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Diverse sources of generation:
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Collimated &
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Ion

Eream
Collimataor

Nanosecond Electric
Explosion of Wires

G.E. Norman, V.V. Stegailov, A.A. Valuev.

Contrib. Plasma Phys. 43, 384 (2003)

_—~WDM

A. Saemann, K. Eidmann, I. E. Golovkin, et al, PRL 82, 4843 (1999)

K. Widmann, T. Ao, M. E. Foord, et al, PRL 92, 125002 (2004)
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Y. Ping, D. Hanson, |. Koslow, et al, PRL 96, 255003 (2006)

U. Zastrau, C. Fortmann, R. R. Faustlin, et al, PRE 78, 066406 (2008)

IR, visible, UV, XUV
lasers

fast single ions, ion beams

In condensed matter

A.V.Lankin, I.V.Morozov, G.E.Norman, S.A. Pikuz Jr.,
l.Yu.Skobelev Phys. Rev. E 79, 036407 (2009)

Explosions of tips
(protrusion, whisker)
on cathode surface



Two temperature
warm dense matter.

Exotic properties



DOS, states/eV
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Gold: electron DOS (d- and s-electrons)
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Au = Xe 5d10 6s1

Te=0.1eV

Te=6.0eV
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FCC gold phonon spectrum after pulse irradiation
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Spatial redistribution of the electron density
after the electron temperature increase

f.c.c. Au
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Basic equations
for WDM relaxation



MD simulation for IONS :
ETD-potential + Langevin thermostat + P,

I \ | D deloc
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Electron-ion relaxation
Langevin thermostat

Electron-temperature dependent Electronic pressure
interionic potential (delocalized electron energy)



Thermal conductivity equation for ELECTRONS
at continuum media approximation
ﬂT

C.,—==N(K,NT,)-g,(T,-T;) +NQ
o 1T

Electron thermal conductivity  Electron-ion relaxation  Source of

heating
at ablation




Thermal conductivity equation for ELECTRONS
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at continuum media approximation

=N(K.,NT,)-g,(T,-T,) +NQ
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Electron thermal conductivity
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Electron-ion relaxation

initial conditions for
track formation

Te (K)
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t 3 pulse width

laser ablation




Complete model

ELECTRONS: thermal conductivity equation at continuum media

MD simulation for IONS: ETD-potential + Langevin thermostat + P,
modification of LAMMPS

T, < g - |
C, L (KNT,) g, (T, -T,)FRQ | Q=lrexpl-x/d] t < puise with
it Q=0 t 3 pulse width
r ~ .
dv. r r I K pp deloe laser ablation
m—L=F (T,)-|bv, +x (T,)}- —
dt r., initial distribution of T,
track formation
g, — factor of electron-ion relaxation B= [3(9IO , Co) f~ Te1/2
C. — electron heat capacity

K, — electron heat conductivity f = m T~ 20 PS



Electron-temperature dependent
Interionic potential



Force matching method for development of potential




Force matching method for development of potential




Force matching method for development of potential




Force matching method for development of potential
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Force matching method for development of potential
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ETD-potential for gold

F (eV)
2 r (A) 3 4 ' 0
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ETD-potential for gold
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Verification of ETD-potential for Auat T, =0.05 eV
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Melting curve calculation, Fe
Two-phase 3D modeling

2050 YO WA W Y
ot VR ‘l;.-;'n‘n" Egmgh z:‘;‘";"-
. BT o o -I‘ elgw (R T -.‘
1 - A S, '3' ‘;.1,;,'-..“‘.‘“‘
R
‘? BN 2 o S

R

Econf = éEI

E, :%gf(rij)-l_ F(r;)

AT ¢ =L 'y ALy 3 k . g W ;3:::1:.?.’
N A dE R R R e K SO
S ARy ARR A
— YA AL o B P ANTS L, Sy by Lyt >
il Sz Eper ‘:ﬁ
B A L s i )

PRSP 0y L AR

EAM potential -
Projection onto xy plane



Melting curve T (P) for Fe
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T.-dependence of Au crystal melting temperature
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P. (GPa)

250

200

150

100

50

Electronic pressure in gold
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P. (GPa)

Electronic pressure in gold
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Laser ablation of gold



“short” and “long” ablation mechanisms for sub-ps pulses

Laser pulse
—

F=1600 J/m?



ablation mechanism
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“short” ablation mechanism
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“long” and “short” ablation mechanisms
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Dependence of crater depth on absorbed fluence (sub-ps pulses)
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Dependence of crater depth on absorbed fluence (sub-ps pulses)
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Dependence of crater depth on absorbed fluence (sub-ps pulses)
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Laser ablation of gold (ps pulses)
Dependence of crater depth on absorbed fluence

200 - . - . . . . .
=AU
150
Faenov et al. 2011
’é (experiment) —@—
5 100 . X-ray, T=7psS
©
—@—
50 1l
| :i_' Foos (3/M?)

0 | . | . |
0 500 1000 1500 2000



Laser ablation of gold
Dependence of crater depth on absorbed fluence (ps pulse)
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Laser ablation of gold
Dependence of crater depth on absorbed fluence (ps pulse)
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The Formation of Warm Dense Matter:
Experimental Evidence for Electronic Bond
Hardening in Gold.

R.Ernstorfer, M.Harb, C.Hebeisen, G.Sciaini, T.Dartigalongue, R.Miller
Science. Vol. 323. no. 5917, pp. 1033 — 1037. 20 February 2009



intensity
" profile

background

n ort
On SUpP filter

mesh



I(s) [a.u.]

0 4?2 4‘10
—1.7 ps

0

0.5 1 1 1.5
Scattering vector s [A ']



Time constant [ps]

Absorbed energy density [MJ/kg]

81.0 1.5 2.0 2.5 3.0
] 3200 K !
2] 3000 K 1
12 eV )
6 - -
5 Spinodal decay
] 3500 K ]
4 3600 K ]
] 3ev 3700 K]
31 4100 K1
2_: é . 4 eV _
I 1=147-4. ]
1 Spinodal decay ~""*---. ﬁ ;
0 -I LA L L L L e |
400 600 800 1000 1200

Absorbed fluence [Jlmzl

Tm = 1330 K



Non-equilibrium
S spinodal decay

Crit. point

Triple point

logV



The energy deposited in WDM
can be by order of magnitude higher
because of the creation of the
two-temperature state and
corresponding ion lattice hardening

The final explosion can be
a spinodal decay of
a particular two-temperature
metastable state



Formation of two-temperature state:
experimental evidence for electronic bond hardening in gold

Ernstorfer R. et al. The formation of warm dense matter: experimental evidence for
electronic bond hardening in gold // Science. 2009.

Recoules V. et al. Effect of Intense Laser Irradiation on the Lattice Stability of
Semiconductors and Metals// PRL. 2006.
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FIG. 1 (color online).

Phonon spectrum of Si at different

electronic temperature. The black curve is the spectrum for Te =
0 eV. The green curves are for Te = 2.15 eV. Open circles are
experimental results from [26].

Frequency {THz)
s
T

FIG. 2 (color online). Phonon spectrum of Au at different
electronic temperatures. The black curves are the spectrum for
room temperature. The green curves are for Te = 6 eV. Open
circles are experimental results from [27].




Simulation of
tracks formation
IN metals



Moving of high energy ion through matter
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Energy loss of Xe ion in metal

dE/dz (KeV/nm)
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Energy loss of Xe ion in metal

dE/dz (KeV/nm)
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Two-temperature model

lon subsystem Electronic subsystem
dv. ~
m% =F-bv,+F*(T) C ﬂﬂTte = N(K,NT,) -G, (T, -T))

Interatomic potential

Mo
Starikov S., Insepov Z., Rest J., Kuksin A., Norman G., Stegailov V., Yanilkin A.
// Phys. Rev. B 84 104109 (2011)

U
Smirnova D., Starikov S., Stegailov V.
/1 J. Phys.: Condens. Matter 24 015702 (2012)

Characteristics of the electronic subsystem
Co=vI; K.;G



Simulation of track formation in Mo



Profiles of electronic and ionic temperatures

dE/dz = 140 KeV/nm
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Profiles of electronic and ionic temperatures
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Dependence of temperature on time
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Defect formation at heating/melting of ionic subsystem

dE/dz = 160 KeV/nm
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Defect formation at heating/melting of ionic subsystem

dE/dz = 160 KeV/nm
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Defect formation at heating/melting of ionic subsystem

dE/dz = 160 KeV/nm
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Defect formation at heating/melting of ionic subsystem

dE/dz = 140 KeV/nm dE/dz = 160 KeV/nm
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Simulation of track formation in U
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Profiles of electronic and ionic temperatures

dE/dz = 28 KeV/nm
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Dependence of temperature on time

dE/dz = 28 KeV/nm

T, 10% (K) electrons T, 108 (K) ions




Ob6pa3oBaHue gedeKkToB
npu Harpese/nnaBneHM MOHHOU NOACUCTEMDbI
(amombI pacKkpaweHbl 8 coomeemcmaeuu ¢ KOOpPOUHaUUOHHbLIM YUCJIOM)

dE/dz = 28 KeV/nm

High energy ion




Ob6pa3oBaHue gedeKkToB
npu Harpese/nnaBneHNN MOHHOU NOACUCTEMBI
(amombI pacKkpaweHbl 8 cOomeemcmeuu ¢ KOOpOUHaUUOHHbLIM YUCJIOM)

B a-U [4dE/dz =28 Kevinm
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Ob6pa3oBaHue gedeKkToB
npuv Harpese/nnaBreHNN MOHHOU NOACUCTEMDI
(amombI packpaweHbl 8 coomeemcmeuu ¢ KOoOpPOUHaUUOHHbLIM YUCJIOM)

B a-U [4dE/dz =28 Kevinm

B vJU




Ob6pa3oBaHue gedeKkToB
npuv Harpese/nnaBreHNN MOHHOU NOACUCTEMDI
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Ob6pa3oBaHue gedeKkToB
npuv Harpese/nnaBreHNN MOHHOU NOACUCTEMDI
(amombI packpaweHbl 8 coomeemcmeuu ¢ KOoOpPOUHaUUOHHbLIM YUCJIOM)

dE/dz = 28 KeV/nm




Defect formation at heating/melting of ionic subsystem

dE/dz = 15 KeV/nm dE/dz = 28 KeV/nm
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Conclusions

A new approach is developed
to model and simulate
two-temperature warm dense matter
relaxation

The approach Is used to study
some examples of
laser ablation and tracks formation






Distribution of electron density in Aluminium.
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Distribution of electron density in Aluminium.
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Distribution of electron density in Aluminium.
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Distribution of electron density in Aluminium.
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Density of current of thermal emission in Aluminium.
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Surface density of uncompensated positive charge.

s,10" cm”®

o 4 8 12 16TeV



Distribution of electron density in Aluminium.
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Properties of electronic subsystem



Electronic subsystem:

aT,
Ce(Te) " pe a_; =V(K,(T,) - VT,) - gp(Te -T;) +VQ

T1.>>T,
Necessary

C.(T,)
K. (T.) )

gp(Te - Ti) -




Electronic subsystem:

oT,
Ce(Te)  pe == V(Ke(Te) - VT) — gp(Te —-T;) +VQ

at
Te >2 Ti
Necessary
Co(T,) .
KEE(TZ ) P, DFT calculation
9p (Te - Ti) -




Calculation of electron heat conductivity
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Calculation of electron heat conductivity

K =

1
eT

o0=2Ly1;0(0)=Ilim o(w)

!

2

4 ) 4 ™ 4 N
Quantum MD Kubo-Greenwood
Formula
lonic B heat conductivity
configuration conductivity
\_ J .
Kubo-Greenwood Formula
. he? - . _
Lij = (-1)*) ; lLﬂf{ 2 - /%) (g — & — €)X Z{wklvlwk W [P1re) (& — )" (& — )’ ™7

L5 . .
Ly — —) K(0) = lim K(w) Static heat conductivity

Loo

w—0

Static conductivity




Electron heat conductivity of liquid aluminum
In two-temperature state
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Electron heat conductivity of solid gold
In two-temperature state
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Laser ablation of gold



lon structure in simulation box

Laser pulse
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“Short” ablation at sub-ps laser pulse duration
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“Short” ablation at sub-ps laser pulse duration
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“Short” ablation at sub-ps laser pulse duration
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“Short” ablation at sub-ps laser pulse duration
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“Short” ablation at sub-ps laser pulse duration
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