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Laser Diagnostics 
and Spectroscopy

Aerospace
Hypersonics, 
Combustion,
Gas, Plasma

Homeland security 
remote sensing,
trace detection

Environment
remote sensing,
trace detection

Biomedical
real-time in-situ 

diagnostics, plasma 
medicine

Optical diagnostics applications

http://www.princeton.edu/~adogariu/



ÅNon-intrusive
ÅStandoff/Remote
ÅSingle shot (real time)
ÅFast repetition rate
ÅHigh temporal resolution
ÅHigh spatial resolution
ÅHigh sensitivity and 

specificity
Å Imaging capability

ÅSpecies
ÅConcentration
ÅDensity
ÅTemperature
ÅPressure
ÅVelocity
ÅE-, B-field

MeasurementsDesired properties



Ultrafast laser-based techniques

ÁTALIF (Two-photon absorption Laser Induced Fluorescence)

(species, concentration, mapping, dynamics)

ÁRadar REMPI(Resonantly Enhanced Multi-Photon 
Ionization) ɀelectron density, dynamics

ÁFLEET(Femtosecond Laser Electronic Excitation Tagging) ɀ
flow velocity, mapping, dynamics

ÁCARS(Coherent Anti-Stokes Raman Scattering spectroscopy) 
ɀspecies, concentration, temperature

ÁE-FISH(Electric field induced second harmonic generation) ɀ
electric field mapping, dynamics

Outline: Optical Diagnostics
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PPPL-Princeton Collaborative LTP Research Facility (PCRF)

Advanced fs-ps-ns-cw diagnostics of 

plasma species, flow, nanoparticles

Plasma sources Unique measurements/simulations
ÅAtmospheric pressure 

plasma: DBD, jets, arcs

ÅLow pressure LTPs: magnetized, 

e-beam, DC/RF microscale

PFC properties

DBD array

E-beam 

plasma

ÅStreamer in plasma jet

ÅPlasmas with complex chemistry: arc discharge

2D CFD simulations (left) and LIF measurements (right)

ÅNanoparticles synthesis  

in arc: modeling, OES  

and LII measurements

ÅAtomistic simulations

Å1D, 2D, 3D Kinetic simulations

Åfs- Laser Electronic Excitation 

Tagging flow measurements

Laminar flow Turbulent flow

Åns-discharge in gas bubble

EVDF

https://pcrf.pppl.gov/

https://pcrf.pppl.gov/facilities/advanced_diagnostics/index.html

https://pcrf.pppl.gov/facilities/advanced_diagnostics/index.html
https://pcrf.pppl.gov/facilities/advanced_diagnostics/index.html


Plasma devices
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APPJ ïatm pressure plasma jet

Ns discharge

DBD ïdielectric 

barrier discharge

Hall thruster

Plasma mirror device

1 atm 10-1 - 10-2 atm

<10-5 atm



ÁSpontaneous emission resulted from the resonant absorption of 
the laser radiation by atoms or molecules

ÁA two-step process: excitation-emission  

Laser Induced Fluorescence
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Two-Photon Absorption Laser
InducedFluorescence (TALIF)

Á Multiphoton transitions required 
for deep UV

Á Two-photon transitions: easy to 
achieve with short pulse lasers.

LaserInducedFluorescence (LIF)

  ᶿὍ



Typical Experimental Setup
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CCD/CMOS 
Camera

z

Planar (2D) LIF

Collection optics

Recorded data
ü Spatially resolved ɀ2D imaging
ü Temporally resolved ɀgated 

intensifier

Measurements

ü Species concentration

ü Species composition 

ü Density

ü Temperature

ü Mixture fraction

Cylindrical 
lens
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OH CH2O
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Atomic oxygen TALIF in a 2% O2/He mixture APPJ

Schmidt et al 2017 Plasma Sources Sci. Technol. 26 055004

Á Capillary dielectric 
barrier discharge

Á Two-photon excitation 
at 226nm

Á Emission at 845nm
Á Calibration with Xe

10



Plasma mirror device for FRC (Field Reversal Configuration) ɀRF heating for quasi-
steady state magnetized cylindrical plasmas                 Sam Cohen group @PPPL

ü Quantify neutral density (H)
ü Image the H density
ü Time-resolve neutral concentration

Goal: non-invasive measuring of neutral H concentration, dynamics of production 
and depletion under both steady state and pulsed RF plasma



Á Broadband two-photon excitation:

ÁVery efficient (high intensity ɀfs)

Á Low energy per pulse

ÁFast excitation (no quenching)

Á kHz dynamics
Á H pump at 205nm, record at 656nm
Á Kr seeding  for density calibration



Results 

ü Imaging H density as low as 1011 cm-3

üNeutral density spatial distribution dynamics

üH lifetime in facility under CW plasma



REMPI ɀhighly selective spectroscopic technique

Á An intense laser pulse ionizes the atom and 
creates charges/plasma. 

Á Detection requires electrodes or ion mass 
spectroscopy.



Laser

Microwave Echo

Microwave Beam

Radar REMPI -The focused laser creates a small region of ionization which scatters the microwaves.
Signal ɀproportional to plasma density.

Á Selectivity and sensitivity: independent!
Á Selectivity: laser wavelength (DlЂ ÃÍ-1)
Á Sensitivity : microwave detection

Á Truly standoff ɀbackscattering detection
Á Non-intrusive, localized (laser spot)
Á No daylight optical interference
Á Bonus: sub-nanosecond temporal resolution!

-Ȣ 3ÈÎÅÉÄÅÒ ÁÎÄ 2Ȣ -ÉÌÅÓȟ Ȱ-ÉÃÒÏ×ÁÖÅ 
$ÉÁÇÎÏÓÔÉÃÓ ÏÆ 3ÍÁÌÌ 0ÌÁÓÍÁ /ÂÊÅÃÔÓȟȱ 
J. Appl. Phys. 98, 0033301-1 ɀ033301-3 
(2006). 

- Direct measurement of plasma density and of electron dynamics in air
- Gas species, density and temperature, nanoparticle charge, negative ions

Enables



Á Linearity from ppm to ppb
Á High temporal resolution
Á NO detection sensitivity: ~ ppb 
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18108.0 -Ö@ san

Electron density measurement!

Electron attachment rate measurement!

Theoretical prediction

Dogariuet. al, Appl. Phys. Lett. 103, 224102 (2013) 



Electron density and its dynamics in atmospheric 

pressure plasma jet (APPJ)



Á Neutral xenon density and temporal dynamics 
measurements in Hall thrusters (sub-ns 
resolution)

Á Use 2+1 REMPI in Xe:Hemixtures at <1 Torr
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2 kW Hall thruster at PPPL

#Ȣ!Ȣ 'ÁÌÅÁȟ -Ȣ.Ȣ 3ÈÎÅÉÄÅÒȟ !Ȣ $ÏÇÁÒÉÕȟ ÁÎÄ 2Ȣ"Ȣ -ÉÌÅÓȟ Ȱ-ÁÇÎÅÔÉÃÁÌÌÙ 
induced depolarization of microwave scattering from a laser-generated 
ÐÌÁÓÍÁȟȱ 0ÈÙÓȢ 2ÅÖ !ÐÐÌȢ 12, 034055 (2019).

New effect: Radar REMI allows magnetic 
field measurements via depolarization 
of microwave scattering!



Á Capability to monitor the doping profile in semiconductors  as an in-
situ alternative to SIMS (Secondary Ion Mass Spectroscopy, ex-situ)

Á Real-time localized measurements of carrier density, lifetime, 
bandgap

Á Singlephoton (above bandgap) ɀsurface

Á Two photon (below bandgap) ɀbulk
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Patent US7728295 - Method and apparatus for detecting 
surface and subsurface properties of materials (2010) 
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Á Based on tagging nitrogen for unseeded flow 
velocimetry in gases and plasma

Á Time of flight measurement based on delayed 
imaging

Femtosecond laser electronic excitation tagging for quantitative velocity 
imaging in air, Appl. Opt. 50, 5158-5162 (2011)

Patent US9863975 - Femtosecond laser excitation tagging anemometry (2018) 

Femtosecond Laser Electronic Excitation Tagging

FLOW



Ground State N2

B State N2

A State N2

Ground State N

Laser Photon

First Positive 

Photon

Excitation
Dissociation

Molecular 

Nitrogen

Recombination

Emission
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Time ~ ms



Á Unseeded air or nitrogen flows 
(gases and plasmas)

Á Single shot measurements (kHz)

Á High spatial resolution  (tens of microns)

Á High dynamic range (m/s to km/s)

Á Pressure range: from <1 Torr to >> 1 atm

Á Any gas temperature
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Underexpanded sonic jet

Schlieren FLEET



SCRAMJET engines (supersonic RAM)
Á NASA X43 (Mach 9, 2004)
Á AFRL X51 (Mach 7, 2013)
Á Lockheed SR-72 (Mach 6, 2018) 



Å Hypersonic wind tunnel: Nitrogen flow
Å Run time: ~1-3 seconds!
Å Simultaneous measurements:

- FLEET (flow velocity mapping)
- CARS (vibrational temperature)

Å 2016-2018 MACH 10 ɀ14
Å 2019-2020 MACH 18

Optical diagnostics for hypervelocity flows

Photos courtesy of AEDC 



FLEET measurements vs Tunnel 9 prediction

< 0.5% uncertainty

First direct flow measurements in Tunnel 9!

MACH 14

AEDC Air Force Hypersonic Facility

2017-2018 ɀMach 10 and Mach 14
2019-2020 ɀMach 18



Dogariu et al., "Hypersonic Velocity Measurements in Large Scale Wind 
Tunnel Using FLEET", AIAA Journal 57, 4725 (2019)



>100ms delay<10ms delay

Argon flow velocity mapping Nitrogen (entailed air)
flow velocity mapping

Á Flow velocimetry
Á 2D species imaging



High specificity identifying
nuclear vibrations
High spectral resolution

Low conversion efficiency
Non-directional
Background - fluorescence

P

R

P

R

S

A*

4WM

P ςPump (1)
S ςStokes (2)
R ςProbe (3)
A ςSignal (4)

Problem: The CARS signal (A) is hindered by 
the background four-wave mixing (4WM) 
signal (A*).

Solution: Minimize non-resonant 
contribution using polarization, heterodyne, 
interferometric, time -delayed techniques .

Spontaneous  Raman CARS

Can achieve Raman spectral

resolution

High efficiency (109 higher)

Directionality (phase-matching)

Background ςnonresonant

contributions

Maker and Terhune, Ford Motor 
Company, 1965



o Ȱ/ÐÔÉÍÉÚÉÎÇ ÔÈÅ ,ÁÓÅÒ-0ÕÌÓÅ #ÏÎÆÉÇÕÒÁÔÉÏÎ ÆÏÒ #ÏÈÅÒÅÎÔ 2ÁÍÁÎ 3ÐÅÃÔÒÏÓÃÏÐÙȟȱ 3ÃÉÅÎÃÅ χυϊȟ φωϊ ɉφττϋɊȢ
o Ȱ2ÅÁÌ-time detection of bacterial spores using Coherent anti-3ÔÏËÅÓ 2ÁÍÁÎ 3ÐÅÃÔÒÏÓÃÏÐÙȟȱ *Ȣ !ÐÐÌȢ 0ÈÙÓȢ 103, 036103 (2008).
o Ȱ2ÅÁÌ-time monitoring of blood using coherent anti-3ÔÏËÅÓ 2ÁÍÁÎ ÓÐÅÃÔÒÏÓÃÏÐÙȟȱ *Ȣ "ÉÏÍÅÄȢ /ÐÔȢ 13, 54004 (2008).
o Ȱ#ÏÈÅÒÅÎÔ !ÎÔÉ-Stokes Raman Spectroscopy for detecting explosives in real-ÔÉÍÅȟȱ 0ÒÏÃȢ 30)%ȟ όχωό-27 (2012).

ÅFemtosecond pumping ɀallows broadband excitation, single shot spectroscopy
ÅPicosecond probing ɀnarrowband probe provides spectral resolution
ÅDelay eliminates background
ÅkHz repetition rate



ÅGas density and temperature measurement
ÅSolid/liquid molecular composition
ÅSurface changes under plasma interaction

Femtosecond hybrid CARS setup for measurements in solid/liquid/gas



Spore clump
< 200 spores

10mm

Dogariuet al., J. Appl. Phys. 103, 036103 (2008)
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A. Dogariu and A. Pidwerbetskyȟ Ȱ#ÏÈÅÒÅÎÔ !ÎÔÉ-Stokes Raman Spectroscopy for detecting 
explosives in real-ÔÉÍÅȟȱ 0ÒÏÃȢ 30)%ȟ όχωό-27 (2012).
K. P. Pfeuffer, T. Le, L. E. Dogariu, D. Zipseȟ ÁÎÄ !Ȣ $ÏÇÁÒÉÕȟ Ȱ#ÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ ÁÎÄ 
applications of a fieldable single-ÌÁÓÅÒ ÓÔÁÎÄÏÆÆ #!23 ÄÅÔÅÃÔÉÏÎ ÓÙÓÔÅÍȟȱ /ÐÔȢ %ÎÇȢ 59, 092007 
(2020).

K-9 Trace NESTT

Detection limit: ~ 20ng @ 1m
(<1ng @30cm)

Thin films <1mm

Ɇ Backscattered CARS spectra are obtained in 100ms. 
Ɇ Spectra can be analyzed at video rates.



ü Raster scanning at 1m standoff
ü Total energy at the sample: 10mJ
ü Sample density 100mg/cm2

Spray deposit               Dry transfer       

Ammonium Nitrate (AN) on vinyl

Samples provided by DHS

AN + KClO3

10 x 7mm

500 x 500mm



CARS in vivo:
-100 ms
-100 pL blood

Blood monitoring : 20,000x 
faster, real-time, non-invasive,
no sample preparation

Remote skin evaluation : Hair and 
skin spectroscopy in real-time

Mammalian Cancer : real-time non-
invasive spectroscopy of tumors

Dogariuet al., J. of Biomed. Opt. 13(5), 054005 (2008)

Skin Cancer: real-time non-invasive 
carcinoma detection

UPenn


