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1. Background: Spatially and Temporally resolved thermal plasma diagnostics

a. Thermal plasma

b. Methods of plasma diagnostics

2. A brief theoretical description

a. Scattering of waves in plasma: Rayleigh, Thomson 

b. Thomson scattering in different plasmas

3. Thomson scattering in thermal arc plasma

a. Experimental procedure and data interpretation

b. Plasma disturbance by laser pulse

c. Spatial and Temporal averaging over laser pulse

4. Thomson scattering in laser induced plasma (LIB)

a. What is LIB ?

b. Laser induced sparks in gases: Ar, Air, He
• Experimental procedure: Imaging, emission spectrum, data treatment
• Plasma disturbance by laser pulse and Determination of initial Te
• Ion feature of TS spectrum: Determination of  ion temperature
• Rayleigh scattering: evolution of , shock wave 

c. LIP generated on Al target 

5. Summary and Conclusions

Plan of the PresentationPlan of the Presentation
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Background:Background:
Spatially and Temporally resolved thermal plasma diagnosticsSpatially and Temporally resolved thermal plasma diagnostics
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Thermal plasmaThermal plasma

Isothermal balance close to the equilibriumIsothermal balance close to the equilibrium ⇒⇒ TTe e ≈≈ TThh

⇓⇓
HighHigh electron density, pressure, temperature and ionization degreeelectron density, pressure, temperature and ionization degree

For argon arc plasma at For argon arc plasma at pp ==101055 PaPa LIE is achieved for LIE is achieved for NNee ∼∼ 10102222 mm ––33 TTee ∼∼ 1010 44 KK

Spectrum

• intense continuous radiation

• lines appreciably broadened due to Stark broadening

• important contribution of Doppler broadening

Arc plasma at atmospheric pressure Arc plasma at atmospheric pressure –– Stationary plasma

Plasma induced by pulsed laser Plasma induced by pulsed laser –– Transient plasma

Examples analyzed in this talk: 

4
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Plasma diagnostics requirementsPlasma diagnostics requirements

� Temporal resolution adequate to a time scale of the plasma evolution

�� Spatially resolved Spatially resolved -- good spatial resolution necessary to map plasma good spatial resolution necessary to map plasma 

parameterparameterss

� Non-intrusive  → plasma state not disturbed

�� No assumptions about the plasma stateNo assumptions about the plasma state

Ideal method:Ideal method:

There is no such method which meets all of these requirements

Plasma parameters:Plasma parameters: NNee, TTee, TThh

Plasma compositionPlasma composition (Quantitative analysis )(Quantitative analysis )
MMainain goal:goal:

Inhomogeneous plasma  ⇒ Spatial resolution is crucial factor affecting quality of diagnostics
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�� only only spatially integratedspatially integrated intensity along the line intensity along the line 

of sight can be directly measuredof sight can be directly measured (local values (local values 

need Abel transformation)need Abel transformation)

� possible reabsorption

� only excited particles can be probed

� required assumptions about the plasma equilibrium state

Methods of plasma diagnosticsMethods of plasma diagnostics

plasma

spectrometer

detector

Optical emission spectroscopy (passive)Optical emission spectroscopy (passive)
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detector

plasma

Methods of plasma diagnosticsMethods of plasma diagnostics

Optical emission spectroscopy (passive)Optical emission spectroscopy (passive)

� Laser absorption spectroscopy

� Polarization spectroscopy

� Cavity ring-down absorption

� Interferometry

Methods based on transmitted light analysis (active) Methods based on transmitted light analysis (active) 

�� NonNon--local methods!local methods!

�� only only spatially integratedspatially integrated intensity along the line intensity along the line 

of sight can be directly measuredof sight can be directly measured (local values (local values 

need Abel transformation)need Abel transformation)

� possible reabsorption

� only excited particles can be probed

� required assumptions about the plasma equilibrium state

plasma

spectrometer

detector
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Spatially resolved laser based techniquesSpatially resolved laser based techniques

Laser based, local methodsLaser based, local methods
Pump – probe technique

�� Laser induced fluorescence (LIF, TALIF)Laser induced fluorescence (LIF, TALIF)

Signal diminished by non-radiative decay

Masked in strong plasma radiation background

Not useful at high electron densityNot useful at high electron density
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Spatially resolved laser based techniquesSpatially resolved laser based techniques

Pump – probe technique

� Laser induced fluorescence (LIF, TALIF)

Signal diminished by non-radiative decay

Masked in strong plasma radiation background

�� NonNon--linear spectroscopylinear spectroscopy

FWM: Coherent third order non-linear process

Phase matching condition

3214 ω−ω+ω=ω

4321 kkkk
rrrr

+=+

2134 ω+ω=ω+ω

Laser based, local methodsLaser based, local methods

Not useful at high electron densityNot useful at high electron density
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Spatially resolved laser based techniquesSpatially resolved laser based techniques

Pump – probe technique

� Laser induced fluorescence (LIF, TALIF)

Signal diminished by non-radiative decay

Masked in strong plasma radiation background

�� NonNon--linear spectroscopylinear spectroscopy →→ PCPC--Degenerate Four Waves MixingDegenerate Four Waves Mixing

θ

forward 

pump beam

backward 

pump beamplasma

probe beam

signal
beam

Polarization separation

Laser based, local methodsLaser based, local methods

ω1= ω2= ω3 = ω0 ⇒ ω4 = ω0 

3421 kkkk
rrrr

−=⇒−=

Degenerate mixing

Phase-conjugate 

Not useful at high electron densityNot useful at high electron density
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Spatially resolved laser based techniquesSpatially resolved laser based techniques

Pump – probe technique

� Laser induced fluorescence (LIF, TALIF)

Not useful at high electron densityNot useful at high electron density

Signal diminished by non-radiative decay

Masked in strong plasma radiation background

Laser based, local methodsLaser based, local methods

�� NonNon--linear spectroscopylinear spectroscopy

�� Scattering of laser radiationScattering of laser radiation

Thomson scatteringThomson scattering

Remains to consider:
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Scattering of laser radiation:Scattering of laser radiation:

A brief theoretical descriptionA brief theoretical description

laser beam

scattering wave 
vector

direction 
of observation
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NonNon--relavisticrelavistic scattering of laser radiationscattering of laser radiation

( )ϕ−= 22
θcossin1σ

π8

3

dΩ

dσ

Elastic scatteringElastic scattering

•• RayleighRayleigh scatteringscattering

•• Thomson scatteringThomson scattering

Inelastic scatteringInelastic scattering

•• Raman scatteringRaman scattering

( )2θ/sin
λ

π4

L

≅−= LS kkk
rrr

( ) vv
rrrrr

⋅=⋅=−≡ kk-kωω∆ω LSSL

Motion of scattering centers
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From Rayleigh, Thomson and Raman scattering we have information on electron 

and heavy particles density and their temperatures  →→ PLASMA DIAGNOSTICS

skkkksk dkFkdFdS ωω∆==ωω∆ −
)/()()(

1
vv

Spectral density function reproduces velocity 

distribution of moving scattering centers 

Non coherent scattering on an ensembleNon coherent scattering on an ensemble
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Incoherent and coherent Thomson scatteringIncoherent and coherent Thomson scattering

D
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At optical wavelength At optical wavelength 

and thermal plasma and thermal plasma α α ∼∼11

)/(εω 0

2

eepl mne=
)

α >> 1α >> 1 → Collective / Coherent scattering

� Coupling with Langumir plasma waves

� Coupling with ion acoustic waves

eeB mTk /k3ωδω
22
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electron feature electron feature

ion feature

S(∆ω)
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δωe

iiBi MTk /2kδω =
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α << 1α << 1 → Non-collective scattering

Spectral distribution gives EEDF
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Thomson scattering Thomson scattering –– Partially collective case  (Partially collective case  (αα≈≈1)1)

α=0.1
1.0 2.0

3.0

4.0

∆λ (nm)

)/k(
1k
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v
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ω∆Γ
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π
+∆Γ=ω∆ βα

1     3     5TTee / / TTii

0.1

∆λ (nm)

-0.1 0

Ion feature

TTee=T=T
ii

ion featureion feature electron featureelectron feature

Electron feature contains information about electron density andElectron feature contains information about electron density and electron electron 

temperature.temperature.

Ion feature contains information about ratio of electron temperaIon feature contains information about ratio of electron temperature and heavy ture and heavy 

species temperature.species temperature.

Straightforward interpretation, no LTE assumption requiredStraightforward interpretation, no LTE assumption required

electron featureelectron feature ion featureion feature
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�� The spectral form factorThe spectral form factor

λL = 532 nm, φ = θ = π/2 , Z = 1

Ion featureIon feature

electron featureelectron feature

Ion featureIon feature

TTee=20 000 K =20 000 K 

nnee=1.0=1.0××10102323 mm--33, , 

TTee=20 000 K, T=20 000 K, Tee//TTii=1=1 nnee=1.0=1.0××10102323 mm--33, , TTee//TTii=1=1

Thomson scattering Thomson scattering –– Partially collective case  (Partially collective case  (αα≈≈1)1)
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Always collective scattering dominates !

Ne, Te can be determined based on the single Thomson scattered spectrum

0E
r

90=θ z

x

y Lk
r

Sk
r

SHG Nd:YAG

λ=532nm

Plasma source

Tokamak 2010 710 006.0

Glow discharge 1810 410 02.0

Argon arc
at atmospheric pressure

2310 410 0.3

Ne [m-3] Te [K] α

Laser induced
plasma

2510 510 0.6

Thomson scattering in different plasmasThomson scattering in different plasmas
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Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma

PhotonicPhotonic Group Group 
JagiellonianJagiellonian UniversityUniversity, , CracowCracow
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PlasmaPlasma generatedgenerated inin a a transferredtransferred arcarc, , 

burningburning inin purepure (99.995%) argon (99.995%) argon 

atat atmosphericatmospheric pressurepressure

withwith 40 40 -- 160A arc curent160A arc curent

9
 m

m

PPlasmalasma generatorgenerator PPlasmalasma columncolumn

anode

cathode

Electron temperature Te : 10000 – 24000 K

Electron concentration Ne : 1022 – 1023 m-3

Stark broadening dominates

Long term stability

ee TN /2∝

Strong continous emission

Domination of non-radiative processes

Large gradients of plasma parameters

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Arc plasma, pure argon at p=105Pa , I=200A

A) Plasma radiation + Scattering

λz

B) Plasma radiation

λz

A) - B) Scattering

λ
z

Experimental setExperimental set--upup Measurement procedureMeasurement procedure

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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-8 -6 -4 -2 0 2 4 6 8

∆λ  [nm]

TTee = 21000 K= 21000 K

λ∆0

1
5
0
µ
m

Ion feature + 
Rayleigh scattering 
+ stray light

Thomson scattering
– electron feature

NNee = 1.1 x 10= 1.1 x 102323 mm--33

Arc plasma, pure argon at p=105Pa , I=200A

),( ω∆kS

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Ne and Te versus energy of the laser pulseNe and Te versus energy of the laser pulse

Ne = 1.45(3) x 1023 m-3

TTee (LTE) = 14000 K(LTE) = 14000 K

Te is higher than TLTE obtained form Ne, by few thousands kelvins, which contradicts the 

LTE plasma model

Either Either mostmost ofof theoretical and experimental studies aretheoretical and experimental studies are falsefalse ....

OR interpretation of TS results is incorrect ???OR interpretation of TS results is incorrect ???

PPlasma perturbationlasma perturbation

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Possible absorption processesPossible absorption processesPossible absorption processes

Inverse bremsstrahlung

Increase of ne

Electron heating,
Increase of Te

Absorption 

at spectral 

lines

Single and 

multiphoton 

ionization

�� Plasma Plasma disturbancedisturbance by laser pulseby laser pulse

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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�� ElectronElectron heatingheating by laser pulseby laser pulse

A.B. Murphy; PRL 89, 025002 (2002); Phys Rev E 69, 016408 (2004)
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Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma

Plasma perturbated (heated) in the inverse bremsstrahlung process !!
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�� ElectronElectron heatingheating by laser pulseby laser pulse

2
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EL = 100mJ, Te = 17400 K, ne = 2 x10 23 m-3 Initial temperature : Te = 11600 K 

Plasma perturbated (heated) in the inverse bremsstrahlung process !!

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma

A.B. Murphy; PRL 89, 025002 (2002); Phys Rev E 69, 016408 (2004)



Diagnostics Plasma, RPF, Orléans, 02-12-2014 5050

�� ElectronElectron heatingheating by laser pulseby laser pulse

A.B. Murphy; PRL 89, 025002 (2002); Phys Rev E 69, 016408 (2004)

MHD model, argon thermal plasma heated by the square, 
7ns long laser pulse

Electron heating is a strongly nonlinear 
function of the laser power

so the linear extrapolation to zero pulse 
energy is invalid !

Te,h – assuming no cooling channels

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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�� ElectronElectron heatingheating by laser pulseby laser pulse

A.B. Murphy; PRL 89, 025002 (2002); Phys Rev E 69, 016408 (2004)

MHD model, argon thermal plasma heated by the square, 
7ns long laser pulse

Electron heating is a strongly nonlinear 
function of the laser power

so the linear extrapolation to zero pulse 
energy is invalid !

Te,h – assuming no cooling channels

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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TS spectra for different ne and Te valuesTS spectra for different ne and Te values

�� Averaging over laser beam cross section Averaging over laser beam cross section 

and over duration of laser pulseand over duration of laser pulse

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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-8 -4 0 4 8

∆λ [ nm ]

-8 -4 0 4 8

∆λ [ nm ]

-8 -4 0 4 8

∆λ [ nm ]

-8 -4 0 4 8

∆λ [ nm ]

�� Averaging over laser beam cross section Averaging over laser beam cross section 

and and over durationover duration of laser pulseof laser pulse

Effect of electron heating by laser pulse

-8 -4 0 4 8

∆λ [ nm ]

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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TS spectra (electron terms) across the laser beamTS spectra (electron terms) across the laser beam

∫= dxxyIyI ),,(),( 11 λλ

X

Y

y1

Abel transformation

r

dy
ry

dyydI
rI
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∫
−

=
22

/),(
),(

λ
λ

(Experimental results: spatially resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Before Abel transformation
TS @ y=0

Before Abel transformation
TS @ y=0

After Abel transformation
TS @ r=0

After Abel transformation
TS @ r=0

systematic errors dominate

statistical errors dominate

(Experimental results: spatially resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Iarc = 100A, z=4.0mm Iarc = 100A, z=6.0mm Iarc = 80A, z=6.5mm

Radial position across the laser beam [um]

Local values (across the laser beam) of ne
Local values (across the laser beam) of nnee

EL = 150 mJ EL = 50 mJ EL = 20 mJ

No variations of nnee at lower laser energies
and at the edges of the laser beam

(Experimental results: spatially resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Local values (across the laser beam) of Te
Local values (across the laser beam) of TTee

Radial position across the laser beam [um]

EL = 150 mJ EL = 50 mJ EL = 20 mJ

Iarc = 100A, z=4.0mm Iarc = 100A, z=6.0mm Iarc = 80A, z=6.5mm

Increase of TTee depends on laser power and initial plasma condi-
tions, i.e. the electron number density and temperature

(Experimental results: spatially resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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EL = 150 mJ EL = 50 mJ EL = 20 mJ

Iarc = 100A, z=4.0mm Iarc = 100A, z=6.0mm Iarc = 80A, z=6.5mm

Time delay [ns]

Temporal evolution of ne during the laser pulseTemporal evolution of nnee during the laser pulse

(Experimental results: temporally resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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EL = 150 mJ EL = 50 mJ EL = 20 mJ

Iarc = 100A, z=4.0mm Iarc = 100A, z=6.0mm Iarc = 80A, z=6.5mm

Time delay [ns]

Temporal evolution of Te during the laser pulseTemporal evolution of TTee during the laser pulse

(Experimental results: temporally resolved results)
�� Averaging over laser beam cross sectionAveraging over laser beam cross section

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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�� Determination of initial TDetermination of initial Tee

Measurement of Measurement of thethe temporal temporal evolutionevolution ofof TTee

andand thenthen extrapolation to the extrapolation to the originorigin of the pulseof the pulse
is more adequate method than extrapolation to the zero laser energy

Ne [1023 m-3] Te [LTE] Te [lin.extr.] Te [origin]

12500

13050

13900

89.0

14.1

46.1

17760

20090

22780

10000

12200

14000

Thomson scattering in thermal arc plasmaThomson scattering in thermal arc plasma
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Thomson scattering in laser induced plasmaThomson scattering in laser induced plasma

GREMI GREMI -- Site de Bourges Site de Bourges 
UniversityUniversity ofof OrlOrlééansans / CNRS/ CNRS
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Gaseous target (breakdown)Gaseous target (breakdown)
Application: plasma ignitersApplication: plasma igniters……

Solid target (ablation)Solid target (ablation)
Application: film deposition, analysisApplication: film deposition, analysis……

A. Mendys et al. / Spectrochimica Acta Part B 96 (2014) 61–68

A. Mendys, at al., Spectrochim. Acta B (2011) 66, 691

Laser induced plasmas: two main typesLaser induced plasmas: two main types
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Laser induced plasmasLaser induced plasmas

„probe” laser beam

ablation / breakdown 

(pump) laser beam

target

(solid, liquid, gas)

pump beam

probe beam

delay time

ICCD

�� „„Pump Pump –– probeprobe”” experimentsexperiments
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4ns Nd:YAG @ 532nm, 40 J/cm2

single-mode ∆σ < 0.01 cm-1 

4ns Nd:YAG @ 532nm, 40 J/cm2

single-mode ∆σ < 0.01 cm-1 

6ns Nd:YAG @ 532nm, 

2.0 kJ/cm2,  ∆σ < 1.0 cm-1 

6ns Nd:YAG @ 532nm, 

2.0 kJ/cm2,  ∆σ < 1.0 cm-1 

to spectrometer + ICCD

R ≈ 28 000 

to spectrometer + ICCD

R ≈ 28 000 

spatial resolutionspatial resolution

axially determ. 

by slit width 

≈10-20µm

axially determ. 

by slit width 

≈10-20µm

radially limited by

laser beam:≈150µm

radially limited by

laser beam:≈150µm

Laser induced sparks in gasesLaser induced sparks in gases

�� Experimental setupExperimental setup to study laser induced 
spark created and probed by ns Nd:YAG lasers
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Laser induced sparks in gasesLaser induced sparks in gases

�� Experimental setupExperimental setup to study laser induced 
spark created and probed by ns Nd:YAG lasers

R ≈ 28 000 

Gate time>2 ns

zz

x yy

ICCD:
delay → 5ns – 100µs

gate → 2ns – 500ns 

Breakdown laser Nd:YAG @ 532nm, 2.0 kJ/cm2, ∆τ = 6ns, single-mode ∆σ < 1.0 cm-1 

Probe laser Nd:YAG @ 532nm, up to 40 J/cm2, ∆τ = 4ns, single-mode ∆σ < 0.01 cm-1 
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Laser induced sparks in gasesLaser induced sparks in gases

�� Experimental setupExperimental setup to study laser induced 
spark created and probed by ns Nd:YAG lasers

R ≈ 28 000 

Gate time>2 ns

zz

x yy

Spectrograph on 
1 order – scattering
0 order – imaging

Breakdown laser Nd:YAG @ 532nm, 2.0 kJ/cm2, ∆τ = 6ns, single-mode ∆σ < 1.0 cm-1 

Probe laser Nd:YAG @ 532nm, up to 40 J/cm2, ∆τ = 4ns, single-mode ∆σ < 0.01 cm-1 

laser

laser
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-2.52.5 0

y (mm)y (mm) λλ (nm)(nm)

plasma image plasma emission scattered probe laser light

Pump Pump fluencefluence –– 2kJ/cm2kJ/cm22

Probe Probe fluencefluence –– 18 J/cm18 J/cm22

θθ = 90= 90°°

∆τ = 3000ns,   x=0; y=0,   exposure time = 4ns

Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm
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-2.52.5 0

y (mm)y (mm) λλ (nm)(nm)

electron
feature

electron
feature

center: Ion feature and Rayleigh scattering

Rayleigh
scattering

Rayleigh
+ ion 

feature

0.0 1.0 

Intensity (a.u)

shock front

compressed 
gas

p
la

sm
a

 lim
its

Rayleigh
+ ion 

feature

Pump Pump fluencefluence –– 2kJ/cm2kJ/cm22

Probe Probe fluencefluence –– 18 J/cm18 J/cm22

ICCD gate ICCD gate –– 10 ns 10 ns 

plasma image plasma emission scattered probe laser light

∆τ = 3000ns,   x=0; y=0,   exposure time = 4ns

Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm
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Pump Pump fluencefluence –– 2kJ/cm2kJ/cm22

Probe Probe fluencefluence –– 18 J/cm18 J/cm22

ICCD gate ICCD gate –– 10 ns 10 ns 

NNee = 1.23 = 1.23 ×× 10102323 mm--33

TTee = 19 700 K= 19 700 K

plasma image plasma emission scattered probe laser light

∆τ = 3000ns,   x=0; y=0,   exposure time = 4ns

Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm
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Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

�� Comparison with OESComparison with OES

• Imaging of the plume • Optical Emission Spectroscopy (OES) • Thomson Scattering (TS)

532 nm, 25 mJ / pulse

532 nm, 50 mJ/pulse
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Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

�� Comparison with OESComparison with OES
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Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

�� Electron temperature perturbationElectron temperature perturbation
due to electron heating by the probe pulse in 

the process of inverse bremsstrahlung ?

Heating LIP plasma by probe laser strongly 

depends on its initial conditions

5.0 × 1023 m-3

2.0 × 1023 m-3

1.0 × 1023 m-3

5.0 × 1022 m-3

1.0 × 1022 m-3

LIBS = thermal plasmas:  low Te and high Ne � very susceptible to el. heating 

probe laser fluence 
during experiment
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Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

�� Electron temperature perturbation:Electron temperature perturbation:
Influence on probe laser Influence on probe laser fluencefluence on Ton Tee

• Below some value of laser fluence no significant change of 
Te is observed but only uncertainties are rapidly growinguncertainties are rapidly growing

400ns

LIP in argon at 1atm

• For high values of laser fluence, Electron temperature can Electron temperature can 
be significantly elevated by the probe laser pulse be significantly elevated by the probe laser pulse 

A. Mendys, at al., Spectrochim. Acta B (2011) 66, 691; doi:10.1016/j.sab.2011.08.002

Pump:   2kJ/cm2

ICCD gate: 6 ns 

5.0µs
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∆t=400ns∆t=5.0µs

Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

probe
pulse

breakdown 
pulse

Delay ∆t

ICCD
gate: 2-5ns

probe 
pulse

�� Electron temperature perturbation:Electron temperature perturbation:

TTee evolution during the probe laser pulseevolution during the probe laser pulse

Probe laser Probe laser fluencefluence: 50J/cm: 50J/cm22, , 
ICCD gate width: 3nsICCD gate width: 3ns

Unlike Ne, Te is significantly disturbed as 
the result of much shorter time scale of 
inverse bremsstrahlung process

A. Mendys, at al., Spectrochim. Acta B (2011) 66, 691; doi:10.1016/j.sab.2011.08.002
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NNee and and TTee evolution on axis of LIP generated in argon by 6ns pulse of 2kJ/evolution on axis of LIP generated in argon by 6ns pulse of 2kJ/cmcm22 fluencefluence
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Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

y

Pump :   2kJ/cmPump :   2kJ/cm22

Probe :  16J/cm2

ICCD gate ICCD gate –– 6 ns6 ns

800ns 3000ns 9000ns

),,( TeNeS ω∆k

A. Mendys, at al., Spectrochim. Acta B (2011) 66, 691; doi:10.1016/j.sab.2011.08.002
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NNee and and TTee evolution on axis of LIP generated in argon by 6ns pulse of 2kJ/evolution on axis of LIP generated in argon by 6ns pulse of 2kJ/cmcm22 fluencefluence

Laser scattering Laser scattering fromfrom laser spark in laser spark in ArAr at at PPatmatm

500ns

800ns

1.5µs

5.0µs

10.0µs

High continuum radiation of plasma significantly  
reduces S/N of electron feature of TS signal,
only ion feature can be considered

500ns

800ns

1.5µs

5.0µs

10.0µs

�� Electron feature of TS diminishesElectron feature of TS diminishes at short delays
due to high continuum plasma radiation
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Ion feature of TS spectrum: Determination of the ion temp.Ion feature of TS spectrum: Determination of the ion temp.

THEORYTHEORY

1     3     5Te:Te:TiTi

Ionic feature of TS spectrum contains 

information about Te:Ti which is a direct 

measure of plasma departure from LTE

EXPERIMENT

EXPERIMENT

The measurements need relatively high spectral 

resolution, better than 0.1cm-1 .  

Pulsed ns laser with narrow linewidth and 

spectrometer of spectral resolution higher than 

100 000 are indispensable

� indispensable to verify the thermodynamic equilibrium of LIP
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Ion feature of TS spectrum: Determination of the ion temp.Ion feature of TS spectrum: Determination of the ion temp.

from the spectral profile 

of the TS ionic feature

… or from the Doppler profile 

of the Rayleigh scattered light

calculations for LIP in He,  α=1.51, Ne=1.04 × 1023 m-3,  Te=34300 K

Sion

Sel

from the intensity ratio of the ion to electron part

Te:Ti = 1,  2,  3,  4

� indispensable to verify the thermodynamic equilibrium of LIP
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ion feature and
Rayleigh scattering

electron feature

Example: HeliumExample: Helium

1. Determination of Te and Ne from electronic feature

2. Deconvolution of the apparatus profile (FWHM = 0.028 nm) from central peak (h)

3. Fitting ion feature of TS and Rayleigh spectra with Ti as a parameter

electron feature ion feature and
Rayleigh scattering

electron feature

pump pump fluencefluence –– 1.2 kJ/cm1.2 kJ/cm22; probe ; probe fluencefluence –– 9.5 J/cm9.5 J/cm22. . 

Data treatmentData treatment

TTee , N, Nee

Ion feature of TS spectrum: Determination of the ion temp.Ion feature of TS spectrum: Determination of the ion temp.

K.Dzierzega et al. Appl. Phys. Lett. 102, 134108 (2013)
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Thomson scatt.

Te = 60140 K

Ne = 5.16 × 1023 m-3

Te = 34340 K

Ne = 1.04 × 1023 m-3

Te = 12730 K

Ne = 0.36 × 1023 m-3

Te:Ti = 1.0

Te:Ti = 2.0

Rayleigh scatt. experiment

Example: HeliumExample: Helium pump pump fluencefluence –– 1.2 kJ/cm1.2 kJ/cm22; probe ; probe fluencefluence –– 9.5 J/cm9.5 J/cm22. . 

Ion feature of TS spectrum: Determination of the ion temp.Ion feature of TS spectrum: Determination of the ion temp.

�� Ion Ion temperaturetemperature measurementmeasurement: : difficult to discriminate Thomson from Rayleigh contributiondifficult to discriminate Thomson from Rayleigh contribution

K.Dzierzega et al. Appl. Phys. Lett. 102, 134108 (2013)
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Large discrepancy between electron and heavy particle temperaturLarge discrepancy between electron and heavy particle temperatures which es which 

indicates twoindicates two--temperature plasma out of the local isothermal equilibrium.temperature plasma out of the local isothermal equilibrium.

Results do not rely on assumptions about the equilibrium state oResults do not rely on assumptions about the equilibrium state of the plasma!f the plasma!

1024 m-3  > Ne > 1022 m-3

100· 103 K > Te > 10· 103 K

50· 103 K > Th > 2· 103 K

→→ Deviation from isothermal equilibriumDeviation from isothermal equilibrium

Example: HeliumExample: Helium pump pump fluencefluence –– 1.2 kJ/cm1.2 kJ/cm22; probe ; probe fluencefluence –– 9.5 J/cm9.5 J/cm22. . 

Ion feature of TS spectrum: Determination of the ion temp.Ion feature of TS spectrum: Determination of the ion temp.

[ 20ns <[ 20ns <∆∆tt<1 <1 µµs ]s ]

K.Dzierzega et al. Appl. Phys. Lett. 102, 134108 (2013)
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RayleighRayleigh scattering from laser induced plasmascattering from laser induced plasma

probe laser beam 

@532nm

shockwave 
position

∆Ω
Ω

=
d

d
nLII lasscat

σ

atom density

plasma 
limits

B.Pokrzywka et al.,Spectrochim. Acta B (2012) 74–75, 24
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RayleighRayleigh scattering from laser induced plasmascattering from laser induced plasma

breakdown
laser

probe
laser

wavelength
Rayleigh scatt.

Rayleigh scatt. 
+ Thomson scatt.

shockwave 

Shockwave analysis can be 

made by recording such 

images for different delay 

times between laser pulses?

Image of Thomson 
scattered signal recor-
ded 600ns  after break-
down pulse

B.Pokrzywka et al.,Spectrochim. Acta B (2012) 74–75, 24
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ShockwaveShockwave evolution on axis of LIP generated in argon by 6ns pulse of 2kJevolution on axis of LIP generated in argon by 6ns pulse of 2kJ/cm/cm22 fluencefluence

B.Pokrzywka et al.,Spectrochim. Acta B (2012) 74–75, 24

x=0, y=0

plasma emission
(fireball)

scattering
signal

shock front

shock detachment

RayleighRayleigh scattering from laser induced plasmascattering from laser induced plasma
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LIP generated LIP generated on Al targeton Al target in airin air

edge filter

ablating laser: fluence 30 J/cm2 (  6.7 × 109 W/cm2)

probe beam:   fluence 100 J/cm2 (16.6 × 109 W/cm2)

Spatial resolution: 200µm (radial) x 30µm (axial) 

iCCD gate: 8 ns  - 2000 laser shots

�� SetSet--upup andand Optical scattering Optical scattering 

A. Mendys, et al. Spectrochim. Acta B  96, 61–68, (2014) doi:10.1016/j.sab.2014.03.009 
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LIP generated LIP generated on Al targeton Al target in airin air

edge filter

A. Mendys, et al. Spectrochim. Acta B  96, 61–68, (2014) doi:10.1016/j.sab.2014.03.009 

ablating laser: fluence 30 J/cm2 (  6.7 × 109 W/cm2)

probe beam:   fluence 100 J/cm2 (16.6 × 109 W/cm2)

Spatial resolution: 200µm (radial) x 30µm (axial) 

iCCD gate: 8 ns  - 2000 laser shots

�� SetSet--upup andand Optical scattering Optical scattering 
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LIP generated LIP generated on Al targeton Al target in airin air

edge filter

A. Mendys, et al. Spectrochim. Acta B  96, 61–68, (2014) doi:10.1016/j.sab.2014.03.009 

ablating laser: fluence 30 J/cm2 (  6.7 × 109 W/cm2)

probe beam:   fluence 100 J/cm2 (16.6 × 109 W/cm2)

Spatial resolution: 200µm (radial) x 30µm (axial) 

iCCD gate: 8 ns  - 2000 laser shots

�� SetSet--upup andand Optical scattering Optical scattering 
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LIP generated LIP generated on Al targeton Al target in airin air

�� NNee, T, Tee distribution in the plumedistribution in the plume

A. Mendys, et al. Spectrochim. Acta B  96, 61–68, (2014) doi:10.1016/j.sab.2014.03.009 
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Raman scattering could be used for diagnosing the relative Raman scattering could be used for diagnosing the relative 
populations of excited levels in a partially ionized plasma.populations of excited levels in a partially ionized plasma.

LIP generated LIP generated on Al targeton Al target in airin air

�� Perspective: Raman scatteringPerspective: Raman scattering

electron featureelectron feature

Raman, Al IRaman, Al I

3s3s223p 3p 22PP°°1/2,3/21/2,3/2

Raman, NRaman, N22,O,O22

Raman, Mg I Raman, Mg I 

3s3p 2P3s3p 2P°°0,1,20,1,2

Ref: A.Delserieys, F.Y.Khattak, S.Sahoo, G.F.Gribakin, C.L.S.Lewis, and D.Riley , 
Raman satellites in optical scattering from a laser-ablated Mg plume; 
Physical Revies A 78 (2008) 055404
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Summary and ConclusionsSummary and Conclusions

Laser scattered light from LIBS plasma gives a lot of information on 

plasma, especially on transient one. 

Derivation of the most important plasma parameters 

like Ne and Te from TS spectra is straightforward and 

usually does not need further calibration

Direct prediction of plasma parameters without 

assumption of thermodynamic equilibrium

Scattering of laser radiation is local method – high 

spatial resolution

BUT Elevation of the electron temperature (heatingheating) in Thomson 

scattering experiment, fortunately this effect can be corrected

Simultaneous measurement of plasma parameters

� “What can we learn about laser-induced plasmas from Thomson scattering experiments” (Review), 
K. Dzierzega, A.Mendys B.Pokrzywka, Spectrochimica Acta Part B 98 (2014) 76–86
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Thank you Thank you 
for your attentionfor your attention

OMA

Questions ?Questions ?


