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Measurement of material properties and
gas flow rates using laser-induced
breakdown spectroscopy
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Laser

Pyrotechnic compounds

Red

Orange
Yellow

Green
Blue
Indigo
Violet
Gold

White

Mechanical and Automotive Engineering

Strontium (intense red) Lithium (
medium red)

Calcium
Sodium

Barium

Copper halides

Cesium

Potassium Rubidium (violet-red)

Charcoal, iron, or lampblack

SrCO; (strontium carbonate) Li,C
O; (lithium carbonate) LiCl (lithiu
m chloride)

CaCl, (calcium chloride)

NaNO; (sodium nitrate)

BaCl, (barium chloride)

CuCl, (copper chloride), at low te
mperature

CsNOj; (cesium nitrate)

KNOj; (potassium nitrate) RbNO; (

rubidium nitrate)

Titanium,aluminium, or magnesium powders

Laboratory

Copper compounds glow green or blue-

green in a flame
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Laser Ablation EoPe e

Pulse laser beam removes (ablates) a small amount of the sample

Atoms, lons, Molecules,
Clusters,Particles

Laser Ablation

Department of Mechanical and Automotive Engineering

Laser

Laboratory

Laser Beam

Measurement

Korea
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Irradiance
Theory:

Non-linear processes
Laser material interaction
Laser-plasma interaction
Plasma-sample interaction
Vapor phase processes
Vapor phase chemistry
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Laser Ablation: Shock Processes Korea

* Phenomenological processes (thoughts)

Ambient gas
. ISW = internal shockwave
ESW = external shockwave
. Laser-sample interaction (~few fs to ~few ns)
. Vapor plume expansion (~few ns to ~1us)
. Radiative cooling (~1us to ~100us)
. Vapor plume condensation (~100us to ~100ms)
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Early Time Plasma Processes and Spectra

Courtesy of
Applied
Spectra, Inc.

Generation of seed free electrons via high power laser
pulse

= Thermionic emission of electrons from the sample
= Multi-photon absorption process

Free electrons become more energetic and collide with
neutral species to generate additional free electrons:
cascade ionization.

(1 e-+ hv — e-*

(2) e*+M— M* +2e-
More neutral atoms are converted into ions and the
temperature (T) and the electron number density (N, )
of the plasma increases.

By the end of the laser pulse, for a typical nanosecond
laser pulse

*  50%-90% of the laser pulse energy has been coupled into
plasma

e T as high as 50,000K
¢ N,~10"8 to 10" #/cc
Time << psec: High plasma temperature and
number density result in continuum emission.
* Free electron recombination (free-bound)
« Bremsstrahlung (free-free)
* Not useful for LIBS analysis

(e-* is a more energetic (KE) free electron)

Intensity ( Arb. unit)

Sample: Si

15000 -

10000

5000

~ 150ns delay

—

1+ 1~ 1 1 1 "~ 1T " 1T " 1T ™ 17
284 285 286 287 288 289 290 291 292 293

Wavelength L (nm)

LIBS

260 265 270 275 280 285 290 295

VWaveiength {nmj

Korea



Plasma Cooling and Representative Spectra

e ~1-30 ps: Plasma temperature and
electron number density decrease.

» Free electrons become quantized and
relax toward electronic ground states,
emitting light with distinct atomic/ionic
emission lines.

= Appropriate time window to obtain LIBS
signal

_  E=23652cm-1 _____ E=25414 cm-1

IHT>hv =422.67 nm IHT>hv =393.37 nm

E1=0 (ground state) E1=0 (ground state)

Ca(l) — neutral Ca(ll) — lonized
calcium emission calcium emission

 Jons and neutral atoms have distinct
emission lines.

« Atomic emission is proportional to
the number of emitting atoms/ions.
» Allows for concentration measurements

Intensity (a.u)

1.0x10°

15000
14000
13000
12000
11000
10000

9000

Temperature, K

8000

7000

6000+

5000
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T T
0 20

40

Time, us

8.0x10°

6.0x10"*

4.0x10*

2.0x10°*

Ca 393.3nm

0.0

Ca 396.8nm

| Ca contaminant on Tin metal surface

Pb 405.78nm

T
390

T T T T
400 410 420
Wavelength (nm)

Gate delay :1 psec
Gate width: 5
psec

ICCD gain: 180
Power: 80%
RT100-HP



Nanosecond vs femtosecond ablation

ns pulsed laser ablation
Large amount of heat in sample
Melting and vaporization
Fractionation
Ejection of large melted particles

fs pulsed laser ablation
Very little heating and melting
Photophysical explosion
No fractionation
Condensation of nano-particles

fs laser ablation more accurate, precise,
Offers more capabilities (high rep rate)

Nanosecond pulse

Femtosecond pulse

efficient!

Courtesy of
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Laser Ablafion

Laser Ablation for LIBS:
Focused laser beam to generate a ti
ny, short-lived plasma

LIBS Process

Initiation of a high temperature
plasma and its expansion above the
sample surface

mullsed aser

g spectrl analvis Baam
Iy spatam
sefivmre
1

Kt 2ol eeTen by a

o . E—.
ik
T " ] g 1
JEP ng ?__
; gq §id
-] $4 88¢ ¥
; LI+ £
¢ &
5 .

P PR R PR PR PR )
Display of LIBS spectra and their subse
quent analysis by system software for

both qualitative and quantitative elem
ental analysis

FETiaqerlr

raph

sample wurfags

Emitted light collection by a set of ‘
optical lenses and optical fiber

Continuum emission during ear

ly stage (< 200 ~ 300 nsec) of pl

asma cooling process (white lig
ht and not useful)

Emitted Light

Discrete atomic line emission
at later times (> 1 psec) (usef
ul for analysis)
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Setup for LIBS

LIBS Test Method

LIBS uses laser ablation plasma to analyze
emission spectra for both qualitative and qu
antitative analysis of elements.

Courtesy of
Applied
Spectra, Inc.

] Korea
aser

= Its Beam is focused onto the sample to
create a tiny plasma

Focusing and collection optics

= Optics to deliver the laser beam to the
sample and to collect the light from the
plasma

Spectrometer and detector camera

= Disperses the collected light and
separates the emission peaks for
elemental analysis

Sample stage

= Specifies particular locations for the
analysis and allows set-up of
appropriate sampling protocol

Computer system
= Data collection and analysis

= Controls the precise timing of the
plasma emission analysis
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LIBS Advantage povied

Spectra, Inc.
Korea

Can analyze virtually all elements in the
periodic table
— High sensitivity for low lighter elements that include Li, Be,
B, C, Na, and Mg (~ ppm level)
— Ability to measure organic elements such as O, H, and N

- Ideal for analysis of transition metal impurity (Ti, V, Cr, Mn, [
IFe, Il\li, Cu, Zn, Y, Hf, W, Mo, Zr, Ag, Cd, etc) {~ 10's of ppm
evel)

Periodic Table of the Elements

hydrogen B poor metals
alkali metals O nonmetals

alkali earth metals B noble gases
transition metals rare earth metals

Measurements commonly done in air (no
vacuum)

22 23] 24] 25 28| 27| 28] 28
V |Cr [Mn|Fe |Co|Ni | Cu

W] 41| 42| 43] 44| 48| 48
Zr |[Nb (Mo | Tc | Ru|Rh [Pd [Ag

A fast measurement time

— A short plasma lifetime lasting only a few tens of psec
- A few seconds per measurement

72| 73 74 75| 78 T 78
Hf | Ta |W | Re| Os| Ir [Pt | Au| Hg

104 105 106| 107| 108 109] 110
Ung|Unp|Unh|Uns |Uno[Une|Unn

Flexible sampling protocol ce| pr| Na|pm|sm]| €| cd | T Dy | Ho | £ Tm|¥6 | L&’
- gu'kt;na'y;'f, R i R E
- epth profiling

—  Elemental mapping of sample area
— Inclusion analysis

High detection sensitivity for even small and
thin samples

— No interference from underlying layers
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Comparing existing measurement technique
Korea

Courtesy of
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to laser induced plasma spectrometry
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LIBS Applications

CdS~10%s nm

CIGS~1to Sum

Wetal 1~ 100°s nm

Wetal 2~ 100°s nm

Substrate
{glass, plastics, Al fail,
stainless steel, ete)

‘ In-Depth

|Sampling

[}
woW oW W
Wi/

MRS 7 s
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Measurement of surface hardness by LIBS

V
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Ton Laser
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Measurement of gas flow rates by LIBS
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