/~dpiroska/atmolfiz/
molecular_structure_and_spectra.html

[cm-1]

http://titan.physx.u-szeged.hu/~dpiroska/atmolfiz/molecular_structure_and_spectra.html
http://titan.physx.u-szeged.hu/~dpiroska/atmolfiz/molecular_structure_and_spectra.html
http://titan.physx.u-szeged.hu/~dpiroska/atmolfiz/molecular_structure_and_spectra.html
http://titan.physx.u-szeged.hu/~dpiroska/atmolfiz/molecular_structure_and_spectra.html


Ro-vibrational IR spectra
• Allow non-rigid rotation, anharmonic vibration, vib-rot interaction

• Total energy (vibration plus rotation)

• Selection rule for electronic S state:  Δ𝐽 = 𝐽+ − 𝐽"	 = 	±1; 
Otherwise: Δ𝐽 = 0, ±1; 

• Nomenclature for branches:

𝑇',! = 𝜔) 𝑣 + ⁄1 2 − 𝜔)𝑥) 𝑣 + ⁄1 2 * + 𝐵𝐽 𝐽 + 1 − 𝐷,𝐽*(𝐽 + 1)*

first anharmonic
correction

centrifugal
distortion

simple harmonic
oscillator

rigid
rotator

Branch  O    P    Q    R    S
    DJ -2   -1    0   +1  +2

v”=0

P

v’=0

J”
J”+1

R

J’=J”+1
J’=J”
J’=J”-1

Q

Q branch
R branchP branch

cm-1

NO spectrum
centered near

5.35 µm,
1875 cm-1
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Population distribution of internal energy states  
• For a volume of gas in thermal equilibrium, the population distribution is given by Boltzmann 

statistics
• Boltzmann distribution function:

  where: 

𝑓!,# =
$!
$ = %!&( ⁄$%! &"')

∑) %)&
( ⁄$%) &"')

 function of T

𝑁 =

𝑔- =

𝐸- =

𝑘𝐵 =

total number of molecules

degeneracy of level 𝑖

energy of level 𝑖

Boltzmann constant = 1.3806 × 10-23 m2 kg s-2 K-1

Q = partition function
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Population distribution of rotational and vibrational energy states  

• Internal energy:

• Partition function:

• “Boltzmann fraction”

• Equilibrium population fraction of molecules in a given ro-vibrational state before probing 
(ground state)   

𝑓()*+#, = 𝑓+𝑓-	=
&( ⁄$%* &')

.*!+
%,(0-12)&

( ⁄$%- &')

../0
 

𝐸;<= = 𝐸>?>@+ 𝐸A;B+ 𝐸CD=

𝑄;<= = 𝑄>?>@ 𝑄A;B 𝑄CD=

𝑄CD= =>
4

𝑔E(2𝐽 + 1)𝑒( ⁄FG" HI)𝑄A;B =>
A

𝑒( ⁄FG# HI)𝑄>?>@ =>
<

𝑒( ⁄FG$ HI)

most relevant for 
combustion diagnostics
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Population distribution of rotational and vibrational energy states  

• As temperature increases, the population distribution shifts toward higher energy levels
• Basis for temperature measurements and quantitative species measurements

wavenumber (cm-1)

P branch R branch

T = 296 K

T = 1800 K

1900 2000 2100 23002200

adapted from Bo Zhou MS thesis, Lund 2011 

~4
.6

 µ
m

CO rotational line strength spectra (HITRAN)
for absorption with vibrational transition 1←0

Calculated spontaneous Raman 
spectra of N2 at 300K up to 2400K

Eckbreth, Laser Diagnostics for Combustion
Temperature and Species, 1996

rotational lines 
not resolved
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HITRAN/HITEMP database

Hanson CISS 2018 Lecture 2 

• Absorption cross sections 
• Resource for IR spectroscopy

data on gases relevant to 
atmospheric science and 
combustion

• https://hitran.org/
• https://www.spectraplot.com
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• Doppler broadening (thermal broadening)  
– Gas molecules have a translational energy 

distribution that gets wider with increasing 
temperature

– Movement toward (away from) the laser or 
detector shifts the light to higher (lower) frequency

– Velocity distribution is Gaussian, so Doppler 
broadening produces a Gaussian line function

• Collisional broadening (pressure 
broadening)
– Collisions between molecules perturb the 

radiative decay process, shortening the lifetime 
of the emitter

– Uncertainty principle à shorter time, broader line
– Time limiting process, Lorentzian line function:

Line broadening and line shapes
Absorption/emission lines are broadened mainly by two processes

𝑚  particle mass
𝑀  g/mole of emitter/absorber 
𝑘   Boltzmann constant 
𝜈# center frequency 

𝜙% 𝜈 =
2 ln 2
𝜋Δ𝜈%

exp −
2 ln 2
Δ𝜈%

𝜈 − 𝜈!

#

Δ𝜈% FWHM = 2
2𝑘𝑇	ln2
𝑚𝑐#

𝜈!

= 7.17×10&'𝜈! ⁄𝑇 𝑀

𝜙( 𝜈 =
1
𝜋

Δ𝜈(/2
(𝜈 − 𝜈!)#+(Δ𝜈(/2)#

Δ𝜈( FWHM = 2𝑃b
)

𝑋)𝛾),!
𝑇!
𝑇

+!

𝜈# center frequency
𝑃     pressure (atm)
𝑋$  species mole fracXons
𝛾$,#  broadening coeff. at 𝑇# (cm-1 atm-1)
𝑛$      temperature exponent



• Voigt profile
– Convolution of collisional (Lorentzian) and Doppler(Gaussian) line shape functions

Line broadening and line shapes
 Combine effects of collisional and Doppler broadening  

𝜙, 𝜈 = 𝜙( 𝜈 ∗ 𝜙% 𝜈 = f
&-

-
𝜙( 𝑢 𝜙% 𝜈 − 𝑢 𝑑𝑢

𝜙, 𝜈 =
2 ln 2
𝜋Δ𝜈%

𝑎
𝜋
f
&-

- exp −𝑦# 𝑑𝑦
𝑎# + 𝑤 − 𝑦 #

𝑎 ≅ ln 2 Δ𝜈(/Δ𝜈%

≡ 𝑉(𝑎, 𝑤)𝜙% 𝜈!

𝑤 = 2 ln 2 𝜈 − 𝜈! /Δ𝜈%

Voigt function

𝒂 = 𝟎
pure Doppler

Lorentz
higher in

wings
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Questions

45
Brazil Winter School 2025

Do I know what my target molecules might be?

How do I find out what the characteristic frequencies are? 

What happens at high or low temperatures? 

What if I only want the total number of molecules? 

What if I want to measure several molecules at the same time? 

Do I need to resolve the measurements spatially or in time? 

Can my problem be accessed spectroscopically? Is it noisy? 

Other questions? 



Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Low signal

Particles too large to 
follow the flow

Measurements usually 
taken at 70-90 degrees 
forward scattering 

d4 d2

Springer Handbook in Fluid Mechanics, 2016

Mie scatter and particle-based velocity measurements: 
Elastic scatter (spherical particles)

light

x = ⇡a/�
<latexit sha1_base64="y+CchsoiB1iUm2l6lwliSy/BRoQ=">AAAB+nicbVC7SgNBFL3rM8bXRjttBoNgFXdjoY0QsLGwSMA8ILuE2dnZZMjsg5lZNaz5Ar/BxkIRW//AP7DzL/wEJ49CEw8MHM65h3vneAlnUlnWl7GwuLS8sppby69vbG5tm4WdhoxTQWidxDwWLQ9LyllE64opTluJoDj0OG16/YuR37yhQrI4ulaDhLoh7kYsYAQrLXXMwh06R07CED52uI75uGMWrZI1Bpon9pQUK2bt++Nq76HaMT8dPyZpSCNFOJaybVuJcjMsFCOcDvNOKmmCSR93aVvTCIdUutn49CE61IqPgljoFyk0Vn8nMhxKOQg9PRli1ZOz3kj8z2unKjhzMxYlqaIRmSwKUo5UjEY9IJ8JShQfaIKJYPpWRHpYYKJ0W3ldgj375XnSKJfsk1K5ptuwYIIc7MMBHIENp1CBS6hCHQjcwiM8w4txbzwZr8bbZHTBmGZ24Q+M9x/6bpYf</latexit>

x = 1
<latexit sha1_base64="uwy2hntNtIOF1J3j0J/5kfJT7E8=">AAAB7HicbZC7TsMwFIZPyq2UW7lsLBYVElOVlAEWRCUGGItE2kptVDmu01p1nMh2ECXqM7AwgBArIxNPwsbIm+C0HaDllyx9+v9z5HOOH3OmtG1/WbmFxaXllfxqYW19Y3OruL1TV1EiCXVJxCPZ9LGinAnqaqY5bcaS4tDntOEPLrK8cUulYpG40cOYeiHuCRYwgrWx3Dt0hpxOsWSX7bHQPDhTKJ1/3H9fvu+ltU7xs92NSBJSoQnHSrUcO9ZeiqVmhNNRoZ0oGmMywD3aMihwSJWXjocdoUPjdFEQSfOERmP3d0eKQ6WGoW8qQ6z7ajbLzP+yVqKDUy9lIk40FWTyUZBwpCOUbY66TFKi+dAAJpKZWRHpY4mJNvcpmCM4syvPQ71Sdo7LlWu7VLVhojzswwEcgQMnUIUrqIELBBg8wBM8W8J6tF6s10lpzpr27MIfWW8/pEqRkg==</latexit>

x = 3
<latexit sha1_base64="FCF89c/ruAIfToa19+CGqJeLhUs=">AAAB7HicbZC7TgJBFIbP4g3xhpfOZiIxsSK7UGBjJLHQEhMXSGBDZodZmDA7u5mZNeKGZ7Cx0BhbSyufxM7SN3G4FAr+ySRf/v+czDnHjzlT2ra/rMzS8srqWnY9t7G5tb2T392rqyiRhLok4pFs+lhRzgR1NdOcNmNJcehz2vAHF+O8cUulYpG40cOYeiHuCRYwgrWx3Dt0hsqdfMEu2hOhRXBmUDj/uP++fD9Ia538Z7sbkSSkQhOOlWo5dqy9FEvNCKejXDtRNMZkgHu0ZVDgkCovnQw7QsfG6aIgkuYJjSbu744Uh0oNQ99Uhlj31Xw2Nv/LWokOTr2UiTjRVJDpR0HCkY7QeHPUZZISzYcGMJHMzIpIH0tMtLlPzhzBmV95EeqlolMulq7tQtWGqbJwCEdwAg5UoApXUAMXCDB4gCd4toT1aL1Yr9PSjDXr2Yc/st5+AKdSkZQ=</latexit>

x = 10
<latexit sha1_base64="5sOUUxBraPLgdvIhXn2Ud3PlyuI=">AAAB7XicbZC5TgMxEIZnwxXCFY6OxiJCooq8UECDiEQBZZDIISWryOt4ExOvd2V7EWGVd6ChACFaOiqehI6SN8E5Ckj4JUuf/n9Gnhk/FlwbjL+czNz8wuJSdjm3srq2vpHf3KrqKFGUVWgkIlX3iWaCS1Yx3AhWjxUjoS9Yze+dD/PaLVOaR/La9GPmhaQjecApMdaq3qFT5OJWvoCLeCQ0C+4ECmcf998X7ztpuZX/bLYjmoRMGiqI1g0Xx8ZLiTKcCjbINRPNYkJ7pMMaFiUJmfbS0bQDtG+dNgoiZZ80aOT+7khJqHU/9G1lSExXT2dD87+skZjgxEu5jBPDJB1/FCQCmQgNV0dtrhg1om+BUMXtrIh2iSLU2APl7BHc6ZVnoXpYdI+Kh1e4UMIwVhZ2YQ8OwIVjKMEllKECFG7gAZ7g2YmcR+fFeR2XZpxJzzb8kfP2AxMrkcw=</latexit>

log(S)
<latexit sha1_base64="i8Bn0Nrp0t+8kWGldTfwd5y6GD8=">AAAB73icbVC7SgNBFL3rM8bXqp02g0GITdiNhZYBGwuLBM0DkiXMTibJkNmZdWZWCEu+wM7GQhFbv8M/sPMv/AQnj0ITD1w4nHMv994Txpxp43lfztLyyuraemYju7m1vbPr7u3XtEwUoVUiuVSNEGvKmaBVwwynjVhRHIWc1sPB5div31OlmRS3ZhjTIMI9wbqMYGOlRovLHsrfnLbdnFfwJkCLxJ+RXMmtfH9cHz6U2+5nqyNJElFhCMdaN30vNkGKlWGE01G2lWgaYzLAPdq0VOCI6iCd3DtCJ1bpoK5UtoRBE/X3RIojrYdRaDsjbPp63huL/3nNxHQvgpSJODFUkOmibsKRkWj8POowRYnhQ0swUczeikgfK0yMjShrQ/DnX14ktWLBPysUKzYND6bIwBEcQx58OIcSXEEZqkCAwyM8w4tz5zw5r87btHXJmc0cwB847z85oZJf</latexit>
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Particle-gas velocity slip

vp � U =
2

9

a2(⇢p � ⇢f )

µ

dvp
dt

Particle response to sudden velocity change: 
What is the velocity slip ?  

U
<latexit sha1_base64="xl41os6M3lL7VR8rfzUgw3hXpYo=">AAAB6XicbZC7TsMwFIZPyq2UW7lsLBYVElPllAE2KjHAWBBpK5Woclynteo4ke0glahvwMIAQqzsTDwJGyNvgnsZoOWXLH36/3Pkc06QCK4Nxl9ObmFxaXklv1pYW9/Y3Cpu79R1nCrKPBqLWDUDopngknmGG8GaiWIkCgRrBP3zUd64Y0rzWN6YQcL8iHQlDzklxlrXHmoXS7iMx0Lz4E6hdPZx/33xvpfV2sXP205M04hJQwXRuuXixPgZUYZTwYaF21SzhNA+6bKWRUkipv1sPOkQHVqng8JY2ScNGru/OzISaT2IAlsZEdPTs9nI/C9rpSY89TMuk9QwSScfhalAJkajtVGHK0aNGFggVHE7K6I9ogg19jgFewR3duV5qFfK7nG5coVLVQwT5WEfDuAIXDiBKlxCDTygEMIDPMGz03cenRfndVKac6Y9u/BHztsPJrqQww==</latexit>

vp
<latexit sha1_base64="+y0LPGLmsO8/s3MwdTHWd1rO/Z0=">AAAB6nicbVC7SgNBFL0bXzG+YsTKZjAIVmE3IloGbCwjmgckS5idzCZDZmaXmdlAWNJaaWPhAyvBL7Lzb5w8Ck08cOFwzr3ce08Qc6aN6347mZXVtfWN7GZua3tndy+/X6jrKFGE1kjEI9UMsKacSVozzHDajBXFIuC0EQyuJn5jSJVmkbwzo5j6AvckCxnBxkq3w07cyRfdkjsFWibenBQrhY/71/PDh2on/9XuRiQRVBrCsdYtz42Nn2JlGOF0nGsnmsaYDHCPtiyVWFDtp9NTx+jEKl0URsqWNGiq/p5IsdB6JALbKbDp60VvIv7ntRITXvopk3FiqCSzRWHCkYnQ5G/UZYoSw0eWYKKYvRWRPlaYGJtOzobgLb68TOrlkndWKt/YNFyYIQtHcAyn4MEFVOAaqlADAj14hGd4cbjz5Lw577PWjDOfOYA/cD5/AEpjkLI=</latexit>

particle 
bed

fluidized 
bed

liquid
airblast 

Particle seeders often have a 
narrow dynamic range of flow rates
1-3 x baseline value

Often tricky to get uniform particle 
distribution, good dispersion, etc.
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⌧ =
2

9

a2⇢p
µ

=
⇢p
18µ

d2p
<latexit sha1_base64="XXplH0+snK83BcAkxtG6PVbPSko="></latexit>

Particle diameter: 
small enough to follow flow, large 
enough for Mie scatter

1-2 μm covers most flows at < kHz 

!⌧
<latexit sha1_base64="iUGJltW3hfJ9WVZ+evMCTLkJ88A=">AAAB8nicbZC7TsMwFIadcivlVi4bi0WFxFQlZYCNSgwwFolepCSqHNdprTp2ZJ8glaiPwcIAQqyIiSdhY+RNSNoO0PJLlj79/znyOSeIBTdg219WYWl5ZXWtuF7a2Nza3inv7rWMSjRlTaqE0p2AGCa4ZE3gIFgn1oxEgWDtYHiZ5+07pg1X8hZGMfMj0pc85JRAZrmeilifeECSUrdcsav2RHgRnBlULj7uv6/eD9JGt/zp9RRNIiaBCmKM69gx+CnRwKlg45KXGBYTOiR95mYoScSMn05GHuPjzOnhUOnsScAT93dHSiJjRlGQVUYEBmY+y83/MjeB8NxPuYwTYJJOPwoTgUHhfH/c45pREKMMCNU8mxXTAdGEQnal/AjO/MqL0KpVndNq7cau1G00VREdoiN0ghx0huroGjVQE1Gk0AN6Qs8WWI/Wi/U6LS1Ys5599EfW2w8HqJS9</latexit>1.0

|vp|
U

=
1p

1 + (!⌧)2
<latexit sha1_base64="NPJ6PchM6F4GdGmdNZqAvuv9lbg="></latexit>

Stk = !⌧ << 1
<latexit sha1_base64="MYxKpkhtCOs9aOsaau1vl1Y36hc=">AAACBXicbVC7SgNBFJ31bXytWmoxGARBCLux0EIxYGMZ0SRCdgmzk5s4ZPbBzF0xLGls/AALf8HGQhFb/8HOwtZPsHaSWPg6cOFwzr3ce0+QSKHRcV6tkdGx8YnJqenczOzc/IK9uFTVcao4VHgsY3UaMA1SRFBBgRJOEwUsDCTUgs5B36+dg9Iijk6wm4AfsnYkWoIzNFLDXvUQLjA7xk6P7lEvDqHNqIcspbu7bsPOOwVnAPqXuF8kv/9+/XbzsdkpN+wXrxnzNIQIuWRa110nQT9jCgWX0Mt5qYaE8Q5rQ93QiIWg/WzwRY+uG6VJW7EyFSEdqN8nMhZq3Q0D0xkyPNO/vb74n1dPsbXjZyJKUoSIDxe1Ukkxpv1IaFMo4Ci7hjCuhLmV8jOmGEcTXM6E4P5++S+pFgvuVqF45ORLDhliiqyQNbJBXLJNSuSQlEmFcHJJbsk9ebCurDvr0Xoato5YXzPL5Aes5082gJwl</latexit>



Particle-based velocity measurements
• Seeding material for turbulent flames

– Chemically inert
– Melting point above flame temperatures
– Small enough to follow the flow (~1 µm typ)

– Cut-off frequency exceeding 1% slip

𝑓. =
2𝑠 − 𝑠*

2𝜋𝜏& 1 − 𝑠* 1 +
𝜌/
2𝜌0

*
−

3𝜌/
2𝜌0

*

𝑠 = p%Fp&
p%

 < 1% 𝜏2 =
𝜌q𝑑q3

18𝜇
𝜇 = dynamic 

viscosity

Material rp (kg/m3) Melt (K)
MgO 3500 2800

ZrSiO4 3900-4700 2420

TiO2 4000 1780

Dreizler CISS 2017 

MgO
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Particle-based velocity measurements – 
laser Doppler anemometry (LDA)

50

e1
<latexit sha1_base64="0wdKfkXVymW3TN+OQ70yPRY+rQc=">AAAB8HicbVDLSgNBEOxNfMT4ioonL4NB8BR240GPAS8eI5iHJCHMTnqTIbOzy8ysEJZ8hRcPinj1L/wFD4InP0Unj4MmFjQUVd10d/mx4Nq47qeTya6srq3nNvKbW9s7u4W9/bqOEsWwxiIRqaZPNQousWa4EdiMFdLQF9jwh5cTv3GHSvNI3phRjJ2Q9iUPOKPGSrdp2w8Ijrtet1B0S+4UZJl4c1KsZD++3w6/sNotvLd7EUtClIYJqnXLc2PTSakynAkc59uJxpiyIe1jy1JJQ9SddHrwmJxYpUeCSNmShkzV3xMpDbUehb7tDKkZ6EVvIv7ntRITXHRSLuPEoGSzRUEiiInI5HvS4wqZESNLKFPc3krYgCrKjM0ob0PwFl9eJvVyyTsrla9tGi7MkIMjOIZT8OAcKnAFVagBgxDu4RGeHOU8OM/Oy6w148xnDuAPnNcf2s6UJQ==</latexit>

e2
<latexit sha1_base64="Wd7ldhue8WXsKcJYLh2JA8L0wBw=">AAAB8HicbVDLSgNBEOxNfMT4ioonL4NB8BR240GPAS8eI5iHJCHMTnqTITO7y8ysEJZ8hRcPinj1L/wFD4InP0Unj4MmFjQUVd10d/mx4Nq47qeTya6srq3nNvKbW9s7u4W9/bqOEsWwxiIRqaZPNQoeYs1wI7AZK6TSF9jwh5cTv3GHSvMovDGjGDuS9kMecEaNlW7Tth8QHHfL3ULRLblTkGXizUmxkv34fjv8wmq38N7uRSyRGBomqNYtz41NJ6XKcCZwnG8nGmPKhrSPLUtDKlF30unBY3JilR4JImUrNGSq/p5IqdR6JH3bKakZ6EVvIv7ntRITXHRSHsaJwZDNFgWJICYik+9JjytkRowsoUxxeythA6ooMzajvA3BW3x5mdTLJe+sVL62abgwQw6O4BhOwYNzqMAVVKEGDCTcwyM8Ocp5cJ6dl1lrxpnPHMAfOK8/3FKUJg==</latexit>

detectorepr

vp
<latexit sha1_base64="ng4FVQ2CO0/HwHCsAie/TFFmSws=">AAAB8HicbVA9SwNBEJ2LXzF+xYiVzWIQrMJdRLQM2FhGMB+SHGFvs5cs2d07dvcC4UhrZWeTQpG0/hw7/42bj0ITHww83pthZl4Qc6aN6347mY3Nre2d7G5ub//g8Ch/XKjrKFGE1kjEI9UMsKacSVozzHDajBXFIuC0EQzuZn5jSJVmkXw0o5j6AvckCxnBxkpPaTsI0XDciTv5olty50DrxFuSYqUwfZ5cn75UO/mvdjciiaDSEI61bnlubPwUK8MIp+NcO9E0xmSAe7RlqcSCaj+dHzxGF1bpojBStqRBc/X3RIqF1iMR2E6BTV+vejPxP6+VmPDWT5mME0MlWSwKE45MhGbfoy5TlBg+sgQTxeytiPSxwsTYjHI2BG/15XVSL5e8q1L5wabhwgJZOINzuAQPbqAC91CFGhAQ8Apv8O4oZ+J8ONNFa8ZZzpzAHzifP5ezkyo=</latexit>

�x =
�

2 sin(✓/2)

1/fd
<latexit sha1_base64="+ffy5c4Pco4bUqsOsTOwT3L1CvM=">AAAB7HicbVC7TsNAEFyHVwgvAx00JyIkqmCHAspINBQUiYSTSIkVnc/n5JTz2bo7I0VWvoCChgKEaPkR/oCOv+ATuDwKSBhppdHMrnZ3gpQzpR3nyyqsrK6tbxQ3S1vbO7t79v5BUyWZJNQjCU9kO8CKciaop5nmtJ1KiuOA01YwvJ74rXsqFUvEnR6l1I9xX7CIEayN5LnnUS/s2WWn4kyBlok7J+Wa3fj+uD16qPfsz26YkCymQhOOleq4Tqr9HEvNCKfjUjdTNMVkiPu0Y6jAMVV+Pj12jE6NEqIokaaERlP190SOY6VGcWA6Y6wHatGbiP95nUxHV37ORJppKshsUZRxpBM0+RyFTFKi+cgQTCQztyIywBITbfIpmRDcxZeXSbNacS8q1YZJw4EZinAMJ3AGLlxCDW6gDh4QYPAIz/BiCevJerXeZq0Faz5zCH9gvf8AenuRaA==</latexit>

time

One beam shifted slightly in frequency for 
directional sensivity : fD>0 or <0 (Bragg cell)

cw polarized laser
Typical powers ~ 1-5 W 

fd = f1 � f2 =
vp

�b
· (e1 � e2) =

2 sin ✓

�b
|vp| cos↵

<latexit sha1_base64="sr3/WDG6BXYHKJ3Wf4PhhgJv/TY="></latexit>

10
14

MHz

fr = fb
(1� (vp/c) · eb)
(1� (vp/c) · epr)

⇡ fb +
vp

�b
· (epr � eb)

1 MHz

f2 = fb +
vp

�b
· (epr � e2)

<latexit sha1_base64="MCmDTx0oPZqC0CFwFOgSX1gvCrY="></latexit>

f1 = fb +
vp

�b
· (epr � e1)

<latexit sha1_base64="axX9eLkk3bkNu6s3Gjl6JTUVCW0="></latexit>

↵
<latexit sha1_base64="P2/OiMIHfxG7vQth4Xo1Id/qnbk=">AAAB7XicbZDLSgMxFIYzXut4q7p0EyyCqzJTF7oRC25cVrAXaEs5k2ba2EwSkoxQhr6DGxeKuHHhI/gebsS3Mb0stPWHwMf/n0POOZHizNgg+PaWlldW19ZzG/7m1vbObn5vv2ZkqgmtEsmlbkRgKGeCVi2znDaUppBEnNajwdU4r99TbZgUt3aoaDuBnmAxI2CdVWsBV33o5AtBMZgIL0I4g8Llh3+h3r78Sif/2epKkiZUWMLBmGYYKNvOQFtGOB35rdRQBWQAPdp0KCChpp1Nph3hY+d0cSy1e8Liifu7I4PEmGESucoEbN/MZ2Pzv6yZ2vi8nTGhUksFmX4Upxxbicer4y7TlFg+dABEMzcrJn3QQKw7kO+OEM6vvAi1UjE8LZZugkK5hKbKoUN0hE5QiM5QGV2jCqoigu7QA3pCz570Hr0X73VauuTNeg7QH3nvP9HWkjk=</latexit>

✓
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Particle-based velocity measurements – 
laser Doppler anemometry (LDA)

Time resolution: depends on data rate = function 
of seeding, but typically 10 kHz possible

Spatial resolution resolution: typ. 200 µm x 
1 mm (depends on crossing angle)

• one color per direction
• plane must cross in 

direction of measurement
• quasi-cw laser with f~MHz: 

moving fringes > 1 W
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Particle sizing also possible by analyzing the 
phase of the scatter (PDPA).

bursts

averaging and 
resampling



Particle image velocimetry

t t+Δt

u =
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Sample PIV images: zooming in

pivchallenge.org Correlation

R(d) =
1

||W(x)||
X

y2W(x)

I1(y)⇥ I1(y + d(x))
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FFT algorithm for cross correlation (CC)
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Typical layout: 2D PIV

Burner

Camera
 (2x image)

Filter

Sheet opticsLaser sheet

Lens

Dual-head 
(double pulse)

laser

L1

L2

I1 I2
C

shutter

Δt
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Luminosity, exposure time, interval

56

High frequency PIV (short exposure)Low speed PIV Overexposure
Balusamy, Hochgreb, EiF 2013

L1

L2

I1 I2
C

shutter

Δt
56

L1

L2

C1

C2

Brazil Winter School 2025 56



PIV sample images
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PIV parameters and limitations

• Spatial resolution for raw images: max. 4 x 4 cm @ 20 mJ @ 2k 
x 2k cameras: < ~ 20 um/px 

• Seeding: optimal typ. 4-6 particles per interrogation volume 
• Interrogation volume: typ ~ 16-32 px: Δw = 32 px = 0.6 mm, 

with overlap.

• Time resolution: max f=10 kHz (signal typ. decreases with 
frequency

• Time interval: Δx ~ v/ Δx ~> Δw à limits max velocity
HS PIV: multiple images can be used to interpolate optimum 
min velocity for high dynamic range

Low vHigh v

t

v

Δw
overlap
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HS PIV vs LDA

Zhou, R. et al., Comb. Flame 160 (2013) 2017–2028
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LDA dynamic range

Zhou, R. et al., Comb. Flame 160 
(2013) 2017–2028

These frequencies cannot be 
easily reached with  PIV

But for many problems these 
are not important, as the 
integral time/length scale is 
large-ish
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PIV 

Steinberg, A. and Driscoll, J. 
Combustion and Flame 156 (2009) 2285–2306

Follow vorticity across the flame
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• The velocity field is estimated from the DFD equation by forming a minimization problem

!

Optical Flow Velocimetry (OFV)

Giannopolous, A. et al., Experiments in Fluids (2022) 63:57

• Goal: Find the velocity field that transforms particle 
image I(t) to I(t+Dt)

• Hierarchical ‘pyramid’ algorihthms GPU optimised

Tradeoffs between resolution, computational effort and accuracy
Different problems may be more effectively tackled by different algorigthms

https://doi.org/10.1007/s00348-022-03410-z
https://doi.org/10.1007/s00348-022-03410-z
https://doi.org/10.1007/s00348-022-03410-z


Test case: 2D DNS (Sc = 0.7, Re = 3000 isotropic turbulence)2,4

Velocity accuracy is greatly improved; error is 1/4th that of correlation-based PIV

Resolution can be significantly improved
2 Schmidt, B. E., Sutton, J.A., Experiments in Fluids 60.3 (2019): 37.
4 Schmidt, B.E., Sutton, J.A., “Improvements in the accuracy of wavelet-based optical flow velocimetry using an efficient and 
physically based implementation of velocity regularization”, to be submitted, Experiments in Fluids, 2019.

Synthetic particle field
!"# $%&D (F*HI-./0NOD

!"

P4*5S!

Wavelet-Based Optical Flow Velocimetry (wOFV) wOFV slides from
Jeff Sutton, OSU



Tomographic PIV
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• Iso-surface of average velocity magnitude during intake stroke  (270°
bTDC)

Average over 300 cyclesPiston at -51mm

Application example: Tomo-PIV of in-cylinder engine flow
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Tomographic PIV and planar OH PLIF

Coriton, B., Steinberg, A.M. & Frank, J.H. High-speed 
tomographic PIV and OH PLIF measurements in turbulent 
reactive flows. Exp Fluids 55, 1743 (2014). 

Simultaneous 10-kHz TPIV and OH PLIF measurements 
obtained in the stabilization region of a lifted jet flame. Blue 
isosurfaces correspond to an enstrophy of ω2 = 15 × 106 s−2. 
Velocity vectors are represented in the same plane as the OH 
PLIF images (1 out of 16 in-plane vectors displayed
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Tomographic PIV and planar OH PLIF

Coriton, B., Steinberg, A.M. & Frank, J.H. High-speed 
tomographic PIV and OH PLIF measurements in turbulent 
reactive flows. Exp Fluids 55, 1743 (2014). 
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High-Speed 3D LIF and Velocity Measurement Capability 

Raster scanning of laser sheet
10 kHz duty cycle (1 sweep = 100 us)

Laser Beam 
Profiling 
Camera

CH2O-LIF 
Camera

4 Tomo-PIV 
Cameras

Pulse Burst + TPIV laser systems

AOD
acousto-optic deflector cylindrical lens

parallel 
sheets

f
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High-Speed 3D LIF and Velocity at Base of Lifted Jet Flame

102 mm

Lifted Dimethyl
Ether(DME)/Air

Jet Flame

Courtesy of Jonathan FrankBrazil Winter School 2025 69



Summary on velocity measurements
• LDA and PIV are complementary diagnostics for turbulent flames
• LDA is extends to higher frequencies (validation data)
• PIV better as 2D images, combinations with scalar diagnostics, especially PLIF

– Shake the Box and optical methods are variational methods for particle tracking/particle velocity 
beyond correlation methods

• Molecular methods (for places where particles can’t go, e.g., high speed test facilities)
– Narrowband Rayleigh; Doppler shift in scattered light changes throughput of molecular filter
– Flow tagging; photodissociation in a grid of pulsed laser lines, followed by PLIF after DT (Miles 

et al., Pitz et al.)
– Thermal grating velocimetry: crossed lasers beams excite seed molecule, creates thermal 

grating (Ewart et al.): only for very high velocities
– FLEET: plasma generation and convection (Donehy et al.)
– …
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Mie scatter for flame position and velocity: 
Measuring premixed laminar flame speeds

CH4-air
Φ = 1.0
P = 1 bar
T = 300 K

Courtesy: B. Renou, 
INSA-Rouen

K =
2

Rf

dRf

dt
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dRf

dt
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Tricky to measure

Balusamy, S., Cessou, A. & Lecordier, B. 
Exp Fluids 50, 1109 (2011)
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Direct measurements of displacement speed

Clavel, M-E, Vandel A , Modica V, Chen Z , Varea, E, Moureau, 
V , Renou, B, Comb. Flame 235,, 111720 (2022).

s̃d,u = Sf � uu
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3D Mie scatter for flame position and velocity 

Ahmed et al., Comb. Flame 233, 111586 (2021)

I0 =
sT /sL
AT /AL
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Laser-based 3D reconstruction of flame surfaces

Scanning technique

Horizontal measurement



Laser-based 3D reconstruction of flame surfaces
Individual scanned images Surface reconstruction 3D normal



Comparison of local flame surface density via two techniques

Local FSD measured via two techniques, scanning technique and cross-planar technique 
along the intersection line, compared with 2D FSD measured from central plane

Zheng, Y., Weller, L. and Hochgreb, S., 2023. 3D Flame surface density measurements via orthogonal cross-
planar mie scattering in a low-turbulence bunsen flame. (2023), Proc. Comb. Inst. 39: 2369-2377

Zheng, Y. et al., 3D flame surface measurements in turbulent Bunsen flames via scanning and orthogonal cross-
planar technique (2023), Comb. Flame, submitted.

Φ=0.8 Φ=1.0

Brazil Winter School 2025 76

https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2
https://www.sciencedirect.com/journal/proceedings-of-the-combustion-institute/vol/39/issue/2


Lagrangian particle tracking
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Seeding, illumination & imaging
Tracer particles are seeded into the flow (or arise 
spontaneously); the particles are illuminated with a light source 
and then imaged

1.

Localization & tracking
Each particle is localized in 3D space by triangulation or 
numerical refocusing, after which the particles are linked across 
frames to produce Lagrangian tracks

2.

Flow reconstruction & analysis
Eulerian flow states, comprising velocity, pressure, and other 
fields, are reconstructed from the tracks, and this information 
may be analyzed to study the underlying flow physics

3.

Courtesy: S Grauer



How We Do It: ‘Neural Data Assimilation’
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𝐱, 𝑡 ↦ 𝐮, 𝜌, 𝐸, …

𝐱

𝑡

Neural Flow States

ℒ!"#"

+

+

ℒ$%&'!

Measurement operator

Boundary conditions

ℒ!"!#$

Experimental data
Neural network

Optimization

Governing equations
• Suitable governing equations are evaluated, and the residuals are added up to form a 

“physics loss”

ℒ&'() =
dim 𝐞 *+

𝒱×𝒯 C
𝒯

D
𝒱

𝐞 𝐱, 𝑡; 𝛉 .
.	d𝐱 d𝑡

𝑒! =
𝜕𝜌
𝜕𝑡
+ ∇ ⋅ 𝜌𝐮

𝐞" =
𝜕 𝜌𝐮
𝜕𝑡

+ ∇ ⋅ 𝜌𝐮𝐮# + ∇𝑝 − ∇ ⋅ 𝜇 ∇𝐮 + ∇𝐮# −
2
3
𝜇 ∇ ⋅ 𝐮 𝐈

𝑒$ =
𝜕 𝜌𝐸
𝜕𝑡

+ ∇ ⋅ 𝜌𝐸 + 𝑝 𝐮 − ∇ ⋅ 𝜅∇𝑇 − ∇ ⋅ 𝜇 ∇𝐮 + ∇𝐮# −
2
3
𝜇 ∇ ⋅ 𝐮 𝐈 ⋅ 𝐮

⋮

𝜕%
𝜕&
𝜕'
𝜕(
𝜕&)

𝜕')

𝜕()

𝜌

𝐮

𝐸
⋮

ℒ*+,-Governing equations

Automatic 
differentiation

Loss Functions

Parameterized models

Courtesy: S Grauer



New developments in particle scattering methods
• Use of phosphorescent particles for PIV (get temperature and 

velocity simultaneously) (see F. Beyrau, B. Fond, L. Fan’s 
papers)

• Use laser induced incandescence of carbide particles 
(energies are enough to light them up in the gas phase, not in 
liquid phase, so get separate velocities of gas and liquid 
phase)

• 3D/Lagrangian reconstruction of particle velocities for higher 
resolution (computationally expensive, but effective)

• Fast velocity reckoning using optical methods via a reference 
image 
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slip velocity

Fan, L. et al., Proc. Comb. Inst. 38:1(2021), 

https://doi.org/10.1016/j.proci.2020.07.010


Questions
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Why do I need to seed the flow? 

How does autocorrelation work? 

What is the limit of domain size for PIV? 

Why should I care about velocities? 

Does it matter what size the particles are? 

What particles should I use? 
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Pause
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Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Rayleigh scattering: 
molar density measurements

• Sensitive to elastic scattering from surfaces and particles:
• Not usually suitable for enclosures 
• Gated ICCD camera required for luminous flames 
• Relatively easy to set up
• Weak signal (requires ~1 J/pulse for imaging 2x2 cm area)

• Mean scattering cross section of the mixture 
• Weakly dependent on temperature and composition
• Proportional to (aν)4 , where a is molecular diameter: but 

optical collection efficiency often lower at high ν

N =
p

kT
<latexit sha1_base64="e/gVCgCTJZ3I40YVbl3XUdR9++Y=">AAAB+nicbVDJSgNBEK2JW4zbRI96aAyKpzATEb2IAS96kQjZIBlDT6cnadKz0N2jhHE+xYsHRbx68jO8+Td2loMmPih4vFdFVT034kwqy/o2MguLS8sr2dXc2vrG5paZ367LMBaE1kjIQ9F0saScBbSmmOK0GQmKfZfThju4HPmNeyokC4OqGkbU8XEvYB4jWGmpY+Zv0DlqewKTJEqTAaqmHbNgFa0x0Dyxp6RQPty7/rw7uah0zK92NySxTwNFOJayZVuRchIsFCOcprl2LGmEyQD3aEvTAPtUOsn49BQdaKWLvFDoChQaq78nEuxLOfRd3elj1Zez3kj8z2vFyjtzEhZEsaIBmSzyYo5UiEY5oC4TlCg+1AQTwfStiPSxzkHptHI6BHv25XlSLxXt42LpVqdhwQRZ2IV9OAIbTqEMV1CBGhB4gCd4gVfj0Xg23oz3SWvGmM7swB8YHz9e65Wc</latexit>

Elastic scatter: 
Rayleigh
(non-resonant
induced dipole)

⌫p 6= ⌫nm
<latexit sha1_base64="FrPyDDbTYe/02PR1XyJFqCYcwas=">AAAB+3icbZDLSsNAFIYnXmu9xYorN4NFcFWSiuiy4MZlBXuBJoTJdNIOnZmEmYlYQraufABXgrhQxK0v4s63cdJ2oa0/DHz85xzOmT9MGFXacb6tpeWV1bX10kZ5c2t7Z9feq7RVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUeXRb1zS6SisbjR44T4HA0EjShG2liBXfFEGiTQEwQWlAmeB3bVqTkTwUVwZ1BtVJ7vH88OHpqB/eX1Y5xyIjRmSKme6yTaz5DUFDOSl71UkQThERqQnkGBOFF+Nrk9h8fG6cMoluYJDSfu74kMcaXGPDSdHOmhmq8V5n+1XqqjCz+jIkk1EXi6KEoZ1DEsgoB9KgnWbGwAYUnNrRAPkURYm7jKJgR3/suL0K7X3NNa/dqk4YCpSuAQHIET4IJz0ABXoAlaAIM78ARewZuVWy/Wu/UxbV2yZjP74I+szx+4+pci</latexit>

⌫e = ⌫p
<latexit sha1_base64="pAMclekzIzVV4VczqgoHElXiY7Y=">AAAB+HicbVDLSgMxFL3js9ZHx4orN8EiuCozFdGNUHDjsoJ9QDsMmTTThmYyQ5IR6tCtKz9AcKOgiFs/xZ1/Y/pYaOuByz2ccy+5OUHCmdKO820tLa+srq3nNvKbW9s7BXu32FBxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLgc+81bKhWLxY0eJtSLcE+wkBGsjeTbhY5IfYou0Lhnyci3S07ZmQAtEndGStXiy/3j6f5Dzbe/Ot2YpBEVmnCsVNt1Eu1lWGpGOB3lO6miCSYD3KNtQwWOqPKyyeEjdGSULgpjaUpoNFF/b2Q4UmoYBWYywrqv5r2x+J/XTnV47mVMJKmmgkwfClOOdIzGKaAuk5RoPjQEE8nMrYj0scREm6zyJgR3/suLpFEpuyflyrVJw4EpcnAAh3AMLpxBFa6gBnUgkMITvMKbdWc9W+/Wx3R0yZrt7MEfWJ8/E+qVnA==</latexit>

collection efficiency

Probe volumeIncident

signal Is = ⌘�IiV N
<latexit sha1_base64="rf0+R2zPCLn2ZgvnUCIq9296gFM=">AAACB3icbVDLSsNAFJ3UV61Voy6FMlgEVyWpC90IBTd2Iy3YBzQhTKaTduhMEmYmQgnZ6cJfceNCkW79BXd+gz/h9LHQ1gMXDufcy733+DGjUlnWl5FbW9/Y3MpvF3aKu3v75sFhW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr+6Hrqd+6JkDQK79Q4Ji5Hg5AGFCOlJc8spXVPZvAKOkQhmDqSDjjKYN2jsA1voWeWrYo1A1wl9oKUa8VJ8/uxNGl45qfTj3DCSagwQ1L2bCtWboqEopiRrOAkksQIj9CA9DQNESfSTWd/ZPBUK30YREJXqOBM/T2RIi7lmPu6kyM1lMveVPzP6yUquHRTGsaJIiGeLwoSBlUEp6HAPhUEKzbWBGFB9a0QD5FAWOnoCjoEe/nlVdKuVuzzSrWp06iCOfLgGJyAM2CDC1ADN6ABWgCDB/AMXsGb8WS8GO/GZN6aMxYzR+APjI8fPx+bQg==</latexit>
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I

I0
=

�

�0

N

N0
=

�

�0

T0

T
<latexit sha1_base64="8i6xsgccleOV+AoNIdXn7v7ZVP0="></latexit>



Temperature via Rayleigh scattering

Kamal, M. M., Coriton, B. et al.,  Proc. 
Comb. Inst. 36 (2017) 1957–1965

bottom

top
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Single-shot measurements of temperature (a) and 
the squared gradient of the temperature fluctuation 
|𝛁T’|2 (b), at the downstream locations. 

Frank, J.H., Kaiser, S., Exp. Fluids. 44 (2007) 221–233
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Experimental apparatus

Nd:YAG

Nd:YAG

Dye laser

532 nm

532 nm

M

M

M

M : Mirror
L : Lens
DM : Dichroic mirror

M

DM

L (f = -75 mm)
L (f = 150 mm)L (f = 1000 mm)

L (f = -30 mm)

L (f = 75 mm)

L (f = 500 mm)

Test section
Optics

Beam 
dump

Beam height 
increase

sCMOS
for RS

ICCD for 
OH-PLIF
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Filters for Rayleigh scattering (Methane)

𝑆",./ =
𝐼0 𝑥, 𝑦, 𝑡 − (𝐼01 𝑥, 𝑦 + u𝐼/)
u𝐼2 𝑥, 𝑦 − ( u𝐼% 𝑥, 𝑦 + u𝐼/)

𝐼0 : RS from flame
𝐼01: Flame luminosity
𝐼/: Un-rejected spurious scattering
𝐼2: RS from air
𝐼%: Background signal

1. Raw 𝑺𝑹,𝑵𝑺

Neighborhood size = [3 3]

2. Wavelet denoising

3. Guided filtering

4. 2-D adaptive noise-removal filtering

Neighborhood size = [5 5]

SNR = 9.13

SNR = 12.52

SNR = 26.55

SNR = 28.49

𝑆𝑁𝑅 =
𝑆",./

𝜎(𝑆",.
/ )
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Filters for OH PLIF

1. Raw OH PLIF

2. Anisotropic diffusion filtering

Number of iterations = 20

SNR = 11.61

SNR = 23.10
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Test condition (RS + OH-PLIF)

Test 
number Ka

Main flame Pilot flame

Air
[slpm]

CH4
[slpm]

H2
[slpm] H2 % Tad [K] Air

[slpm]
CH4

[slpm] Eq.ratio Tad [K]

Test 1 0.5 35.97 3.61 0 0 2194 143.8 12 0.79 1988.5

Test 2 100 34.98 0 4.62 100 1224.5 143.8 12 0.79 1988.5

H2

CH4
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Flame structure : methane

Positive 𝜿

Negative 𝜿

𝑇yz

Grad(T) & Grad(OH) are similar regardless the curvature.

𝐼𝑂𝐻 [-]

2 mm

𝑇 [K]

T

IOH
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Flame structure : hydrogen

Positive 𝜿

Negative 𝜿

Grad(T) & Grad(OH) decrease for negative curvature.

2 mm

𝐼𝑂𝐻 [-]

𝑇 [K]

𝑇yz

T

IOH
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Curvature and gradient
𝑇norm [-] 𝐼45 [-]

Grad(𝑇)norm [-] Grad(𝐼45)norm [-]

2 mm

Hydrogen flame

P R P R

P P R
R



Brazil Winter School 2025

Filtered Rayleigh scattering: separating Mie background

Trueba-Monje & Sutton, AIAA Sci Tech. Forum 2018
Sutton, J.A., Patton, R.A. Appl. Phys. B 116, 681–698 (2014). 

92

(FVp ~ 5 ppm) C3H8 jet

Mie FRS FRS

Mie

H2 non-reacting jet

McManus, T.A., Sutton, J.A Exp Fluids 61, 134 (2020).

Simultaneous 
temperature and 
velocity measurements

https://arc.aiaa.org/doi/pdf/10.2514/6.2018-1772
https://arc.aiaa.org/doi/pdf/10.2514/6.2018-1772
https://arc.aiaa.org/doi/pdf/10.2514/6.2018-1772
https://arc.aiaa.org/doi/pdf/10.2514/6.2018-1772
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00340-013-5752-3
https://doi.org/10.1007/s00348-020-02973-z
https://doi.org/10.1007/s00348-020-02973-z
https://doi.org/10.1007/s00348-020-02973-z
https://doi.org/10.1007/s00348-020-02973-z


Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Species measurement: Raman

Ii = KniIoV
�

4⇡
Ij
Ii

=
Ci(T )

Cj(T )

ni

nj

Kiefer et al, Meas. Sci. Tech. (2008)

Many lines: all species simultaneously. 
Line overlap! 
Requires experience in selection of lines

Very low overall yield (104)
Requires very high energies/pulse to remove 
interferences in combustion (1-2 J/pulse)
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• T, N2, O2, CH4, CO2, H2O, H2, CO 

• 6-mm segments

• Mixture fraction, reaction progress

• 3D flame orientation 

• 1D, 3D scalar gradients, dissipation

Sandia Raman-Rayleigh-CO LIF facility (R.I.P.)
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Multiple lasers to add up energy in a train
One for CO LIF

One more for Rayleigh

One more for cross planar OH PLIF 



Raman/Rayleigh/CO-LIF Detection System

!

!"#

"$%#&&'#()*+,-./012)&/3#,-45#
6/72#8!9:'#!9;<#

5,)=#
=1--,#

!/53#
=1--,#

!># !:#

!;#

32/45&7557)4#
?2/374?#

o Lenses (Raman system):
• 85mm f/1.8, Nikon
• 50mm f/1.4,    “
• 85mm f/1.4,    “
• 135mm f/2,  Canon

o Custom grating (Kaiser Optical)
• 1200 lines/mm
• 90% efficiency at 625-nm
• 76mm x 76mm

o Fast wheel: 
• 21000 rpm (3.9 µs gate FWHM)
• 150 W thermal load

o Slow wheel: 3000 rpm (300µs) 
[shutter]

o PLL motor control +/- 400 ns jitter
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Light collection and calibration

Small f# collection and relay

Modeled temperature response

Fuest et al, PCI 33 (2011)

• Complex calibration 
depends on 
temperature, wavelength 
and experimental details. 

• Needs sufficient 
experience for good 
quantitative results.

!"!
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!
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φ

/
01
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Single shot multi-species at high resolution
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Industrial combustors: SGT-100 DLE 

P = 3-6 bar
T = 673—685 K
φ = 0.6
ReD = 39-120 k

18
.7

 m
m

38
.7

 m
m

58
.7

 m
m

88
.7

 m
m

U. Stopper et al.
Comb.  Flame  160  2103-2118  (2013)
U. Stopper et al.
Exp. Therm. Fluid Sci. 34  396 - 403  (2010)
U. Stopper  et al. J. Eng. Gas Turbines 
Power  131  021504  (2008)

Raman locations

Brazil Winter School 2025 98



DME jet flames

G. Magnotti and R. S. Barlow, Proc. Combust. Inst. 36, 4477 (2017). 
F. Fuest, G. Magnotti, R.S. Barlow, J.A. Sutton, Proc. Comb. Inst., 35 (2015)
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Dual resolution spectrometer to cover the range of shifts

https://doi.org/10.1016/j.proci.2016.06.12
https://doi.org/10.1016/j.proci.2016.06.12
https://doi.org/10.1016/j.proci.2016.06.12
https://doi.org/10.1016/j.proci.2016.06.12
https://doi.org/10.1016/j.proci.2016.06.12
https://doi.org/10.1016/j.proci.2014.07.062
https://doi.org/10.1016/j.proci.2014.07.062
https://doi.org/10.1016/j.proci.2014.07.062
https://doi.org/10.1016/j.proci.2014.07.062
https://doi.org/10.1016/j.proci.2014.07.062


New fuels investigated with Raman/Rayleigh

Tang, H., Yang, C., Wang, G., Guiberti, T. F. and Magnotti, G., Comb. Flame 237:111840 (2022).  

KAUST

https://doi.org/10.1016/j.combustflame.2021.111840


Summary: Scattering techniques

• Rayleigh/Mie scattering:
– Simplest technique

– Dominated by potential particle contamination in the flow

– Useful for determining temperatures if composition is known

– Low cross section (signal)

• Raman scattering: 
– Capable of detecting several specific species in one signal

– Low cross section: requires high laser energies

– Sensitive to interferences from e.g. chemiluminescence, particles, reflections

– Quantitative measurements can be challenging (calibration with temperature, multiple line interference)
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Questions

• Can I measure temperatures inside an engine/gas turbine using 
Rayleigh scattering? 

• Raman seems like a powerful technique. Why is not used more often? 
• Can I do fast Raman? 
• Can I use Raman to measure OH? 
• Can we we use Raman/Rayleigh with sprays?
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Questions
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Can I measure temperatures inside an engine/gas turbine using Rayleigh scattering? 

How do I find out what the characteristic frequencies are? 

Raman seems like a powerful technique. Why is not used everywhere? 

Can I do fast Raman? 

Can I use Raman to measure OH? 

Can I use Raman/Rayleigh with sprays?

Other questions? 



Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Laser absorption radiation balance

n

m

M + hν à Μ* 

Μ* à M + hν 
Μ* + hν à M + 2 hν 

induced spontaneous

Nn

Nm

Anm
<latexit sha1_base64="cQPcd+5pRkA4IXXx3RDowCAlTTU=">AAAB7XicdVDLSgMxFM20Pmp9VcWVm2ARXA1pndbpruLGZQX7gHYomTRtYzOZIckIZeg/uHGhiFu/w19wIbjyUzRtFVT0wIXDOfdy7z1+xJnSCL1aqfTC4tJyZiW7ura+sZnb2m6oMJaE1knIQ9nysaKcCVrXTHPaiiTFgc9p0x+dTv3mFZWKheJCjyPqBXggWJ8RrI3UOOkmIph0c3lkF0uOW65AZDtFxykhQ8puxUUlWLDRDPlq+uX9afeN1rq5504vJHFAhSYcK9UuoEh7CZaaEU4n2U6saITJCA9o21CBA6q8ZHbtBB4YpQf7oTQlNJyp3ycSHCg1DnzTGWA9VL+9qfiX14513/USJqJYU0Hmi/oxhzqE09dhj0lKNB8bgolk5lZIhlhiok1AWRPC16fwf9Io2oUju3hu0kBgjgzYA/vgEBTAMaiCM1ADdUDAJbgGt+DOCq0b6956mLemrM+ZHfAD1uMHxICTog==</latexit>Bnm = Bmn

<latexit sha1_base64="wKlSFLRu7s4sUaAOFo+G4DYNCL8=">AAAB+HicbZDLSgMxFIYz1kutl46KKzfBIrgqM3WhG6HoxmUFe4G2lEx62oYmmSHJCHWYJ3HjQhG3voGv4EJw5aNoello6w+Bj/+cwzn5g4gzbTzv01nKLK+srmXXcxubW9t5d2e3psNYUajSkIeqERANnEmoGmY4NCIFRAQc6sHwclyv34LSLJQ3ZhRBW5C+ZD1GibFWx81fdBIpUnyOLQiZdtyCV/Qmwovgz6BQznx8v+1/QaXjvre6IY0FSEM50brpe5FpJ0QZRjmkuVasISJ0SPrQtCiJAN1OJoen+Mg6XdwLlX3S4In7eyIhQuuRCGynIGag52tj879aMza9s3bCZBQbkHS6qBdzbEI8TgF3mQJq+MgCoYrZWzEdEEWosVnlbAj+/JcXoVYq+ifF0rVNw0NTZdEBOkTHyEenqIyuUAVVEUUxukeP6Mm5cx6cZ+dl2rrkzGb20B85rz+eRJbG</latexit>

dx
<latexit sha1_base64="L+KZY7rxsXq3w0s/aR+sIYA1E88=">AAAB6XicbZDLSsNAFIZP6q3GW9Wlm8EiuCpJXehGLLhxWcVeoA1lMpm0QyeTMDMRS+gbuHGhiNs+hO/hRnwbJ20X2vrDwMf/n8Occ/yEM6Ud59sqrKyurW8UN+2t7Z3dvdL+QVPFqSS0QWIey7aPFeVM0IZmmtN2IimOfE5b/vA6z1sPVCoWi3s9SqgX4b5gISNYG+sueOyVyk7FmQotgzuH8tWHfZlMvux6r/TZDWKSRlRowrFSHddJtJdhqRnhdGx3U0UTTIa4TzsGBY6o8rLppGN0YpwAhbE0T2g0dX93ZDhSahT5pjLCeqAWs9z8L+ukOrzwMiaSVFNBZh+FKUc6RvnaKGCSEs1HBjCRzMyKyABLTLQ5jm2O4C6uvAzNasU9q1RvnXKtCjMV4QiO4RRcOIca3EAdGkAghCd4gVdraD1bb9b7rLRgzXsO4Y+syQ/pdZCL</latexit>

Fraction of laser line overlap
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change in 
photons/volume

d⇢⌫
dx

= NnAnmf⌫ � (Nm �Nn)⇢⌫f⌫Bnm
<latexit sha1_base64="iMIFQ3FCXlqe4lbmr3BOVcGXjTw="></latexit>

d⇢⌫
dx

= h⌫NnAnm � h⌫(Nm �Nn)⇢⌫f⌫Bnm
<latexit sha1_base64="2JVEP0V1ADPIkhT7GQQgCfAqWDM="></latexit>

dJ⌫
dx

= h⌫c
d⇢⌫
dx

= NnAnmf⌫ � h⌫cf⌫Bnm(Nm �Nn)h⌫c⇢⌫
<latexit sha1_base64="bEmy//sXgbn+2y8izhpuudf5sbU="></latexit>

dI⌫
dx

<latexit sha1_base64="hGI7VjubB4ARHVROhJ5I/mhzlR4=">AAAB/nicbVDLSsNAFJ3UV62vqLjSxWBRXJWkIrqz4MbuKtgHNDFMJpN26GQSZiZiCQF/xY0LRdyKn+HOv3H6WGjrgQuHc+7l3nv8hFGpLOvbKCwsLi2vFFdLa+sbm1vm9k5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v7gauS374mQNOa3apgQN0I9TkOKkdKSZ+45oUA4C2Ddyxye5nkWPOTQM8tWxRoDzhN7Ssq144P6593ZZcMzv5wgxmlEuMIMSdm1rUS5GRKKYkbykpNKkiA8QD3S1ZSjiEg3G5+fwyOtBDCMhS6u4Fj9PZGhSMph5OvOCKm+nPVG4n9eN1XhhZtRnqSKcDxZFKYMqhiOsoABFQQrNtQEYUH1rRD3kc5D6cRKOgR79uV50qpW7NNK9UanYYEJimAfHIITYINzUAPXoAGaAIMMPIEX8Go8Gs/Gm/E+aS0Y05ld8AfGxw+KjZgJ</latexit>

dI⌫
dx

= ✏(x)� (x)I⌫
<latexit sha1_base64="da51nz78riq1BlQ5f/HdE3KxEg4="></latexit>

If negligible emission: 

Beer-Lambert law 

Extinction coefficient

d ln I⌫
dx

= �(x)
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Absorption
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Lambert-Beer Law
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- Inherently line of sight (tomography possible but complex): not 
spatially resolved

- Lines often weak (need improvement in noise rejection)
- Can work very fast (sub-μs)

Tunable diode lasers: 
- Offer very narrow lines over a wide range of useful wavelengths at 

useful powers
- Can scan a broadened line fast 
- Line shape contains temperature information
- Multiple species accessible

⌧ = � ln
I

I0
=

Z L

0

Z �⌫

0
(⌫)g(⌫ � ⌫0)f(⌫ � ⌫0; p, T )Ni d⌫ dx

<latexit sha1_base64="lMHrNde6mE2ojzBWKD71HCKNmpE="></latexit>

Absorption cross section
e.g. Hitran (cm-1/#/cm3)

Broadening 
function
(-)

Molecular 
concentration 
(#/cm3)

Laser line overlap
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Emisson and absorption

Courtesy Andreas Bülter and
Andreas Brockhinke, Bielefeld

IR absorption spectra from HITRAN

Hanson CISS 2018 Lecture 2 

Flame emission from a candle

High energies in the visible range: do not overlap with 
molecular vibration/rotation
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Strategies for removing background

currentw
av

el
en

gt
h

I

t

Baseline can be noisy
Signal-to-noise ratio can be poor
Complex fitting algorithm

Sanders et al., Applied Optics, 40,4404-4415 (2001)

Witzel et al., Appl. Phys. B (2012)

Simple and selective
Simultaneous concentration and line-of-sight temperature
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Modulated frequency (and intensity) absorption measurements

• Lock-in detection at a multiple n of 
the modulation frequency: 

• No need for finding baselines. 
• Multiple harmonics: allows canceling 

of zero-frequency drift

Sun et al Meas. Sci. Technol. (2013 )24 125203Brazil Winter School 2025 109

http://stacks.iop.org/MST/24/125203


Multi-species: TDLAS of H2O, CO2, CO, and temperature 
Peng et al., Applied Optics 55 (2014)
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Application example: TDLAS H2O, CO2, CO, and temperature 

• Simulated absorption spectra of CO2 in products of f=1.2 CH4/air flame 
(T=1500K, L=15 mm) 

• 0.78 cm path length across flat flame products
• Scanned-wavelength-modulation spectroscopy with 2nd harmonic detection and 1st 

harmonic normalization (scanned-WMS-2f/1f) suppresses several noise sources 
• WMS spectral fitting routine

Peng et al., Applied Optics 55 (2014) 

7.1% CO2 @ 1 atm
7.1% CO2 @ 3 atm
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Frequency combs

• Tunable lasers have only narrow ranges of wavelengths
• How can this range be improved? 

112

Frequencies generated with known spacing by mode (phase) locking two lasers at precise intervals 

Very narrow lines (species specific)Very wide band (covers a wide range)
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Principle of operation

113

Piquet & Hänsch, Nature, 2019
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Example frequency comb application

114

Hoghooghi et al. GHz repetition rate mid-infrared frequency comb 
spectroscopy of fast chemical reactions, Optica (2024)
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Databases

115

Original, created for 
atmospheric/astronomy studies

https://hitran.org

Incorporates hitran, and extends 
it to high temperatures

https://www.spectralcalc.com



Summary: Absorption techniques

• Can be very selective sensitive (multi-pass cell, modulation spectroscopy)
• Can get mean temperature/pressure from mlutiple line shapes
• Systems can be very compact; fiber optics 

• Line of sight technique; temperature and composition ideally uniform or symmetric along the path 
length 

• Sensitive to moisture, temperature 
• Special windows (KBr) required

• Emerging technique: frequency combs opening up new ranges of wavelengths for simultaneous 
detection of multiple species

• Applications:  fast processes where spatial resolution is not important or symmetry present
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Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Laser Induced Fluorescence
Electronic

E

Q

ILIF = KI0N(p, T )f⌫,i(T )Bik�(p, T )�

Boltzmann 
fraction

Line overlap

Quantum 
yield

� =
AkiP

j Akj +Qk + Pk

Two (or multi)-line LIF
ILIF,⌫1

ILIF,⌫1

/ exp[��"12
kBT

]

• High energy gap, so wavelengths required are in the UV, but strong signal 
sometimes

• Signal returns at a different wavelength than pump: can separate spectrally
• Only works for molecules with accessible levels in the visible and near UV (OH, 

CO, NO, CH2O accessible convenient, HCO, CH, H very low signal)
• Signal strongly affected by p, T and quenching: collisional corrections required
• Imaging depends on good knowledge of specific line behaviour
• Temperature dependence: used to obtain T for known lines 118



A few important combustion species detected by LIF
Molecule Excitation Detection

OH ~283 nm,  ~314 nm 306-320 nm

NO ~226 nm 236-280 nm

CH ~314, ~387, ~431 nm various 314-460 nm

CO ~230 nm (2 photon) ~484 nm

CH2O ~355 360-550 nm

HCO ~258 nm 276-284 nm

NO 226 nm 250 nm

Acetone, Propanone 225-320 nm Broadband, ~350 nm

PAH <300 broadband

Toluene 240-270 300

2-pentanone,Biacetyl 250-320 250-320 

• References:
–  Applied Combustion Diagnostics, Kohse-Höinghaus and Jeffries, Eds., Chapter 2, 2002
– https://lifsim.com: Modular laser induced fluorescence code for common combustion species.
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Typical LIF experimental setup

laser

optics

volume

collection 
optics

PMT /camera with filter
Spectrograph

Dump, meter
pulsed
laser

LIF

⌦ =
⇡d2/4

l2
⇡ 1

f2
#

Fraction of light collected =
1% for f# 2.5 - inefficient 

l

⌦/4⇡

� =
AkiP

j Akj +Qk + Pk

SLIF = I0BikN(p, T )V f⌫,i(T )�(p, T )| {z }
photons absorbed/time

⌦

4⇡|{z}
fraction collected

�|{z}
yield

Usually a small number at normal pressures

Powers required of the order of kW: ok for pulsed lasers: 10 mJ/10 ns = 105-106 W
Saturation of upper electronic level – loss of linearity with power: need to know dependence
For some molecules, ppm values achievable. 
Quantitative LIF an order of magnitude more challenging than qualitative. 
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Electronic transitions:  OH laser induced fluorescence (LIF) 
• Typical strategy for OH LIF or PLIF imaging
• Excitation (molecule absorbs, a, usually single line) 

• Most molecules relax via quenching collisions (process b)
• Detection (molecule emits after rotational and

vibrational energy transfer; many different transitions, 
process c) 

• To make quantitative measurements, we need 
to know (among other things): 
– population of the ground state (v”=0, J”=7)
– efficiency of excitation and fluorescence
– collisional quenching rate

       

𝑄5 7 	 𝐴3Σ{ ← 𝑋3Π(1,0) (283.2 nm)

𝐴3Σ{ → 𝑋3Π(1,1),(0,0) (305-320 nm)

Adapted from Linne CISS 2016 

v”=0, J”=7 (ground state)

v’=1, J’=7 (excited state)

electronic

E

a
b

c
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OH LIF: frequent marker of location of flame

Bell, J. B. et al., PCI, 
31:1 (2007)

Kamal et al., Proc. Comb. Inst. 36 
(2017) 1957–1965

OH

CH2O

- Coincides with reaction zone within ~ 50 um
- Correlates with reaction rate for some reactant 

mixtures 
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https://doi.org/10.1016/j.proci.2006.07.216
https://doi.org/10.1016/j.proci.2006.07.216
https://doi.org/10.1016/j.proci.2016.08.067
https://doi.org/10.1016/j.proci.2016.08.067
https://doi.org/10.1016/j.proci.2016.08.067
https://doi.org/10.1016/j.proci.2016.08.067
https://doi.org/10.1016/j.proci.2016.08.067


Paul, P. H. and Najm, H. N. PCI (1998) 27:43-50 Amantini et al., Combust. Flame 147, 133 (2006)

OH x CH2O

Reaction rate imaging: CH2O + OH, and CO + OH

CH2O

OH

CO

OH

CO x OH

CH4

air

Brazil Winter School 2025 123



Simultaneous OH and CH2O LIF (non-quantitative)

Osborne, J.R., Ramji, S.A., Carter, C.D. et al. Simultaneous 10 kHz TPIV, OH 
PLIF, and CH2O PLIF measurements of turbulent flame structure and 
dynamics. Exp Fluids 57, 65 (2016).
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High-Speed 3D OH LIF and Velocity at Base of Lifted Jet Flame

102 mm

Lifted Dimethyl
Ether (DME)/Air

Jet Flame

Courtesy of Jonathan FrankBrazil Winter School 2025 125



NO TLIF

W.G. Bessler, C. Schulz: Quantitative multi-line NO LIF 
temperature imaging, Appl. Phys. B 78, 519–533 (2004)
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Summary LIF

• Workhorse of combustion: species of interest accessible in the 
UV: OH, CH, HCO, CH2O, NO, NH3 , aromatics, ketones

• Cross section much larger than Raman
• Informs flame and combustion structure
• Quantitative measurements one order of magnitude harder than 

qualitative
• Easy to combine with velocity measurements: great insights into 

flow-flame interactions
• Limited by laser power to illuminate volumes
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Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Laser-Induced Incandescence

Soot TEM
(Shaddix, 1996)

Bladh et al., Appl. Phys. B, 2008

S =
12⇡c2hE(m)

�6[exp(� hc

k�T
)� 1]

⌘(�)fv

laser

optics

sample

collection 
optics

l

Soot: black body particles
Absorb light in the Rayleigh regime (small particles)
Heat up instantaneously to very high (4000 K) temperatures
Emit incoherent radiation as black bodies

absorption

volume fraction

Black body

Significant controversy 
over models for 
cooling!!
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Propane flame soot volume fraction: 
LII vs extinction 
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B. Tian, Y. Gao, S. Hochgreb, APB 120, 2015
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LII and particle sizing using two color pyrometry

131

B. Tian, et al., Proc. Comb. Inst. 39 (2023)

https://doi.org/10.1016/j.proci.2022.08.128
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Effects of pressure and turbulence on soot formation

132

https://doi.org/10.1016/j.combustflame.2021.01.013

Boyette et al., C&F 2021

https://doi.org/10.1016/j.combustflame.2021.01.013


Questions

133
Brazil Winter School 2025

Why is LIF so popular? 

What are the problems with making LIF quantitative? 

How do I know whether a species will fluoresce? 

How do I correct for LIF quenching? 

Do all particles incandesce? 

Is LII always proportional to volume fraction? 



Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS

Brazil Winter School 2025 134



Coherent (non-linear) processes

Scattering/emission

Coherent beam:
- Signal decreases very little with distance
- Can be used to exclude noise from collection 

solid angle by taking the beam over long 
distances from the sample location

S / K

r2
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Mission:
- Generate coherent beam that contains the 

wavelengths/intensities encoding the 
quantities of interest
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Coherent Anti-Stokes Raman Scattering (CARS)

Anti-Stokes
Coherent

Spectrometer 
+ CCD

⌫p
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<latexit sha1_base64="fJaGGx8qZIc5aD/p+Wq2/haVUyA=">AAAB8HicbVC7SgNBFL3rM8ZXfHQ2g0GwCrux0DJgYxnBPCRZwuxkNhkyMzvMzAphyVfYWChiayv+iJ2/YG/v5FFo4oELh3Pu5d57IsWZsb7/6S0tr6yurec28ptb2zu7hb39uklSTWiNJDzRzQgbypmkNcssp02lKRYRp41ocDn2G3dUG5bIGztUNBS4J1nMCLZOus3aUYwGo47qFIp+yZ8ALZJgRoqVw+938/XWr3YKH+1uQlJBpSUcG9MKfGXDDGvLCKejfDs1VGEywD3aclRiQU2YTQ4eoROndFGcaFfSoon6eyLDwpihiFynwLZv5r2x+J/XSm18EWZMqtRSSaaL4pQjm6Dx96jLNCWWDx3BRDN3KyJ9rDGxLqO8CyGYf3mR1Mul4KxUvnZplGGKHBzBMZxCAOdQgSuoQg0ICLiHR3jytPfgPXsv09YlbzZzAH/gvf4Anx6UsA==</latexit>

ks
<latexit sha1_base64="+fuwrI8lbyjpnmfKaHSy5LbCx0s=">AAAB8HicbVA9SwNBEJ2LGmP8ilraLAbBKtzFIpYBG8sEzIckR9jb7CVLdveO3T0hHPkRIoiFIlaCP8XSTvwzbj4KTXww8Hhvhpl5QcyZNq775WTW1jeym7mt/PbO7t5+4eCwqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupz6rVuqNIvktRnH1Bd4IFnICDZWukm7QYhGk57uFYpuyZ0BrRJvQYrVbP374+HurdYrfHb7EUkElYZwrHXHc2Pjp1gZRjid5LuJpjEmIzygHUslFlT76ezgCTq1Sh+FkbIlDZqpvydSLLQei8B2CmyGetmbiv95ncSEF37KZJwYKsl8UZhwZCI0/R71maLE8LElmChmb0VkiBUmxmaUtyF4yy+vkma55J2XynWbRhnmyMExnMAZeFCBKlxBDRpAQMA9PMGzo5xH58V5nbdmnMXMEfyB8/4DERmURw==</latexit>

kpr
<latexit sha1_base64="a4UVTQM7GG3DayYBS1ztNL+x810=">AAAB83icbVC7SgNBFL0bXzG+4qOzGQyCVdiNhZYBG8sI5gHZJcxOZpMhs7PDzKwQlv0NGwtFbK3EH7HzF+ztnTwKTTxw4XDOvdx7Tyg508Z1P53Cyura+kZxs7S1vbO7V94/aOkkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq4mfvuOKs0ScWvGkgYxHggWMYKNlfzMDyM0ynuZVHmvXHGr7hRomXhzUqkffb/rr7dho1f+8PsJSWMqDOFY667nShNkWBlGOM1LfqqpxGSEB7RrqcAx1UE2vTlHp1bpoyhRtoRBU/X3RIZjrcdxaDtjbIZ60ZuI/3nd1ESXQcaETA0VZLYoSjkyCZoEgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJq1b1zqu1G5tGDWYowjGcwBl4cAF1uIYGNIGAhHt4hCcndR6cZ+dl1lpw5jOH8AfO6w8+qpY4</latexit>

kCARS
<latexit sha1_base64="MqDK9dlnCPWycFLwrE9EN2rsRyU=">AAAB9XicbVA9TwJBEJ1DRcQv1NJmIzGxIndYaImhsQSVjwROsrfswYa9vcvunoZc+BE2xsZCY7T0f1jaGf+My0eh4EsmeXlvJjPzvIgzpW37y0otLa+kVzNr2fWNza3t3M5uXYWxJLRGQh7KpocV5UzQmmaa02YkKQ48ThveoDz2GzdUKhaKKz2MqBvgnmA+I1gb6Tppez4ajDpJ+ezictTJ5e2CPQFaJM6M5Evp6vfH/d1bpZP7bHdDEgdUaMKxUi3HjrSbYKkZ4XSUbceKRpgMcI+2DBU4oMpNJleP0KFRusgPpSmh0UT9PZHgQKlh4JnOAOu+mvfG4n9eK9b+qZswEcWaCjJd5Mcc6RCNI0BdJinRfGgIJpKZWxHpY4mJNkFlTQjO/MuLpF4sOMeFYtWkUYQpMrAPB3AEDpxACc6hAjUgIOEBnuDZurUerRfrddqasmYze/AH1vsPaiGWJw==</latexit>

⌫pr
<latexit sha1_base64="q7OPPboIsojwghownPVnd9/sVr0=">AAAB73icbVC7SgNBFL3rM8ZXfHQ2g0GwCrux0DJgYxnBPCBZwuzkbjJkdnadmRXCkp+wsVDE1lr8ETt/wd7eyaPQxAMXDufcy733BIng2rjup7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI79xh0qzWN5Y4YJ+hHtSR5yRo2Vmm2ZdrJEjTqFoltyJyCLxJuRYuXw+11/vfWrncJHuxuzNEJpmKBatzw3MX5GleFM4CjfTjUmlA1oD1uWShqh9rPJvSNyYpUuCWNlSxoyUX9PZDTSehgFtjOipq/nvbH4n9dKTXjhZ1wmqUHJpovCVBATk/HzpMsVMiOGllCmuL2VsD5VlBkbUd6G4M2/vEjq5ZJ3Vipf2zTKMEUOjuAYTsGDc6jAFVShBgwE3MMjPDm3zoPz7LxMW5ec2cwB/IHz+gN7FJSo</latexit>

⌫pr
<latexit sha1_base64="q7OPPboIsojwghownPVnd9/sVr0=">AAAB73icbVC7SgNBFL3rM8ZXfHQ2g0GwCrux0DJgYxnBPCBZwuzkbjJkdnadmRXCkp+wsVDE1lr8ETt/wd7eyaPQxAMXDufcy733BIng2rjup7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI79xh0qzWN5Y4YJ+hHtSR5yRo2Vmm2ZdrJEjTqFoltyJyCLxJuRYuXw+11/vfWrncJHuxuzNEJpmKBatzw3MX5GleFM4CjfTjUmlA1oD1uWShqh9rPJvSNyYpUuCWNlSxoyUX9PZDTSehgFtjOipq/nvbH4n9dKTXjhZ1wmqUHJpovCVBATk/HzpMsVMiOGllCmuL2VsD5VlBkbUd6G4M2/vEjq5ZJ3Vipf2zTKMEUOjuAYTsGDc6jAFVShBgwE3MMjPDm3zoPz7LxMW5ec2cwB/IHz+gN7FJSo</latexit>

⌫p
<latexit sha1_base64="0jEy397DeH/y3q+X9hqrpRFh9hw=">AAAB7HicbVC7SgNBFL0bXzG+4qOzGQyCVdiNhZYBG8sIbhJIljA7uUmGzM4uM7NCWPINNhaK2PoD4o/Y+Qv29k4ehSYeuHA4517uvSdMBNfGdT+d3Mrq2vpGfrOwtb2zu1fcP6jrOFUMfRaLWDVDqlFwib7hRmAzUUijUGAjHF5N/MYdKs1jeWtGCQYR7Uve44waK/ltmXaSTrHklt0pyDLx5qRUPfp+119vg1qn+NHuxiyNUBomqNYtz01MkFFlOBM4LrRTjQllQ9rHlqWSRqiDbHrsmJxapUt6sbIlDZmqvycyGmk9ikLbGVEz0IveRPzPa6WmdxlkXCapQclmi3qpICYmk89JlytkRowsoUxxeythA6ooMzafgg3BW3x5mdQrZe+8XLmxaVRghjwcwwmcgQcXUIVrqIEPDDjcwyM8OdJ5cJ6dl1lrzpnPHMIfOK8/39iTIA==</latexit>

⌫s
<latexit sha1_base64="qkUE8T4xiQra+0BH6QCHALpL+mM=">AAAB7nicbVA9SwNBEJ2LGmP8ilraLAbBKtzFQsuAjWUC5gOSEPY2c8mSvb1jd08IR35EmhSKWOpvsbQT/4ybj0ITHww83pthZp4fC66N6345ma3tnexubi+/f3B4dFw4OW3oKFEM6ywSkWr5VKPgEuuGG4GtWCENfYFNf3Q395uPqDSP5IMZx9gN6UDygDNqrNTsyKSX6kmvUHRL7gJkk3grUqxka98fs+lbtVf47PQjloQoDRNU67bnxqabUmU4EzjJdxKNMWUjOsC2pZKGqLvp4twJubRKnwSRsiUNWai/J1Iaaj0OfdsZUjPU695c/M9rJya47aZcxolByZaLgkQQE5H576TPFTIjxpZQpri9lbAhVZQZm1DehuCtv7xJGuWSd10q12waZVgiB+dwAVfgwQ1U4B6qUAcGI5jCEzw7sTNzXpzXZWvGWc2cwR847z8YUJPD</latexit>

⌫CARS
<latexit sha1_base64="KhDw0rqmwIA3Qz5/MuZ8LoYlQ4k=">AAAB8XicbVA9SwNBEJ2LGmP8ilraLAbBKtzFIpaRNJaJmg9MjrC32UuW7O0du3tCOPIjBBEsFLGx8J9Y2ol/xs1HoYkPBh7vzTAzz4s4U9q2v6zUyupaej2zkd3c2t7Zze3tN1QYS0LrJOShbHlYUc4ErWumOW1FkuLA47TpDSsTv3lLpWKhuNajiLoB7gvmM4K1kW46Iu4mlfPLq3E3l7cL9hRomThzki+na98fD3dv1W7us9MLSRxQoQnHSrUdO9JugqVmhNNxthMrGmEyxH3aNlTggCo3mV48RsdG6SE/lKaERlP190SCA6VGgWc6A6wHatGbiP957Vj7Z27CRBRrKshskR9zpEM0eR/1mKRE85EhmEhmbkVkgCUm2oSUNSE4iy8vk0ax4JwWijWTRhFmyMAhHMEJOFCCMlxAFepAQMA9PMGzpaxH68V6nbWmrPnMAfyB9f4Do6uUlw==</latexit>

⌫CARS = 2⌫pr � ⌫s
<latexit sha1_base64="vDdc4sCPLr8Oa5uujPaMRahMpMM=">AAACCXicbVC7TsMwFHXKq5RXeGwsFhUSC1USBliQirowlkcfUhtVjuu2Vh0nsh2kKsrKwq+wIFSEWPkDNn6BnR036QAtR7rS8Tn3yvceL2RUKsv6NHILi0vLK/nVwtr6xuaWub1Tl0EkMKnhgAWi6SFJGOWkpqhipBkKgnyPkYY3rEz8xh0Rkgb8Vo1C4vqoz2mPYqS01DFhm0eduHJxfZPAc+ikr1Ak8DgzZNIxi1bJSgHniT0lxfLe91h+PQ+qHfOj3Q1w5BOuMENStmwrVG6MhKKYkaTQjiQJER6iPmlpypFPpBunlyTwUCtd2AuELq5gqv6eiJEv5cj3dKeP1EDOehPxP68Vqd6ZG1MeRopwnH3UixhUAZzEArtUEKzYSBOEBdW7QjxAAmGlwyvoEOzZk+dJ3SnZJyXnSqfhgAx5sA8OwBGwwSkog0tQBTWAwT14BGPwYjwYT8ar8Za15ozpzC74A+P9BwP3na0=</latexit>

ICARS / N2IpIprIs
<latexit sha1_base64="qdHpLCbc7dYJDr/A0r5K2V6mvNU=">AAACDXicbVC5TgMxFPSGK4QrHB2NRUCiinZDAWVQGmhQOHJISVh5HW9ixbu2bC9StNofoOFXkFAKEKKlp+MX6OlxjgISRrI1mnlP9ownGFXatj+t1Nz8wuJSejmzsrq2vpHd3KoqHklMKpgzLuseUoTRkFQ01YzUhSQo8Bipeb3S0K/dEakoD290X5BWgDoh9SlG2khudv/cjUunV9cJbArJhebw4rYAjSiS4SUTw5Wbzdl5ewQ4S5wJyRV3vgfq66lbdrMfzTbHUUBCjRlSquHYQrdiJDXFjCSZZqSIQLiHOqRhaIgColrxKE0CD4zShj6X5oQajtTfGzEKlOoHnpkMkO6qaW8o/uc1Iu2ftGIaikiTEI8f8iMGTehhNbBNJcGa9Q1BWFLzV4i7SCKsTYEZU4IzHXmWVAt55yhfuDRtFMAYabAL9sAhcMAxKIIzUAYVgME9eATP4MV6sAbWq/U2Hk1Zk51t8AfW+w8DpZ9N</latexit>

Scan ks to get CARS
Signal is a laser beam 

Stokes
Coherent

⌫R
<latexit sha1_base64="0BFAPrqEXi+lHY097Aq7CZDfCMI=">AAAB7HicbVA9SwNBEJ1L/IjxKypWNodBsAp3sdAyYGMZxUsCyRH2NnPJkr29Y3dPCEd+g42FIrb+D/+ChWDlT9HNR6GJDwYe780wMy9IOFPacT6tXH5ldW29sFHc3Nre2S3t7TdUnEqKHo15LFsBUciZQE8zzbGVSCRRwLEZDC8nfvMOpWKxuNWjBP2I9AULGSXaSF5HpN2bbqnsVJwp7GXizkm5lv/4fjv8wnq39N7pxTSNUGjKiVJt10m0nxGpGeU4LnZShQmhQ9LHtqGCRKj8bHrs2D4xSs8OY2lKaHuq/p7ISKTUKApMZ0T0QC16E/E/r53q8MLPmEhSjYLOFoUpt3VsTz63e0wi1XxkCKGSmVttOiCSUG3yKZoQ3MWXl0mjWnHPKtVrk4YDMxTgCI7hFFw4hxpcQR08oMDgHh7hyRLWg/Vsvcxac9Z85gD+wHr9AVbFkrw=</latexit>

⌫s
<latexit sha1_base64="SfhGXBwMA6pZU+CfYY+l0JqdL8E=">AAAB7HicbVA9SwNBEJ0zfsT4FRUrm8UgWIW7WGgZsLGM4CWB5Ah7m0myZG/v2N0TwpHfYGOhiK3/w79gIVj5U3TzUWjig4HHezPMzAsTwbVx3U9nJbe6tr6R3yxsbe/s7hX3D+o6ThVDn8UiVs2QahRcom+4EdhMFNIoFNgIh1cTv3GHSvNY3ppRgkFE+5L3OKPGSn5bph3dKZbcsjsFWSbenJSquY/vt6MvrHWK7+1uzNIIpWGCat3y3MQEGVWGM4HjQjvVmFA2pH1sWSpphDrIpseOyalVuqQXK1vSkKn6eyKjkdajKLSdETUDvehNxP+8Vmp6l0HGZZIalGy2qJcKYmIy+Zx0uUJmxMgSyhS3txI2oIoyY/Mp2BC8xZeXSb1S9s7LlRubhgsz5OEYTuAMPLiAKlxDDXxgwOEeHuHJkc6D8+y8zFpXnPnMIfyB8/oDiMmS3Q==</latexit>

molecular 
transition
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Why use such a complicated method? 
There are no IR pulsed lasers to reach molecular transition directly
Method amplifies the weak stokes signal



Broadband Coherent Anti-Stokes Raman Scattering (CARS)

Anti-Stokes
Coherent

Spectrometer 
+ CCD

Stokes
Coherent

⌫R
<latexit sha1_base64="0BFAPrqEXi+lHY097Aq7CZDfCMI=">AAAB7HicbVA9SwNBEJ1L/IjxKypWNodBsAp3sdAyYGMZxUsCyRH2NnPJkr29Y3dPCEd+g42FIrb+D/+ChWDlT9HNR6GJDwYe780wMy9IOFPacT6tXH5ldW29sFHc3Nre2S3t7TdUnEqKHo15LFsBUciZQE8zzbGVSCRRwLEZDC8nfvMOpWKxuNWjBP2I9AULGSXaSF5HpN2bbqnsVJwp7GXizkm5lv/4fjv8wnq39N7pxTSNUGjKiVJt10m0nxGpGeU4LnZShQmhQ9LHtqGCRKj8bHrs2D4xSs8OY2lKaHuq/p7ISKTUKApMZ0T0QC16E/E/r53q8MLPmEhSjYLOFoUpt3VsTz63e0wi1XxkCKGSmVttOiCSUG3yKZoQ3MWXl0mjWnHPKtVrk4YDMxTgCI7hFFw4hxpcQR08oMDgHh7hyRLWg/Vsvcxac9Z85gD+wHr9AVbFkrw=</latexit>

⌫s
<latexit sha1_base64="SfhGXBwMA6pZU+CfYY+l0JqdL8E=">AAAB7HicbVA9SwNBEJ0zfsT4FRUrm8UgWIW7WGgZsLGM4CWB5Ah7m0myZG/v2N0TwpHfYGOhiK3/w79gIVj5U3TzUWjig4HHezPMzAsTwbVx3U9nJbe6tr6R3yxsbe/s7hX3D+o6ThVDn8UiVs2QahRcom+4EdhMFNIoFNgIh1cTv3GHSvNY3ppRgkFE+5L3OKPGSn5bph3dKZbcsjsFWSbenJSquY/vt6MvrHWK7+1uzNIIpWGCat3y3MQEGVWGM4HjQjvVmFA2pH1sWSpphDrIpseOyalVuqQXK1vSkKn6eyKjkdajKLSdETUDvehNxP+8Vmp6l0HGZZIalGy2qJcKYmIy+Zx0uUJmxMgSyhS3txI2oIoyY/Mp2BC8xZeXSb1S9s7LlRubhgsz5OEYTuAMPLiAKlxDDXxgwOEeHuHJkc6D8+y8zFpXnPnMIfyB8/oDiMmS3Q==</latexit>⌫p

<latexit sha1_base64="0jEy397DeH/y3q+X9hqrpRFh9hw=">AAAB7HicbVC7SgNBFL0bXzG+4qOzGQyCVdiNhZYBG8sIbhJIljA7uUmGzM4uM7NCWPINNhaK2PoD4o/Y+Qv29k4ehSYeuHA4517uvSdMBNfGdT+d3Mrq2vpGfrOwtb2zu1fcP6jrOFUMfRaLWDVDqlFwib7hRmAzUUijUGAjHF5N/MYdKs1jeWtGCQYR7Uve44waK/ltmXaSTrHklt0pyDLx5qRUPfp+119vg1qn+NHuxiyNUBomqNYtz01MkFFlOBM4LrRTjQllQ9rHlqWSRqiDbHrsmJxapUt6sbIlDZmqvycyGmk9ikLbGVEz0IveRPzPa6WmdxlkXCapQclmi3qpICYmk89JlytkRowsoUxxeythA6ooMzafgg3BW3x5mdQrZe+8XLmxaVRghjwcwwmcgQcXUIVrqIEPDDjcwyM8OdJ5cJ6dl1lrzpnPHMIfOK8/39iTIA==</latexit>

kp
<latexit sha1_base64="fJaGGx8qZIc5aD/p+Wq2/haVUyA=">AAAB8HicbVC7SgNBFL3rM8ZXfHQ2g0GwCrux0DJgYxnBPCRZwuxkNhkyMzvMzAphyVfYWChiayv+iJ2/YG/v5FFo4oELh3Pu5d57IsWZsb7/6S0tr6yurec28ptb2zu7hb39uklSTWiNJDzRzQgbypmkNcssp02lKRYRp41ocDn2G3dUG5bIGztUNBS4J1nMCLZOus3aUYwGo47qFIp+yZ8ALZJgRoqVw+938/XWr3YKH+1uQlJBpSUcG9MKfGXDDGvLCKejfDs1VGEywD3aclRiQU2YTQ4eoROndFGcaFfSoon6eyLDwpihiFynwLZv5r2x+J/XSm18EWZMqtRSSaaL4pQjm6Dx96jLNCWWDx3BRDN3KyJ9rDGxLqO8CyGYf3mR1Mul4KxUvnZplGGKHBzBMZxCAOdQgSuoQg0ICLiHR3jytPfgPXsv09YlbzZzAH/gvf4Anx6UsA==</latexit>

ks
<latexit sha1_base64="+fuwrI8lbyjpnmfKaHSy5LbCx0s=">AAAB8HicbVA9SwNBEJ2LGmP8ilraLAbBKtzFIpYBG8sEzIckR9jb7CVLdveO3T0hHPkRIoiFIlaCP8XSTvwzbj4KTXww8Hhvhpl5QcyZNq775WTW1jeym7mt/PbO7t5+4eCwqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupz6rVuqNIvktRnH1Bd4IFnICDZWukm7QYhGk57uFYpuyZ0BrRJvQYrVbP374+HurdYrfHb7EUkElYZwrHXHc2Pjp1gZRjid5LuJpjEmIzygHUslFlT76ezgCTq1Sh+FkbIlDZqpvydSLLQei8B2CmyGetmbiv95ncSEF37KZJwYKsl8UZhwZCI0/R71maLE8LElmChmb0VkiBUmxmaUtyF4yy+vkma55J2XynWbRhnmyMExnMAZeFCBKlxBDRpAQMA9PMGzo5xH58V5nbdmnMXMEfyB8/4DERmURw==</latexit>

kpr
<latexit sha1_base64="a4UVTQM7GG3DayYBS1ztNL+x810=">AAAB83icbVC7SgNBFL0bXzG+4qOzGQyCVdiNhZYBG8sI5gHZJcxOZpMhs7PDzKwQlv0NGwtFbK3EH7HzF+ztnTwKTTxw4XDOvdx7Tyg508Z1P53Cyura+kZxs7S1vbO7V94/aOkkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq4mfvuOKs0ScWvGkgYxHggWMYKNlfzMDyM0ynuZVHmvXHGr7hRomXhzUqkffb/rr7dho1f+8PsJSWMqDOFY667nShNkWBlGOM1LfqqpxGSEB7RrqcAx1UE2vTlHp1bpoyhRtoRBU/X3RIZjrcdxaDtjbIZ60ZuI/3nd1ESXQcaETA0VZLYoSjkyCZoEgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJq1b1zqu1G5tGDWYowjGcwBl4cAF1uIYGNIGAhHt4hCcndR6cZ+dl1lpw5jOH8AfO6w8+qpY4</latexit>

kCARS
<latexit sha1_base64="MqDK9dlnCPWycFLwrE9EN2rsRyU=">AAAB9XicbVA9TwJBEJ1DRcQv1NJmIzGxIndYaImhsQSVjwROsrfswYa9vcvunoZc+BE2xsZCY7T0f1jaGf+My0eh4EsmeXlvJjPzvIgzpW37y0otLa+kVzNr2fWNza3t3M5uXYWxJLRGQh7KpocV5UzQmmaa02YkKQ48ThveoDz2GzdUKhaKKz2MqBvgnmA+I1gb6Tppez4ajDpJ+ezictTJ5e2CPQFaJM6M5Evp6vfH/d1bpZP7bHdDEgdUaMKxUi3HjrSbYKkZ4XSUbceKRpgMcI+2DBU4oMpNJleP0KFRusgPpSmh0UT9PZHgQKlh4JnOAOu+mvfG4n9eK9b+qZswEcWaCjJd5Mcc6RCNI0BdJinRfGgIJpKZWxHpY4mJNkFlTQjO/MuLpF4sOMeFYtWkUYQpMrAPB3AEDpxACc6hAjUgIOEBnuDZurUerRfrddqasmYze/AH1vsPaiGWJw==</latexit>

⌫pr
<latexit sha1_base64="q7OPPboIsojwghownPVnd9/sVr0=">AAAB73icbVC7SgNBFL3rM8ZXfHQ2g0GwCrux0DJgYxnBPCBZwuzkbjJkdnadmRXCkp+wsVDE1lr8ETt/wd7eyaPQxAMXDufcy733BIng2rjup7O0vLK6tp7byG9ube/sFvb26zpOFcMai0WsmgHVKLjEmuFGYDNRSKNAYCMYXI79xh0qzWN5Y4YJ+hHtSR5yRo2Vmm2ZdrJEjTqFoltyJyCLxJuRYuXw+11/vfWrncJHuxuzNEJpmKBatzw3MX5GleFM4CjfTjUmlA1oD1uWShqh9rPJvSNyYpUuCWNlSxoyUX9PZDTSehgFtjOipq/nvbH4n9dKTXjhZ1wmqUHJpovCVBATk/HzpMsVMiOGllCmuL2VsD5VlBkbUd6G4M2/vEjq5ZJ3Vipf2zTKMEUOjuAYTsGDc6jAFVShBgwE3MMjPDm3zoPz7LxMW5ec2cwB/IHz+gN7FJSo</latexit>
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transitions
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ks broadband to get CARS broadband
Signal is a laser beam 



ns-CARS pros and cons

Spectral selectivity: select the wavelength range that best suits the 
transition without interference from other species (but limited by availability 
of lasers).
Laser-like directional signal: coherent light, very high directionality, 
detection can be done over a small solid angle, detector can be placed far 
away from the sample.
Good spatial resolution: Beam crossing region has high selectivity (typ. 
<500 mm) 
Species and temperature: like LIF, can be used both for concentration 
and temperature measurements. 

Complex set up: Demands precise (single mode, long coherence length) 
laser sources (at least two), phase matching can be tricky, especially with 
enclosures. Expensive. 
Non-resonant background (NRB): Modeling the signal can be onerous, 
especially because of the non-resonant background. Requires specialist 
knowledge.

Recent developments: 
 rotational CARS
 broadband cars
 femtosecond/picosecond CARS
 2D CARS

Roy, S., J.R. Gord, A.K. Patnaik, Prog. Energy Combust. Sci. 
36 (2010) 280–306 doi:10.1016/j.pecs.2009.11.001.

NRB
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Dual pump fs/ps-CARS

Very short pulses and uncertainty principle: fs pump is broadband 

 

Bohlin, A. Kliewer, C. J. Chem. Phys. 138, 081102 (2013)
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Very short pulses: very high peak power
Femtosecond (fs): 10-15 s
Picosecond (ps): 10-12 s
(nanojoules/pulse) = 10-9 J/ 10-12 s = kW, 10-9 J/ 10-15 s = MW 

Pump (fs) and Stokes (ps) can 
be aligned
(contain wide range of 
frequencies in one chirp) 
Separated from signal by splitter

1D CARS

�⌫
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2D CARS

140

Bohlin, A. and Kliewer, C. J. Chem. 
Phys. 138, 221101 (2013)

Bohlin, A. et al., Proc. Comb. Inst. 36, 4557 (2017)

Temperature near walls

https://doi.org/10.1063/1.4810876
https://doi.org/10.1063/1.4810876
https://doi.org/10.1016/j.proci.2016.07.062


CARS works in very noisy (luminous) environments

Nanosecond vibrational CARS 
spectra recorded from 
a C2H2/air flame

fs Vibrational CARS spectra
Probe delay removes resonant contribution

Sean P. Kearney and Daniel R. Guildenbecher, "Temperature measurements in 
metalized propellant combustion using hybrid fs/ps coherent anti-Stokes Raman 
scattering," Appl. Opt. 55, 4958-4966 (2016)

Fs-CARS: allows broadband detection of species and temperature
time delay removes resonances

Brazil Winter School 2025 141

https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958
https://doi.org/10.1364/AO.55.004958


Outline
• Why and how we measure 
• Fundamentals of optical diagnostics

– Light sources and signal connection
– Detection methods
– Light-molecule interactions

• Incoherent
– Scattering and particle velocimetry
– Rayleigh scattering
– Raman scattering
– Absorption
– Laser induced fluorescence
– Laser-induced incandescence

• Coherent techniques
– CARS
– LIGS
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Laser Induced Thermal Grating Spectroscopy

grating

split beam
crossing

⇤ =
�

2 sin(✓/2)
<latexit sha1_base64="+hjtX/8OQsstKsUo7NUib5YZVH0=">AAACE3icbVC7SgNBFJ31GeMraqnFYBCiRdxdC22EgI1FigjmIdkQZiezyZDZ2WXmrhCW/IONv2JjoYitjZ0/4Hc4eRSaeGDgcM653LnHjwXXYNtf1sLi0vLKamYtu76xubWd29mt6ShRlFVpJCLV8IlmgktWBQ6CNWLFSOgLVvf7VyO/fs+U5pG8hUHMWiHpSh5wSsBI7dyJVzbhDsH4EnuBIjT1xFgYpq6nuSx40GNATt3jYTuXt4v2GHieOFOSLxUPynfw7VXauU+vE9EkZBKoIFo3HTuGVkoUcCrYMOslmsWE9kmXNQ2VJGS6lY5vGuIjo3RwECnzJOCx+nsiJaHWg9A3yZBAT896I/E/r5lAcNFKuYwTYJJOFgWJwBDhUUG4wxWjIAaGEKq4+SumPWKaAVNj1pTgzJ48T2pu0TkrujemDRtNkEH76BAVkIPOUQldowqqIooe0BN6Qa/Wo/VsvVnvk+iCNZ3ZQ39gffwAKryf/Q==</latexit>

✓
<latexit sha1_base64="o+IlAXqQf9BKYTmBkj5quUWgEIQ=">AAAB7XicbZC7SgNBFIZn4y3GW7x0NoNBsAq7WmhnwELLCOYCyRJmJyfJmNnZZeasEJe8g42FIrZ2Vj6JnaVv4uRSaOIPAx//fw5zzgliKQy67peTWVhcWl7JrubW1jc2t/LbO1UTJZpDhUcy0vWAGZBCQQUFSqjHGlgYSKgF/YtRXrsDbUSkbnAQgx+yrhIdwRlaq9rEHiBr5Qtu0R2LzoM3hcL5x/335fteWm7lP5vtiCchKOSSGdPw3Bj9lGkUXMIw10wMxIz3WRcaFhULwfjpeNohPbROm3YibZ9COnZ/d6QsNGYQBrYyZNgzs9nI/C9rJNg581Oh4gRB8clHnURSjOhoddoWGjjKgQXGtbCzUt5jmnG0B8rZI3izK89D9bjonRSPr91CySUTZck+OSBHxCOnpESuSJlUCCe35IE8kWcnch6dF+d1Uppxpj275I+ctx/DvJLo</latexit>

stationary
moving at c
sum
Δ Density 2

Density perturbation

⌧ = 1/f
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Frequencies can be measured very accurately
Temperature is accurate as γ/W .

c2 = (⇤f)2 =
�

W
RT
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Laser-induced grating spectroscopy for temperature 
measurements

Frequencies can be measured VERY accurately (10-6 )
Speed of sound is a standard for calibration of temperature
Can be used in sooty environments! 

Spatial resolution around 1-2 mm
Requires high power and absorbing substance (H2O ok)
Best signal at pressures above 3 bar
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Thermal (LITGS) and electrostrictive (LIEGS) behaviour

0 0.5 1 1.5 2
Time (s) 10-6

0

5

10

15

Si
gn

al
 (a

.u
)

1

2f
<latexit sha1_base64="2oFNDUwBSOoCdR7fKacQYtinqLQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgQWpSD3osePFYwbSFNpTNdtKu3WzC7kYoIX/DiwdFvPoXPPgTvPlv3H4ctPXBwOO9GWbmBQlnSjvOt1VYWV1b3yhulra2d3b3yvsHTRWnkqJHYx7LdkAUcibQ00xzbCcSSRRwbAWj64nfekCpWCzu9DhBPyIDwUJGiTZStxtKQjM3z2ph3itXnKozhb1M3Dmp1M+880+8/2j0yl/dfkzTCIWmnCjVcZ1E+xmRmlGOeambKkwIHZEBdgwVJELlZ9Obc/vEKH07jKUpoe2p+nsiI5FS4ygwnRHRQ7XoTcT/vE6qwys/YyJJNQo6WxSm3NaxPQnA7jOJVPOxIYRKZm616ZCYGLSJqWRCcBdfXibNWtW9qNZuTRoOzFCEIziGU3DhEupwAw3wgEICj/AML1ZqPVmv1tustWDNZw7hD6z3H1OFlNA=</latexit>

1

f
<latexit sha1_base64="ebM/H6OGTSkojBMbMfs0UTukRRY=">AAAB8nicbVC7SgNBFL0bXzG+opY2g0GwkLgbCy0DNpYR3CSQLGF2MpuMmZ1ZZmaFsOxn2FgoYus3WPgJdv6Nk0ehiQcuHM65l3vvCRPOtHHdb6ewsrq2vlHcLG1t7+zulfcPmlqmilCfSC5VO8Saciaob5jhtJ0oiuOQ01Y4up74rQeqNJPizowTGsR4IFjECDZW6nQjhUnm5VmU98oVt+pOgZaJNyeV+pl//knvPxq98le3L0kaU2EIx1p3PDcxQYaVYYTTvNRNNU0wGeEB7VgqcEx1kE1PztGJVfooksqWMGiq/p7IcKz1OA5tZ4zNUC96E/E/r5Oa6CrImEhSQwWZLYpSjoxEk/9RnylKDB9bgoli9lZEhtimYGxKJRuCt/jyMmnWqt5FtXZr03BhhiIcwTGcggeXUIcbaIAPBCQ8wjO8OMZ5cl6dt1lrwZnPHMIfOO8/3raUlA==</latexit>Thermal: strong signal produced by local absorption by a 

gas: when present, produces peaks at periods of

Electrostrictive: : weaker signal produced by local change 
in density owing to strong electric field. Always present, 
but sometimes not quite detectable, at a harmonic

⌧ = 1/f
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Combining thermal and electrostrictive it is possible to get temperatures in the reactants and products.
Not yet suitable for very high spatial resolution, but very accurate. 

c2 = (f⇤)2 =
�R
W

T
<latexit sha1_base64="B6T9dgJI13iwHlMeTKj7oEvjdzs=">AAACHHicbVDLSgMxFM34rPVVHzs3wSLUTZmpgm6EghsXLqr0IXRquZPJ1GAyMyQZoQzzIW78FTcuFHHjQvBvTKddaOuBwMk595Dc48WcKW3b39bc/MLi0nJhpbi6tr6xWdrabqsokYS2SMQjeeOBopyFtKWZ5vQmlhSEx2nHuz8f+Z0HKhWLwqYexrQnYBCygBHQRuqXjshtDZ/hSoDdS5Py4TC/u34ggaTuAIQAnLoEOL7OcJZ2Mtzsl8p21c6BZ4kzIeX6bpCj0S99un5EEkFDTTgo1XXsWPdSkJoRTrOimygaA7mHAe0aGoKgqpfmy2X4wCg+DiJpTqhxrv5OpCCUGgrPTArQd2raG4n/ed1EB6e9lIVxomlIxg8FCcc6wqOmsM8kJZoPDQEimfkrJndgatGmz6IpwZleeZa0a1XnqFq7Mm0cozEKaA/towpy0AmqowvUQC1E0CN6Rq/ozXqyXqx362M8OmdNMjvoD6yvH0TTofA=</latexit>

c2 = (2f⇤)2 =
�R
W

T
<latexit sha1_base64="ocS8kUhNNMM4skfOmwvGOhj3Qo8=">AAACHnicbVDLSsNAFJ34tr7iY+dmsAh1U5Ko6EYQ3LhwoWKt0NRyM5nUoTNJmJkIJeRL3PgrblwoIrjSv3GautDWAwOHc+7hzj1BypnSjvNlTUxOTc/Mzs1XFhaXllfs1bVrlWSS0AZJeCJvAlCUs5g2NNOc3qSSggg4bQa9k4HfvKdSsSS+0v2UtgV0YxYxAtpIHXuf3Hr4CNc8HGH/zORC2CkVP4wkkNzvghCAc58Ax5cFLvJmga86dtWpOyXwOHF/SPV4Iypx3rE//DAhmaCxJhyUarlOqts5SM0Ip0XFzxRNgfSgS1uGxiCoaufleQXeNkqIo0SaF2tcqr8TOQil+iIwkwL0nRr1BuJ/XivT0WE7Z3GaaRqT4aIo41gneNAVDpmkRPO+IUAkM3/F5A5MLdo0WjEluKMnj5Nrr+7u1r0L08YeGmIObaItVEMuOkDH6BSdowYi6AE9oRf0aj1az9ab9T4cnbB+MuvoD6zPbx10olY=</latexit>

n = 1
<latexit sha1_base64="53lb4uW+QDMMr5kD6FJqYkrzzc8=">AAAB7HicdZDLSgMxFIbP1Futt6pLN8EiuCqZUWq7EAtuXFawF2hLyaSZNjSTGZKMUEqfwY0Lq7j1HXwNd76NmVZBRX8IfPz/OeSc48eCa4Pxu5NZWl5ZXcuu5zY2t7Z38rt7DR0lirI6jUSkWj7RTHDJ6oYbwVqxYiT0BWv6o8s0b94ypXkkb8w4Zt2QDCQPOCXGWnWJzpHbyxdwEVuVSigFt4xdC5VK2fMqyJ1HGBcuXmepHmu9/FunH9EkZNJQQbRuuzg23QlRhlPBprlOollM6IgMWNuiJCHT3cl82Ck6sk4fBZGyTxo0d793TEio9Tj0bWVIzFD/zlLzr6ydmKDcnXAZJ4ZJuvgoSAQyEUo3R32uGDVibIFQxe2siA6JItTY++TsEb42Rf9Dwyu6J0XvGheqp7BQFg7gEI7BhTOowhXUoA4UONzBA8wc6dw7T87zojTjfPbsww85Lx/qLZKG</latexit>

n = 2
<latexit sha1_base64="fUkvb4xEbMa/AFZTBXL2WMk2LrY=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTFtuFWHDjsoLTFtqhZNK0Dc1khiQjlKHf4MaFVdz6D/6GO//GTKugogcuHM65l3vuDWLOlEbo3cqtrK6tb+Q3C1vbO7t7xf2DlooSSahHIh7JToAV5UxQTzPNaSeWFIcBp+1gcpn57VsqFYvEjZ7G1A/xSLAhI1gbyRPwHLr9YgnZ9TqqVGoQ2VXkupWqIajs1moOdGy0QOnidZ7hsdkvvvUGEUlCKjThWKmug2Ltp1hqRjidFXqJojEmEzyiXUMFDqny00XYGTwxygAOI2lKaLhQv0+kOFRqGgamM8R6rH57mfiX1030sOanTMSJpoIsFw0TDnUEs8vhgElKNJ8agolkJiskYywx0eY/BfOEr0vh/6Tl2k7Zdq9RqVEBS+TBETgGp8ABZ6ABrkATeIAABu7AA5hbwrq3nqznZWvO+pw5BD9gvXwA/+aSlA==</latexit>

thermal
electrostrictiveT = T0

✓
n0

n

f

f0

◆
W/�

W0/�0
<latexit sha1_base64="aR4qsWziiwXDR/8FocYuelCksLY="></latexit>



Cardiff GTRC: Hydrogen/Methane Premixed 

Hydrogen 60%
Methane 40%
P = 3 bar
T = 500 K 

GTRC Port Talbot
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LITGS applied to gas turbine combustor measurements

Ambient air

r = -55 mm

1064 nm pump (excites water)
~ 70 mJ/pump
532 nm probe, ~ 7 W

r = -5 mm

r = 45 mm



LITGS in gas turbine combustor

Ambient air

r = -55 mm

r = -5 mm

r = 45 mm



Extracting temperatures and water vapour molar fractions from 
LITGS signals

stoichiometric

T = T0

✓
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Temperature Water vapour
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Water absorbs 1064 nm light

Soot is a broad absorber as a black body

Time-resolved measurements of 
combustion instabilities in sooty flames

Methane/air 
Ethylene/air
p = 4 bar
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LITGS with soot and water vapour absorption: unsteady flames

p = 1.5 bars

p = 3.5 bars

Work in progress: can we extract further information from the 
probe volume to understand the local composition (H2O, soot) as 
well as temperature?



LITGS equivalence ratio scan

Si
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SCAN of the FUEL MASS FLOW RATE while keeping the air mass flow rate and pressure constant, p = 3 bar

WaterSoot

Courtesy: 
Lee Weller, 
Fran De Domenico
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Questions
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So is it always better to use coherent methods? 

But what is the advantage of getting a coherent beam? 

If fs/ps CARS seems so powerful, why not use it everywhere?

LITGS looks very useful, why have I not heard of it? 
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Summary
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Effective use of measurement 
techniques requires:
Understanding physical principles
Attention to detail in the setup 
Use most recent models for understanding 
uncertainties

Technique should be selected 
based on: 
What is the question?
What is the accuracy required to answer the 
question?
Tradeoff between complexity and accuracy
Sometimes the more complex and expensive 
does not give the best answer
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The End
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