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EUROPE!
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Luxembourg!



AT THE HEART OF BUSINESS
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Luxembourg

Rhode Island

General Questions about 
Luxembourg
• It is not in Germany
• Yes, it is its own country.
• No, it is not a kingdom but a 

Grand Duchy (the last one in 
the world).

• One of the founding members 
of the EU. 

• It has three(!) official 
languages:

English is not one of 
them
 Luxembourgish (yes, it 

is a thing)
 German
 French

• Population is roughly 615.000
• Almost same size as Rhode 

Island
• 260 times smaller than Texas. 



► Environment
► Informatics
► Materials
► SPACE

THE NEW research and technology organization

Created in 2015
Active in 4 fields
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Disclaimer no.1

This is not an exhaustive list
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https://pcrf.princeton.edu/capabilities/#diagnostics https://www.sandia.gov/prf/plasma-research-facility/capabilities/



Disclaimer no.2

I will be going fast 

11
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Metrology: 
Tools used to 

measure/quantify 
a process

Metrology is defined by the International
Bureau of Weights and Measures (BIPM) as
"the science of measurement, embracing both
experimental and theoretical determinations
at any level of uncertainty in any field of
science and technology".

Verification

Why care about metrology?

Validation
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Arc Discharges
S. Yatom, A. Khrabry, J. Mitrani, A. 
Khodak, I. Kaganovich, V. Vekselman, 
B. Stratton and Y. Raitses "Synthesis 

of nanoparticles in carbon arc: 
measurements and modeling", MRS. 

Comm. (2018)Arc Jets
https://www.nasa.gov/centers/ames/multi

media/images/2008/A-28916-3.html

Hall Thruster
https://en.wikipedia.org/wiki

/Hall-effect_thruster

Dielectric Barrier 
Discharges

Nishida, Hiroyuki, Taku Nonomura, and 
Takashi Abe. "Three-dimensional 

simulations of discharge plasma evolution 
on a dielectric barrier discharge plasma 

actuator." Journal of Applied 
Physics 115, no. 13 (2014): 133301.

Why care about LTP metrology?

A
no

de
C

at
ho

de

Important quantities 
for every flow:

• Temperature
• Density
• Flow velocityMagnetron 

sputtering
https://intlvac.com/News-

Resources/ArticleID/5/Wha
t-is-Sputtering

M. Kundrapu, M. 
Keidar, Numerical 

simulation of carbon arc 
discharge for nanoparticle 

synthesis, Physics of 
Plasma, Vol. 19, No. 

073510, 2012

WHAT EVEN IS
TEMPERATURE????
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Ideal characteristics for every diagnostic:

Why care about flow metrology?

 Non-
perturbative

 Single 
shot

 Works with all 
species

 Works in-situ, in a multitude 
of environments (e.g. wind-

tunnels/fire/plasma)

 Spatially maps 
out as much of 
the flow field as 

possible
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Measurement of flow velocity with the Pitot
tube, improved by M. H. Darcy (Recherches
hydrauliques, entreprises par M. H. Darcy,
continuées par M. H. Bazin. Extract from
volume XIX of Mémoires présentés par
divers savants à L'institut Impérial de
France, 1st part (501 p., 28 pl.): Recherches
expérimentales sur l'écoulement de l'eau
dans les canaux découverts. Imprimerie
impériale, Paris 1865, planche IV).

Why care about flow metrology?
The state-of-the-art
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Particle Image Velocimetry (PIV)Hot Wire

Plasma & Plasma flow diagnostics: 
Langmuir Probes

Taken from https://www.youtube.com/watch?v=6uZfcE80DDQ

Why care about flow metrology?
The state-of-the-art
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Why care about flow metrology?
The solution….

https://forbes.kz/process/science/5_awesome_things_scientists_
do_with_lasers/

https://www.eurekalert.org/multimedia/697040

https://phys.org/news/2021-11-laser-cooling-quantum-gases.html



Light
Amplification
Stimulated
Emission
Radiation

(by)

(of)

18
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https://ccfe.ukaea.uk/mission-to-moscow-50-years-on/
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Without lasers….
Optical Emission Spectroscopy

https://www.ugent.be/ea/appliedphysics/en/research/plasma/plasmaphysicsandengineering.htm/plasmadiagnostics.htm
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So….what is temperature?

Temperature is a measure of the average 
kinetic energy per particle in a substance.

https://www.tec-science.com/thermodynamics/temperature/temperature-and-particle-motion/
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So….what is temperature?

x

https://stanford.edu/~jeffjar/statmech/week8a.html doi.org/10.51724/ijpce.v13i2.142 

Translational Temperature

Electronic Temperature

Density

Flow Velocity
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So….what is temperature?

https://pages.vassar.edu/magnes/2018/12/15/fundamental-rovibrational-spectrum-of-co/

https://commons.wikimedia.org/wiki/File:Carbon_monoxide_rotational-vibrational_spectrum.png

http://www.pci.tu-bs.de/aggericke/PC4e/Kap_III/Rot-Vib-Spektren.htm
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So….what is temperature?

When:

Translational Vibrational Rotational Electronic

Thermodynamic Equilibrium
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So….what is temperature?

When:

Translational Vibrational Rotational Electronic

Thermodynamic Non-Equilibrium
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So….what is temperature?

Temperature is defined through a Maxwellian 
distribution function…

What if our particles do not follow a 
Maxwellian distribution function?

How is temperature defined then???



What do we want to measure in a plasma???
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Footage from the inside of the NSTX-U during a run. Image Courtesy 
of PPPL.

Xenon (@15 Torr)/ Gerakis lab



What do we want to measure in a plasma???
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Electrons: Density, Temperature, Flow velocity

Atoms (neutrals): Density, Temperature, Flow velocity

Atomic ions: Density, Temperature, Flow velocity+/-

Molecules (neutrals): Density, Temperature, Flow velocity

+/-

Rotational 
Temperature

Vibrational 
Temperature

Molecular ions: Density, Temperature, Flow velocity
+/-



How do we measure things in a plasma???
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Electrons Atoms (neutrals) Atomic ions+/- Molecules (neutrals)
+/-

Molecular ions
+/-

Thomson 
Scattering

(Electronic 
temperature)

Rayleigh 
Scattering

(Translational 
Temperature)

Raman 
Scattering 

(Ro-Vibrational 
Temperature)

Fluorescence 
(Chemistry)

Non-Resonant Resonant



How do we measure things in a plasma???
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LINEAR REGIME
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𝑓𝑓0

𝑒𝑒−
𝑚𝑚𝑣𝑣2
2𝑘𝑘𝑘𝑘

𝑓𝑓0𝑓𝑓0 ± ∆𝑓𝑓

Thomson scattering

Electronic temperature

https://radiologykey.com/physical-principles-of-doppler-ultrasound/

Electrons
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Thomson scattering

https://www.ipp.cas.cz/vedecka_struktura_ufp/tokamak/COMPASS/diagnostics/spektroskopicke-diagnostiky/thomsonuv-rozptyl.html

Electrons

doi.org/10.1016/j.sab.2020.106045

Typical cross-sections: 10-29 - 10-30 m-2
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𝑓𝑓0

𝑒𝑒−
𝑚𝑚𝑣𝑣2
2𝑘𝑘𝑘𝑘

𝑓𝑓0𝑓𝑓0 ± ∆𝑓𝑓

Rayleigh scattering

Translational temperature

https://radiologykey.com/physical-principles-of-doppler-ultrasound/

Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-
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#

± Image taken from http://emf.kca.kr/publish/Images/elec_business/img_elec_business_business01.gif (accessed 4/22/2018)
# Image taken from https://support.precisionmapper.com/support/solutions/articles/6000185574-multispectral-sensors

-q

+q

pind

𝒑𝒑𝒊𝒊𝒊𝒊𝒊𝒊 = 𝛼𝛼 � 𝑬𝑬

𝐼𝐼 = 𝐼𝐼0
8𝜋𝜋4Ν𝛼𝛼2

𝜆𝜆4𝑅𝑅2
(1 + 𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃)

Ν=# of scatterers
α= polarizability

R= distance from scatterer

±

𝜃𝜃

Rayleigh scattering
Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-
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Rayleigh scattering

Image taken from https://ceej.travellerspoint.com/157/

Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-
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Image taken by AG somewhere in the Aegean

Rayleigh scattering
Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-
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Rayleigh scattering
Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-

https://www.ugent.be/ea/appliedphysics/en/research/plasma/plasmaphysicsandengineering.htm/plasmadiagnostics.htm



(elastic) (inelastic) (inelastic)

(inelastic)

Resonant & non-resonant approaches



Spontaneous raman scattering

DOI 10.1007/s00340-012-4874-3

DOI 10.1088/0957-0233/12/5/201

Molecules (neutrals)
+/-

Molecular ions
+/-



Laser induced fluorescence
Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-

https://link.springer.com/article/10.1007/s41104-021-00092-3#ref-CR12

LIFTwo photon 
Absorption LIF

(TALIF)

https://researchrepository.wvu.edu/cgi/viewcontent.cgi?article=6578&context=etd



Laser induced fluorescence

https://andor.oxinst.com/learning/view/article/planar-laser-induced-
fluorescence-as-a-plasma-diagnostic

Atoms (neutrals)

Atomic ions
Molecules (neutrals)

+/-

Molecular ions
+/-

+/-

https://spectralenergies.com/research/electric-field-plasmas/plasma-imaging/•10.1088/1402-4896/acc906
CAPPS/Gerakis lab
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Laser

detector

Other neutral and plasma flow laser diagnostics, resonant and non-resonant, e.g. 
vibrationally excited nitric oxide monitoring (VENOM), femtosecond laser electronic 
excitation tagging (FLEET) laser induced fluorescence (LIF), Coherent Anti-Stokes 
Raman Scattering (CARS) and others have also been demonstrated to measure flow 

velocity and/or temperature. 

Linear Plasma diagnostics work great!
Until….



How do we measure things in a plasma???

43

NON-LINEAR REGIME
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𝒑𝒑𝒊𝒊𝒊𝒊𝒊𝒊 = 𝛼𝛼 � 𝑬𝑬𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

±

Increasing intensity…↑↑↑

As the light intensity increases, this linear model begins to breakdown. Instead, we 
now use a power series to model the polarization of the material :

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝑬𝑬 + 𝜒𝜒 2 � 𝑬𝑬2 + 𝜒𝜒 3 � 𝑬𝑬3+. . . )

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = 𝜀𝜀0 ⋅ χ ⋅ 𝑬𝑬

Microscopic

Macroscopic

†

†Griffiths, D. J., (2012) Introduction to Electrodynamics, 4th Edition; Pearson
Boyd, R.W., (2008) Nonlinear Optics, 3rd Edition; Elsevier

-q

+q

pind

Non-linear optics
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As the light intensity increases, this linear model begins to breakdown. 
Instead, we now use a power series to model the polarization of the material:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝑬𝑬 + 𝜒𝜒 2 � 𝑬𝑬2 + 𝜒𝜒 3 � 𝑬𝑬3+. . . )

Considering an electric field of the form:

𝑬𝑬 𝑡𝑡 = 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡)

We obtain for the induced polarizability:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2 cos2(𝜔𝜔𝑡𝑡) + 𝜒𝜒 3 � 𝐸𝐸𝜔𝜔3 cos3(𝜔𝜔𝑡𝑡) +. . . )
Non-centrosymmetric 
materials (𝜒𝜒 3 = 0)

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 1
2
𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2+ 1

2
𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2 cos 2𝜔𝜔𝑡𝑡 )

Term 
oscillating at 
frequency ω 

(linear 
propagation)

DC non-
oscillating 

term

Term 
oscillating at 
frequency 2ω 
(non-linear 
generation)

cos2 𝜃𝜃 =
1
2 (1 + cos𝜃𝜃)

Non-linear optics



46

As the light intensity increases, this linear model begins to breakdown. 
Instead, we now use a power series to model the polarization of the material:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝑬𝑬 + 𝜒𝜒 2 � 𝑬𝑬2 + 𝜒𝜒 3 � 𝑬𝑬3+. . . )

Considering an electric field of the form:

𝑬𝑬 𝑡𝑡 = 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡)

We obtain for the induced polarizability:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2 cos2(𝜔𝜔𝑡𝑡) + 𝜒𝜒 3 � 𝐸𝐸𝜔𝜔3 cos3(𝜔𝜔𝑡𝑡) +. . . )
Non-centrosymmetric 
materials (𝜒𝜒 3 = 0)

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 1
2
𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2+ 1

2
𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2 cos 2𝜔𝜔𝑡𝑡 )

Term 
oscillating at 
frequency ω 

(linear 
propagation)

DC non-
oscillating 

term

Term 
oscillating at 
frequency 2ω 
(non-linear 
generation)

cos2 𝜃𝜃 =
1
2 (1 + cos𝜃𝜃)

Non-linear optics
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As the light intensity increases, this linear model begins to breakdown. 
Instead, we now use a power series to model the polarization of the material:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝑬𝑬 + 𝜒𝜒 2 � 𝑬𝑬2 + 𝜒𝜒 3 � 𝑬𝑬3+. . . )

Considering an electric field of the form:

𝑬𝑬 𝑡𝑡 = 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡)

We obtain for the induced polarizability:

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 𝜒𝜒 2 � 𝐸𝐸𝜔𝜔2 cos2(𝜔𝜔𝑡𝑡) + 𝜒𝜒 3 � 𝐸𝐸𝜔𝜔3 cos3(𝜔𝜔𝑡𝑡) +. . . )

Centrosymmetric 
materials (𝜒𝜒 2 = 0)

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊 = ε0(𝜒𝜒 1 � 𝐸𝐸𝜔𝜔 cos(𝜔𝜔𝑡𝑡) + 3
4
𝜒𝜒 3 � 𝐸𝐸𝜔𝜔3 cos(𝜔𝜔𝑡𝑡)+ 1

4
𝜒𝜒 3 � 𝐸𝐸𝜔𝜔3 cos 3𝜔𝜔𝑡𝑡 )

Term 
oscillating at 
frequency ω 

(linear 
propagation)

Term 
oscillating at 
frequency 3ω 
(non-linear 
generation)

cos3(𝜃𝜃) =
1
4 (3 cos(𝜃𝜃) + cos(3𝜃𝜃))

Term 
oscillating at 
frequency ω 

(linear 
generation)

Implies that three fields interact 
to produce a fourth field. Hence, 

𝜒𝜒 3 interactions are four 
photon processes!

Non-linear optics
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• We know that, for the electric displacement, we have for a linear system:

𝑫𝑫 = ε0 � 𝑬𝑬 + 𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊
= ε0 � 𝑬𝑬 + ε0 ⋅ 𝜒𝜒 1 ⋅ 𝑬𝑬

= ε0 � (1 + 𝜒𝜒 1 ) ⋅ 𝑬𝑬
= ε0 � 𝜀𝜀𝑟𝑟 ⋅ 𝑬𝑬

where 𝜀𝜀𝑟𝑟 is the relative permittivity of the medium.

• We define the refractive index of the medium as:

𝑛𝑛 = 𝜀𝜀𝑟𝑟 = 1 + 𝜒𝜒 1

Non-linear optics
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• Considering a centro-symmetric medium (i.e. 𝜒𝜒 2 = 0) the polarization of 
the material will be:

𝑷𝑷 𝜔𝜔 = ε0 ⋅ 𝜒𝜒 1 𝑬𝑬(𝜔𝜔) + ε0 ⋅ 𝜒𝜒 3 𝑬𝑬3(𝜔𝜔)
= ε0 � 𝑬𝑬(𝜔𝜔)(𝜒𝜒 1 + 𝜒𝜒 3 𝑬𝑬2 𝜔𝜔 )

• This yields for the refractive index of the medium:

𝑛𝑛 = 𝜀𝜀𝑟𝑟 = (1 + 𝜒𝜒 1 + 𝜒𝜒 3 𝐼𝐼 𝜔𝜔 )

• Hence for the electric displacement we will have:

𝑫𝑫 𝜔𝜔 = ε0 ⋅ 𝑬𝑬(𝜔𝜔) + ε0 ⋅ 𝑬𝑬(𝜔𝜔)(1 + 𝜒𝜒 1 + 𝜒𝜒 3 𝑬𝑬2 𝜔𝜔 )
= ε0 � 𝑬𝑬(𝜔𝜔)(1 + 𝜒𝜒 1 + 𝜒𝜒 3 𝑬𝑬2 𝜔𝜔 )

• Noting that 𝑬𝑬2 𝜔𝜔 is simply the intensity 𝐼𝐼(𝜔𝜔) of the beam, we can express 
the relative permittivity of the medium as:

𝜀𝜀𝑟𝑟 = (1 + 𝜒𝜒 1 + 𝜒𝜒 3 𝐼𝐼 𝜔𝜔 )

Non-linear optics
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• This yields for the refractive index of the medium:

𝑛𝑛 = 𝜀𝜀𝑟𝑟 = (1 + 𝜒𝜒 1 + 𝜒𝜒 3 𝐼𝐼 𝜔𝜔 )

• Which we can approximate as:

𝑛𝑛 = 𝜀𝜀𝑟𝑟 ≈ 𝑛𝑛0 +
1

2𝑛𝑛0
𝜒𝜒 3 𝐼𝐼 𝜔𝜔

𝑛𝑛0

• We set the non-linear refractive index of the material as n2 = 1
2𝑛𝑛0

𝜒𝜒 3 , 
allowing us to express the, intensity dependent, refractive index as:

𝑛𝑛(𝐼𝐼) = 𝑛𝑛0 + 𝑛𝑛2𝐼𝐼 𝜔𝜔

Non-linear optics
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Non-linear optics
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Theodore Maiman and 
the first laser (Ruby) 

– May 1960

Second Harmonic Generation – 1961

Maria Goeppert Mayer 
predicts two photon 
absorption as part of 

her PhD – 1931

Two photon absorption – 1961

Nicolaas Bloembergen, Nobel 
Laurate in Physics 1981, wrote 

NonLinear Optics in 1964

Non-linear optics
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Image from Bryn A. Bell, Kai Wang, Alexander S. Solntsev, Dragomir N. 
Neshev, Andrey A. Sukhorukov, and Benjamin J. Eggleton, "Spectral 
photonic lattices with complex long-range coupling," Optica 4, 1433-1436 
(2017)

ω1ω2ω3 ω4 ω3ω1ω2ω4

Conservation of energy:
𝜔𝜔4 = ±𝜔𝜔1 ± 𝜔𝜔2 ± 𝜔𝜔3

Conservation of momentum:

𝒌𝒌4 = ±𝒌𝒌1 ± 𝒌𝒌2 ± 𝒌𝒌3

Phase-matching (Δk=0)

Four-wave mixing



54

Coherent anti-stokes raman scattering

(elastic) (inelastic) (inelastic) (inelastic)
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Coherent anti-stokes raman scattering

https://link.springer.com/referenceworkentry/10.1007/978-3-642-16712-6_136

10.1364/AO.48.000B43



Some physics…



W. H. Bragg, W. L. Bragg, The Reflection of X-rays by Crystals, Proc. R. Soc. 
Lond. A 1913 88 428-438; DOI: 10.1098/rspa.1913.0040. Published 1 July 1913

*x-ray crystallography was also
used to determine the double helix
structure of the DNA molecule
(1962 Nobel Prize in Physiology),
haemoglobin (1962 Nobel Prize in
Chemistry) and other proteins

Bragg scattering
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Stokes Brillouin peak:

Anti-Stokes Brillouin peak:

L. Brillouin, Annales de Physique (Paris) 17 (1922)

Brillouin scattering



Force on a particle in an electric field:

“The tendency of polarizable molecules to move towards 
regions of high optical electric field intensities is referred 
to as electrostriction.”
R.W. Boyd, Nonlinear Optics. Elsevier, London, 3rd edition, 2008. Animation taken from http://www.fhi-berlin.mpg.de/mp/meerakker/uploads/Research/animation.gif (accessed 4/22/2018)

Electrostriction
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Probe

Signal𝑓𝑓 𝑓𝑓+∆𝑓𝑓

CRBS:
 Highly localized
 Laser beam signal 

output
 Much lower resolvable 

densities

Rayleigh peak: Due 
to the localized 
thermal velocity 

distribution

Brillouin peaks: Due 
to acoustic waves 

launched in the gas 
medium

Coherent Rayleigh-brillouin scattering

Measurable quantities
Temperature

Density
Speed of sound

Shear & Bulk viscosity
Polarizability
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Constant velocity lattices
Coherent Rayleigh-brillouin scattering
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CRBS:
 Highly localized
 Laser beam signal 

output
 Much lower resolvable 

densities
 Single Shot

Chirped 
lattice

Coherent Rayleigh-brillouin scattering
Single Shot

Gerakis, A., Shneider, M.N. and Barker, P.F., 2013. Single-
shot coherent Rayleigh–Brillouin scattering using a chirped 
optical lattice. Optics letters, 38(21), pp.4449-4452.
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CO2 Xenon

Gerakis, A., Shneider, M.N. and Barker, P.F., 2013. Single-
shot coherent Rayleigh–Brillouin scattering using a chirped 
optical lattice. Optics letters, 38(21), pp.4449-4452.

Coherent Rayleigh-brillouin scattering
Single Shot
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Coherent Rayleigh-brillouin scattering
Experimental Setup
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Coherent Rayleigh-brillouin scattering
Experimental Setup
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Experimental parameters

 >450 mJ/pulse/arm
 Up to ~10 GHz chirp rate

 Variable pulse durations: 10-1000ns
 Rep. Rate: 10-30 Hz

Coherent Rayleigh-brillouin scattering
Experimental Setup
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Arc method :
• Simple to implement
• High nanomaterial yield
• Variety of synthesized 

nanostructures

Plasma role in nanostructure synthesis?
• What are plasma properties?
• How feedstock material is formed?
• What growth conditions are realized in the arc?

Helium pressure             ̴500 Torr
Electrodes Carbon, <1 cm in diameter
Power few kW
Plasma density               1014 – 1016 cm-3

Temperature ̴1 eV

Environmental conditions :

Particles are
formed here

Goal: create prescribed nanoparticles
• Model arc synthesis: plasma modeling and growth modeling
• In situ diagnostics to validate model

• No optical way to measure nanoparticles from initial nucleation to 
~10nm… unless we use coherent Rayleigh-Brillouin scattering

• Iterate

Imaging through C2 filter

Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge
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Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge
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𝑰𝑰𝒔𝒔𝒊𝒊𝒔𝒔𝒊𝒊𝒍𝒍𝒍𝒍 ∝ 𝑰𝑰𝒑𝒑𝒑𝒑𝒍𝒍𝒑𝒑𝒑𝒑𝜹𝜹𝜹𝜹𝟐𝟐𝑳𝑳

𝑣𝑣 =
Δ𝑓𝑓𝜆𝜆𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝

sin𝜑𝜑

Gases

Rayleigh peak: Due 
to the localized 
thermal velocity 

distribution

Nanoparticles

Brillouin peaks: Due to 
acoustic waves 

launched in the gas 
medium

Relative Density

Mass/Temperature

𝑒𝑒−
𝑚𝑚𝑝𝑝2
2𝑘𝑘𝑘𝑘

Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge
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• The arc run time is ~2 minutes
• Nanoparticles have got a residence time of ~1 ms [1]

• Residence time of nanopartilces
affects growth

[1] M. Kundrapu, M. Keidar, Numerical simulation 
of carbon arc discharge for nanoparticle synthesis, 
Physics of Plasma, Vol. 19, No. 073510, 2012

Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge
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A. Gerakis, Y-W. Yeh, M. N. Shneider, J. M. Mitrani, B. C. Stratton,
and Y. Raitses, "Four-Wave-Mixing Approach to In Situ Detection of
Nanoparticles”, Phys. Rev. Applied 9, 014031 (2018)

Arc

Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge
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A. Gerakis, Y-W. Yeh, M. N. Shneider, J. M. Mitrani, B. C. Stratton,
and Y. Raitses, "Four-Wave-Mixing Approach to In Situ Detection of
Nanoparticles”, Phys. Rev. Applied 9, 014031 (2018)

• Detected nanoparticles of: ~500.000 AMU
• C60 : 720 AMU
• Assuming the same density, the detected

nanoparticles’ dimensions are:
~6 nm!!!

• Assuming polarizability the same as C60 then
measured density is: ~1012 cm-3

C60 FWHM (@1500 K): 309.9 m/s
Estimated FWHM (@1500 K): 18.8 m/s

For the first time detection of nanoparticles of
dimensions of <10 nm, in situ in plasma.
• Now we are able to map out in situ

nanoparticle nucleation and growth in the arc
discharge, with high spatial resolution (~100
μm).

Coherent Rayleigh-brillouin scattering
In-situ measurement of nanoparticles (<10 nm) in arc discharge



Coherent Rayleigh-brillouin scattering
Neutral gas flow measurement

Filtered Rayleigh scattering
From R. G. Seasholtz, A. E. Buggele, M. F. Reeder, Flow 

measurements based on Rayleigh scattering and Fabry-Perot 
interferometer, Optics and Lasers in Engineering, Vol. 27, 6, 543-570, 

(1997)

Stationary gas
Gas flow

Estimated velocity resolution of 5-10 ms-1 in 
atmospheric or lower pressure (gas pressures 

down to ~0.1 Torr)



Coherent Rayleigh-brillouin scattering
Neutral gas flow measurement

Stationary gas
Gas flow

Estimated minimum velocity 
resolution of ~5 ms-1 in 

atmospheric or lower pressure 
(gas pressures down to ~0.1 

Torr @300K)

ΔfDoppler = �
2 � 𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝜆𝜆𝑝𝑝𝑟𝑟𝑓𝑓𝑝𝑝𝑝𝑝

𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 10 m ⋅ 𝑐𝑐−1

ΔfDoppler ≈ 20 MHz

𝜆𝜆𝑝𝑝𝑟𝑟𝑓𝑓𝑝𝑝𝑝𝑝 = 1064 nm ΔfChirp ≈ 1.5 GHz/150 ns

ΔtDoppler ≈ 2 ns

Using a photodiode with 
1 GHz bandwidth
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Compressed 
Air Inlet

Flow

No Flow

Flow

FlowFlow

Stationary gas
Gas flow

Coherent Rayleigh-brillouin scattering
Neutral gas flow measurement
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Compressed 
Air Inlet

FlowFlow

Alexandros Gerakis, Junhwi Bak, Robert Randolph and Mikhail N. Shneider. "Demonstration of 
single shot laser velocimetry with coherent Rayleigh-Brillouin scattering," AIAA 2021-0224. AIAA 
Scitech 2021 Forum. January 2021.

Coherent Rayleigh-brillouin scattering
Neutral gas flow measurement
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Two-color CRBS scheme

 Better Signal/Noise Ratio
 Lower gas densities accessible

 Better detector technology @ 532 nm
 Spectral filtering of pumps @ 1064 nm
 More efficient Rayleigh scattering (∝𝜆𝜆−4)

Coherent Rayleigh-brillouin scattering
Two color CRBS scheme



78

Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

• Measure simultaneously
neutral density and
translational temperature in
glow discharge

 Two color, single shot
CRBS as means of
measurement

 Assume ionization ratio
small (10-6 – 10-4) ->
neutrals dominant

 Scan radially across the
discharge.
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Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

Dual color CRBS chamber setup
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Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

• Measurements radially across the
positive column of glow discharge,
from center to periphery.
 Assumption: Positive column is

radially symmetric
 Assumption: Operating

conditions are the same from
point to point and run to run.
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Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

Temperature

Density

• Temperature:

𝑓𝑓 𝑣𝑣𝑧𝑧 ∝ 𝑒𝑒
−𝑚𝑚𝑣𝑣𝑧𝑧2
2𝑘𝑘𝑘𝑘

• Density: 𝐼𝐼𝑆𝑆 ∝ ∆𝑛𝑛2

Xenon 15 Torr @300K
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Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

Experimental Lineshape

S7 Model Xe 15 Torr, 300 K
Pan, Xingguo & Shneider, M.N. & Miles, R.B.. (2004). Coherent Rayleigh-
Brillouin scattering in molecular gases. Physical Review A. 69. 33814-. 
10.1103/PhysRevA.69.033814. 
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Coherent Rayleigh-brillouin scattering
Neutrals in glow discharge measurement

Glow in 15 Torr 
Xe

• Average of 100 samples
taken at each point, samples
collected at 10 Hz rate

(single spectrum acquisition time ~150 ns)

Density
(10-23 m-3)

Temperature 
(K)

Edge 4.8± 0.4 295± 15 

Center 1.9± 0.4 370± 15 
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Coherent Thomson scattering
A novel way to measure electron temperature?
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Laser diagnostics
Summary

 There’s no “one-size fits all”: different
techniques are complimentary towards the
solution of the same problem.

 Ideal way to characterize plasma & plasma 
flow measurements.

 Work with (almost) every gas.
 Advantage and disadvantage

 Time to replace all mechanical probes 
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Thank you!
Questions?

www.gerakis-lab.com
alexandros.gerakis@list.lu


