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= Introduction.
= What is plasma?
= What is Laser?
= Laser lonization dynamics.
= nsversus fs lasers (Plasma parameters).

= Applications
= Laser induced breakdown spectroscopy (LIBS).
= Plasma deposition and etching.
= UV and x-ray production.
= Warm dense matter.
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- Laser-Matter Interaction
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.g What is plasma?

= The plasma is a quasineutral gas of charged and neutral particles
which exhibits collective behavior.

o
+

+

+

+

o

+

N R 10—122

Ty

PLASMA I
L ' Somthing molded or fabricated | -




!.Q What Is Laser?

The laser is a beam of photons characterized with :
Monochromatic, Directionality, Coherent, High intensity.

Conventional Lasers:
Active medium
Pumping
Population inversion
Stimulated emmision
Resonator

Wicked Lasers

P X-ray Free electron Lasers 1! Y, .
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.g Light matter interaction

= Photoelectric effect: lonization takes place if the photon energy
greater than the work function of the matter.

hwphoton — qunction + Ekin

—
= A. Einstein: Nobel Prize 1921 0
photon

[ [ function

= Ti:Sa Laser 800 nm with photon energy o = 1.5eV

Material Cs Li Na Hg Au

W. function 2.1eV 29eV 23eV 4.5 eV 5.5 [ S
SER [.‘1




.g Laser matter interaction |

= Multiple Photon ionization : one single atom can interact with

multiple photons at the same time.
= The rate of ionization depends on the laser intensity

' =ou,l;

nhw
SN

= Ti:Sa Laser with intensity

10W/em? ~ 10°' photon/cm?Sec

Material lonization energy  N- photons
H, 13.6 eV 9 photons

P He 24.5 eV 16 photons I f,m
< l '*.1]
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_S.Q Laser matter interaction 1l

= Tunnel ionization: The potential of the laser field can modify the
Coulomb potential of an electron in an atom and forms a
potential barrier. It depends on the barrier width and height.
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g. Laser matter interaction |11

= Keldysh Parameter: depends on the ionization energy of an
electron g to the pondermotive potential e® .

v = VEJe® = \[¢/ (N2 IL)

= Tunnel ionization vy < 1 mpr Y > 1
= For Ti:Sa Laser interacts with He:

Intensity Keldysh parameter lonization
10712 w/cm”2 14 MPI
2*10M4 W/icm"2 1 Tunnel

= Barrier suppression ionization (BSI): At higher laser
Intensityies electons can leave atoms without tunneling : [ A
dominant above 10°18 W/cm”2. |
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g. Plasma creation over solid targets

= The first seed of electrons are generated via MPI, Tunnel
lonization, or , BSI.

= The free electrons gain energy from the laser electric field, then
make further ionization by collision with neutral particles in the

target.
,,,,,, il
a
I Plasma ‘ Collisions
Heating/ lonization &
Shielding Heating I ”b
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—

- EMW Dispersion relation

st W < Wpe
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= The plasma refractive index

= The critical density

ne = 1.1 x 10** A% (pm)em ™3
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!.Q Nano-second Pulses |

= The target is heated via electron-ion collisions to 10s to 100s eV
depends on the laser intensity

T. ~ 13 x 10" (Iups(W/cm?) /ne)?/3eV

= The plasma pressure created during heating causes ion blow-off
(ablation) at the sound speed

Cy ~ 3.1 x 107" (TkevZ*)?cm /s

= Because of ablation, density profile decreases exponentially with
a scale length of

L =Cym,
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- Nano-second Pulses |1
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!.@ Absorption Mechanisms |

= Inverse Bremsstrahlung absorption: The electrons, while
oscillating under the action of the laser electric field, collide with
the ions giving rise to transfer of electromagnetic energy to the

plasma. ,

w
Ky, ~ 3.1 x 1077 Zn2 In(A)w; *[1 — —g]_l/QTe}B/Qcm_l
“L

= The fraction of absorbed laser energy after a propagation over a
distance L in a uniform plasma is

Qabs = 1 — exp|—Kip L]

= lon turbulence absorption: Inverse Brem. Absorption increases
significantly when ion motion is correlated. -
™
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g. Absorption Mechanisms ||

= Resonance absorption:

= Laser radiation obliquely incident on a plasma and with
(EL (ne) = () ) can excite resonant longitudinal
plasma oscillations at critical density surface.

= The damping of the excited electron waves leads to
conversion of electromagnetic laser energy into thermal

energy.
=  The amplitude of the electrons oscillations depends on the laser
polarization: - o
Er, -V(n
OMe X L (ne)
Ne — MN¢

= S-Polarized (E, - V(ne) = 0) can not excite plasmons or
Langmuir waves.
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g. Absorption Mechanisms |11

=  Parametric instabilities: Wave-wave interaction

Wy = W1 + W2 K():Kl—l—KQ

= Photon Photon + Acoustic
Stimulated Brillouin scattering
= Photon Photon + Plasmon
Stimulated Raman scattering
= Photon Acoustic + Plasmon
Decay instability
= Photon Plasmon + Plasmon

Tow-Plasmon instability
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g. Femto-second Lasers

= Brunel effect: Intense laser pulses incident on sharp overdense
plasmas, pulls electrons into the vacuum and then back them

Into the plasma.

= Filamentation: Energetic beam of electron penetrate into the
core of the target producing ionization.

= Surface wave: Sharp overdense plasma boundary supports
surface waves; electron fluctuations accompanied with
electromagnetic waves.

= And more....
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g. Radiation Hydrodynamic

= Governing equations in planar geometry:

= The independent Lagrangian mass variable: The spatial grids
moves with the fluid dmo = p(r)dr

=  The momentum conservation equation

ou 0
B~ gL )

= P isthe total pressure due to electrons, ions, and radiation,
g iIs Neumann artificial viscosity

= Conservation of energy

or. o T
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g. _ocal thermodynamic equilibrium

= Thermodynamic equilibrium: require that plasma fulfils four
energy distributions; radiative, Kinetic, excitation, and
lonization energy, termed, the Planck, Maxwell, Boltzmann, and
Saha relations; each energy exchange process must be balanced
by its inverse. (Not found in man made plasmas).

= Local thermodynamic equilibrium; when collisional processes
are more important that radiative, one can find a temperature
based on Maxwell, Boltzmann, and Saha distributions.

= All atomic processes must be considered: radiative ionization,
radiative excitation, radiative recombination, impact ionization,

dielectronic recombination, three body recombination, .....
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: Atomic physics calculations

= Atomic rate equations:

= Upward (depopulating) and downward (populating) transitions:

Wij = neCij + BijJij +nevij + Bij +

excitation ronitzation

Wii=neDji + Aji + Bf—frnﬁéﬂ + ne(aﬁR + Oéﬁ-R)

>y

NV
deexcitation recombination

= Continuum lowering effects are considered
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: ns versus fs pulses |
J
= Two laser pulses * ]
. 1ns, 0.015TW /cm ™2 oo :
o 150fs, 100TW /em 2 >l .

= Ar droplet with diameter 50um
= Wavelength of s10nm .

301

20f *
= Energy of (g23m7 - o e,
o Density 1L4g/em? o iﬁ..o i

Distance [cm]

= Electron-ion collision and ion hydrodynamic expansion time are
In sub ps.
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|_aser Droplet interaction movie

Entry #: VOO16

Laser impact on a drop

Alexander L. Klein?, Claas Willem Visser!, Wilco Bouwhuis?,
Henri Lhuissierz, Chao Sun?, Jacco H. Snoeijer', Emmanuel
Villermaux3, Detlef Lohse! and Hanneke Gelderblom?

1 Physics of Fluids Group, 2 Laboratoire Matiere et 3 |RPHE,
Faculty of Science Systemes Complexes, Aix-Marseille Universite,
and Technology, Université Paris Diderot, France
University of Twente, France
The Netherlands




Applications
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g. |_aser induced breakdown spectroscopy

Pulsed laser {:E

Plasma

Sample

N/ﬁrror

Spectrometer

= The conventional LIBS configuration

Computer

InTech
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g. LIBS for different Materials

Laser

— __—Focusing lens (‘2
|

(\ Laser

Plasma U

= Solid and liquid samples

B
InTech li]
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& Al alloys spectrum

intensity (ab)

250 270 290 310 330 350 370 390 410 430 450

wavelength (nm)

= LIBS for Al alloys (a) Pure Al, (b) 3003 alloy, (c) 2024-T3 allo
& % and (d) 7057-T6 alloy.
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BS_Spectrometer

Intensity (counts)
4
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Study your samples in the field!!
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- Thin film deposition

Pulsed laser beam

Focusing lens
Chamber window
Vacuum chamber

- Heater
Substrate

1 Plasma
Plume

WIKI
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o Plasma etching

°® Microsecond Nanosecond Femtosecond

— 1

v \/ V Surface

RUESY Handbook of LIBS, Cremers and Radziemiski
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: High harmonics generation |
®
[, arb. units © Q0 )
L BEBES R s o e e G
10°F
I I | I
10 30 50
A, N
[l
- Ganeev and Kuroda, optics and spectroscopy 2006 [lq




I High harmonics generation |

®
Maximum order
0 S 10
Ix 107" Wem™
[ S
Gy Ganeev and Kuroda, optics and spectroscopy 2006 [.1]




I@ X-ray Production

= Laser produced hot plasmas which can produce x-ray.
=  Three mechanisms are exist:
= Bresmsstahlung or (Free-Free emission)
= Recombination radiation (Free-bound emission).
= Line radiation (bound-bound emission).

= The laser to x-ray conversion efficiency FE, /FE;, depends on
the target atomic number, the laser intensity, the laser
wavelength;

I
Eo/Ep = 6.3x 1071020045 (2 +° )"0
0

G H.C. Pant, plasma physics 1992
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- UV Source |

®
CCD detector £
\\ flat field grating
EUV emission
2 o
J ) R , /
> 9 , > 4
)
LY argon droplet beam g Q
/50 lens _
cryogenic source
laser beam
[
R. Irsig, M. Shihab et al 2018
- ’ L
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- UV Source I

®
20 T T T T T T
—*— Exp.
18T —+— Sim. ||
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Kt R. Irsig, M. Shihab et al 2018 [.J]
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- UV Source |11

Intensity [a.u.]

17 17.2

—*— 20 eV

— 16 eV |
—HF 14 eV

174 176 178 18 162 1864 186 188 19

| ()
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R. Irsig, M. Shihab et al 2018 {







. - Warm Dense Matter

® ® WDM:

- Temperature of few
electronvolts
brown dwarfs > 2 | ... - - Solid state density and
3 o beyond

28 T T
ideal quantum
26 Hplasma

Tl S . _ Sy {  ® ICF, shock experiments, giant
‘ planets, and brown dwarfs

® Theories of solid, condensed
matter, or ideal plasma are
ideal not valid

classical 4

-3
logg [ne / cm 7]
Iél.'

' plasmas ® No single theoretical model
14 1 1 1 1 . -
| 5 5 , 5 . ; 5 describes the behavior of
logyo [T /K] WDM
« Partial ionization
K. Wiinsch - Arbitrary degeneracy
. Strong ionic correlations | <&
&S g {

Glenzer et al PRL 98 065002(2007)
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ssDispersion relation of EM In
: WDM

35
30F
25t
5 20
3 15f
10¢

w < Wpe

reflection

0 2% 10" 4% 10" 6% 10% $x10% 1x10%

ne[l:m":]]

® At the natural plasma oscillation: wpe =w —+ k=0

® Atthe cut off, the wave is reflected:  wpe > w — k =ik

® WDM is transparent in x-ray regime: o
2&, B g *;'—,:Q."
-. Ne = 102*cm ™3 — X < 33nm [ !11




!-Q)Set-up of an XRTS experiment

& . 7 5 . £
T 3 > e
e A | €27 experimental hall
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o Free electron laser

*»The free electron laser (FEL) is a device that transforms the kinetic energy of a
relativistic electron beam into electromagnetic (EM) radiation.

s*Electrons in an FEL are not

bound to atoms or molecules.
The “free” electrons traverse
a series of alternating magnets,
called a “wiggler,” and radiate
light at wavelengths depending
on electrons’ energy, wiggler
period and magnetic field.




L ESNSE———

Time Delay experiment

GeV electron HiTRaX XUV
bunch . : spectrometer
At =-1ps ... +5ps

beamline =300 fs
focusing scattering
mirror angle 90°
ionization detector =~ - ' —
split-and-delay unit
N liquid hydrogen jet

U. Zastrau 2014: FLASH(Hamburg)
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- XRTS features

® ® Thomson scattering has two distinct
features:

- Inelastic scattering (frequency
1] shifted) from free electrons and
1 bound free transitions

o
oo

T
= h
2

- Unshifted Rayleigh peak

o free i _:': T
F g AN Aty : |

LAY J-
g Ll ) ol PR R (elastic) due to electrons co-
@ o4r o e fNe O O ] moving with the ions
I I "~ ion feature | ) ) ..
02| resonance ] ® The electrons in partially ioized
l y e [ : system can be split into bound and
0 . I || NN v
2 1 0 o 2 free electrons
Pe = Pb T Pf

A. Holl et al., HEDP 3, 120(2007) o | termediate scattering function

— —

NeFetgt — (pb(%a t)pb(_Ev t)) + 2<pf(k,t)pb(—];, t)) + (pf(kv t)pf(_E7 t)>
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. Born-Mermin approximation

® Fluctuation-dissipation theorem :

2 ~1
SO (kw) = — eohk Ime™ (k,w)

me’ne 1 — exp(—hw/kgTe)

® RPA gien by Lindhard:
B 1 e _ 6_
FPAE w) =1 — Zez ptk/2  Ip—k/2
p

e0$20k? AE? . — h(iw +in)
® Mermin ansatz : _
(1 + %) RPA (L w4 iv(w)) — 1]

v(w) eRPA(k wtiv(w))—1
L+ w eRPA (k.0)—1

EM(k,w) =1+

o v(w) isthe dynamic collision frequency via Born approximation.
Glenzer and Redmer, RMP 81, 1625(2009) | B




-~ Back and forward scattering

° ® Dimensionless scattering
parameter 1 l

 kdse 27 e
« | is the electron density
fluctuation
. Ascis the screening length
® Collective scattering: ( & > 1)

- the scattering reflects the
electron density fluctuations

» Plasmon features
® Non-collective scattering:(@ < 1)
- the scattering reflects the

d d h : | velocity distribution of
epends on the s4catter|ng angle electrons
T

k= ki — ki| = TSm(g/g) - Compton features

® The momentum transfer

S Glenzer and Redmer, RMP 81, 1625(2009) -




&7 Experimental results and

lon feature

Best fit of Plasmon
3 [elastic scattering] 2L n, = 3 x 1023 ome?
N Best fit
n, =3 x 10 car? :E‘
2 2L Plasmon T, =12V @
E scattering with collisions E
g E
E

Dt ailed
balance

= 23 A
n, : 1.5 xI*IEI n:lrn Pa—

. £.90 282 £.54 £.96
Energy (keV) Energy (keV)

® Forward scattering: collective
behavior

Glenzer et al., PRL 98, 065002(2007)

® Dispersion relation determines
the electron density

e ® Detailed balance gives the
S onl electron temperature

46
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. Experimental results and
‘!g) synthetic spectra Il

T,=53eV
i

4 1 =53eViom Bk
the Compton '
scattering wing E

6 Best NH
[ Xeray 5cmterir1gJ _

M
Intensity (arb. Units)

Intensity (arb. Units)

0

- I:U3 | | 1 !'-]:125:4 1 L 1 1
4.4 4.6 4.8 5.0 4.4 4.6 4.8
Energy (keV) Energy (keV)

® Back scattering:
- Compton scattering
- Non-collective behavior

. Line width * Fermi energy B
I Glenzer et al., PRL 90, 175002(2003) s [ Td
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- Collisional Radiative Model

= Assumptions: i ‘
" Homogeneous plasmas % """" o ﬁ
I// e

" The expansion velocity is constant ‘'® ® ©
_ 3 { e
Vexp = const N (r,t) = N(r', ¢')(t'/t) <:| Xy
\‘\\ e o ’//I
" The relative density of charge state is given by y OO %
N TR e
J

Y W U

8n-. Governing equations: j4+1
é‘—tJ = NoSj_1nj—1+ NeTjp1nji1 — Ne(Sj +T)n; S; T T |
aTe _2Te 2 j
— o T Precom — P rem ~ I_)ioniz — Pei
A " ) | s [
oT.  —2T. = 1
f}gﬁ i _ i Pi -
A ot [ e L.,,!ﬂ




Collisional Radiative Model

= Jonization by collisions
S(Z) =243 x 10706, T3 2exp(—u) /u"/* em3s™!

= Recombination: T, =q«;+ ; + D,
Radiative + Three body + Dielectronic

o(Z+1)=52x107*(Z + 1)ur/2(0.429 + 0.5 In v + 0.469u"1/2) em =351

D(Z +1) 3/2 Z Z Conj €xp(—Epm;/Te)

632m1

B(Z+1)=875x10"2"N(Z +1)2/T? em™3s7}




—

- Collisional Radiative Model

" Bremsstrahlung-radiation -
Porem = 9.6 x 107 ZN2TY2 eVs tem™3

= lonization energy loss
Pioniz = anZ — INN;Sixz eVs tem™3

j=1
= Energy equilibrium P — 1. —T; RO
Teq
" Three-body recombination
nz
Precom — Z NeNj/BjXZ eV 8_1 Cm_3
j=2

= Continuum Lowering
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.. Non-equilibrium Nickel plasmas

=  Nickel is a transition element.

= Nickel plays an essential role for the preparation of special
stainless-steels and alloys to the production of antimagnetic screens
and chemical reactive films.

D.B. Chrisey, G.K. Hubler, Pulsed Laser Deposition of thin films, Wiley, 1994

S.S. Harilal et al J. Appl. Phys. 114, 203302 (2013)

L. Torrisi et al Plasma Phys. Rep. 34, 547 (2008)

S. Amoruso et al, Appl. Phys. A. 89, 1017 (2007)
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: Electron-ion temperature

60

N =10¥cm™3

T, =50 eV

Ti=58V

25
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- Electron temp.

—N=10%%c¢m* T_=50eV T =5eV
— ——N=10%¢m™ T_=50eV T =5eV '

3t — —-N=10¢m? T _=50eV T =5eV |
ol N S R N=10"%cm™ T _=50ev T =5eV |
.-—-.m ' e )
*-':-' 1 s T
= -

~ 7 Teo tTl

0t e
T o t—2 y and Paul, Plasma Phys. 16, 247 (1970)
1t e T i
S.S. Harilal et al J. Appl. Phys. 82, 2140 (1997)
2L i
-3 1 1 ]
0 1 3 4

2
In(t)

— + —(Precom — Pbrem — I_)ioniz) — Pei




. lon temp.

20 : . ' '
— N=10%cm? T_=50eV T =5eV

_ __N=10%em> T =50eV T =5eV
15

—-—-N=10""cm” T_=50eV T =5eV ||
--------- N=10"%cm™ T_=50ev T =5ev




: Average charge

®
15 . . . .
UV ee—e——————— .
N
m 13 | - h— -_ — — — — — m— o, e 4 — — — — ]
g —N=10%%cm* T_=50eV T =5eV
< 12 —  _N=10%¢m™ T _=50eV T =5eV |
& — —-N=10cm> T =50eV T =5eV
< 11t - e " T
Lo e N=10%c¢m™> T =50ev T =5eV
'I:I: =] |
10} .
ol i
8 | | | |
0 5 10 15 20 25
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o Energy exchange

® 20 ; ; ' '
— N=10Ycm”? T =50eV T =5eV
15| ? | i
— — —N=10%%¢m™ T_=50eV T =5eV
10+ ——-N=10"7cm? T_=50ev T=5 eV ||
sL N=10 cm™ T =50eVv T=5eV |
< . '
A e —
el D T ————— ]
5 e
L A} e T
-5 D ]
10l g: ]
15t T
-20 ' ! | '
0 5 10 15 20 25
t [ns]

oT, —2T., 2

— Precom - P rem ~ f)ioniz - Pei
ot P 3Ne( b )
' _ ! 0 “
P 0T _ —2T; P, iz =3?V€ Precom — Pei B
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Equilibrium Ni plasmas
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: Electron temperature

20

— N=10%Y%cm’ T =5eV T=5eV
— — —N=10%¢m™ T _=5eV T=5eV

15+ ——-N=10""¢m” T_=5eV T =5eV |

......... N=10cm™ TE:5e"u" Ti:5(31"uIIr
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o lon temperature

20 ; ; ' '
— N=10%cm* T =5eV T=5eV

— _N=10%%cm™ T _=5ev T =5eV

15

— —-N=10cm™ T _=5ev T =5eV ||
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: Energy exchange

®
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: Average charge

®
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I@ Conclusion

= The expansion of the plasma after the laser pulses not perfectly
adiabatic.

= The three-body recombination acts as an energy source and heats
the electrons and consequently changes the electron temperature
time dependence.

= Three-body recombination leads to a decrease and freezing of the
average charge of the plasma.

= Three-body recombination prolongs the electron-ion relaxation
time.

= OUTLOOK: Carbon and Aluminum plasmas.
Non-homogeneous expansion
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