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Focusing conditions:

Fluence absorbed from ~0.01 to ~1 J/cm?

radius of focal spot R, :

R >>A
objective
R, VA low/high NA
Fresnel zone plate
peam structure .
. avelength A
F=max In center \ /

F=0 in center

beam radius
on target R,
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Laser-matter interaction

e Targets: bulk targets, film targets
* Thin films — thick films

* Free standing films, supported films
* Laminates

* Nanoparticles formation l l laser l l
* Powders, sintering

Short pulses 1 ps and less. Film is thin if HAZ is thinner than d — film thickness
Thickness of HAZ d; is from 10s to 100s nm in metals

Thick films are if df is 2-5 times thicker than HAZ
Bulk targets if film is 7-10 times and more thicker than HAZ



Blistering of thin films + tight focusing

tight focusing is diffraction limited focusing
then for IR-UV light a radius of focal spotis ~ 1 um

—3um
40 000 x |20.00 KV|ETD |16.9 mm | 45 ° Laser Zentrum Hannover

Danilov et al.,

B. Chichkov et al., JETP Lett. (2016);
2004-2016. Size = Danilov,... INA,

see the scale bar JETP Lett. v. 104, p. 759 (2016)
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Kuchmizhak,...,Zhakhovsky, INA,
Nanoscale, v. 8, p. 12352 (2016)
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Du3uka BO34eICTBIA Aa3epa Ha MeTaAA
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Du3uka BO34eICTBIA Aa3epa Ha MeTaAA
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Du3uka BO34eICTBIA Aa3epa Ha MeTaAA
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[IpeoaoaeHue paspbiBa MeXXAY HaAVYHBIMU
Ha CEeroAHs pecypcamMu 1 TpeOyeMbIMU

- 3000*3000*(50+3*50)*60 = 1011 aToMOB
« (0.1-1)*1079 = limit

« Kak o0omTtm?

* 1) pasaeanTsb Ha HAYaABHYIO CTaAUIO ~df/cs u
rmocaeayiomyro RL/VE

* 2) HauaAbHYIO CTaAMIO OIMCaTh C rnoMoInsio 2T-1'/
KOAa (AByxXTeMIiepaTypHbI IMAPOKOA) = TOTAA
MBI 3HaeM Vi B DKCIIepMMeHTe

* 3) HOAeT IIA€HKU I10CA€e ee OTPhIBa OT II0AAOXKKH
MOAeANPpOoBaTh HocpeacrsoM M/



[IpeoaoaeHue paspbiBa MeXXAY HaAVYHBIMU
Ha CEeroAHs pecypcamMu 1 TpeOyeMbIMU

* 3000*3000*(50+3*50)*60 = 10*11 atomMoOB
* (0.1-1)*1079 = limit
 Kak obomtin?

4) MA-MK xoa. MK=Momnre-Kapao = Bapuari:
KO®(pduIMeHTa TerA0IIpoBOAHOCTI Kalllla

* 5) MA noaer. Vicnoap3oBaHmue Teopun rog00usl
Vi »T0 ckOpOCTh NAeHKY, OHa Xe Vc(t=0)

Vg = zvf"g;[ pd;) = 46 [o/(1000dyne/cm)]'/? [p/(19.3g/cm®)]~1/? [d; /(100nm)]~1/2 [m/s]

= X/Rp =100[x/(1em?/s)] / [Ry/(1pm)] [m/s], vy = velt = 0) /vy

1-‘1



[IpeoaoaeHue paspbiBa MeXXAY HaAVYHBIMU
Ha CEeroAHs pecypcamMu 1 TpeOyeMbIMU

» 2T-T'Zl x0a = TOrAa Mbl 3HaeM Vf B DKCIIeprIMeHTe

Vg = zvf“'g;’[ pd;) = 46 [o/(1000dyne/cm)]/? [p/(19.3g/cm®)]~1/? [d; /(100nm)] " Y/? [m/s]

v, = x/Rp =100 [x/(Lem?®/s)] / [Rp/(Lpm)] [m/s],  voy = velt = 0) /vy

X

¢ HOAY‘II/I/H/I BKCHepI/IMeHTaAI)HbIe SHAYECHI
Vf/ Vsigma, Vf/ VChl . KalliAAsIpHOE 4JICAO U TeIIA0BOe YICAO

 df 8 M4 Ha mopsa0k MeHblle =2 Vsigma u Vi B
MA B sqrt(10) pas boabire

* RL 8 MA B 5 pa3 Mmenb1nie. YMmenbnraem chi Tax,
yTOOBI Terra0B0e uncao VE/Vchi Obl410 Kak B OIIbITE



Large scale MD: few 100s mln atoms

MD = Molecular Dynamics. The code includes Monte-Carlo heat transfer,
thus it describes cooling and thus it describes freezing = re-solidification !
Solid is shown by green colors, while molten gold by red colors

MHA, Kaxosckuii, I Tucema KOTO, 1.100, c.6 (2014)
VIHA n ap., KOT®, 1.147, c.20 (2015)

INA et al., Appl. Phys. A 122:432 (2016)

INA et al., Nanoscale Res. Lett. 11:177 (2016)

Anncumos, VIHA u ap., Ksant. Daexrponnka T.47,
c.509 (2017)




Large scale MD: few 100s mins of atoms

Danilov,...,.Zhakhovsky,INA, JETP Lett. v. 104, p. 759 (2016)

Delayed freezing (slow freezing) -
then liquid has opportunity to escape solidification.
Fate of liquid jet is demonstrated



In the cases with large spot or high energies, the shell cannot be frozen fast 2
then a hole (films) or crater (bulk) remain. They are encircled by a frozen rim =
Only the rim has time to be solidified Danilov,... Zhakhovsky,INA, JETP Lett. v. 104, p. 759 (2016)



Rupture of a jet and solidification of the tip
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Rupture of a jet and solidification of the tip

Anncumos, VIHA n ap., Ksaur. Daexrponuka 1.47, ¢.509 (2017);

INA, Zhakhovsky,
arXiv:1701.04576

Lobachevskii Journal of Mathematics, v. 38, p. 914 (2017);



Nanocrystallin structure in our simulation
and in experiments Nakata et al
Appl. Surf. Sci. (2013)
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Rupture of a jet and solidification of the tip

The five-fold = icosahedral symmetry seen also in foam threads by Wu, Zhigilei (2016)






CBOOOAHOBUCAIIINIE
I11€HKU

1 1aserl

Tenmepr BES 11oaa0>xku: BO34yX € AByX CTOPOH

HpMMep ,ZI,OHOpOFOBbe/I. Bua 110 HopMaau K 11.1eHKe -

OI1bIT BBIIIOAHEH BO BaaausBocroke Kyuminkak n AP
NAITY ,ZI,BO PAH (MHCT. aBTOMaTUKU U IIPOLIECCOB YIIPaBACHI:)

Mag = 61.13K X WD =10.0 mm
SE2 EHT = 5.00 kV







CBOOOAHOBUCAIIINIE
I11€HKU

Mag = 61.13 KX WD =10.0 mm

— SE2 EHT = 5.00 kv

Mag = 82.24 K X WD =10.4 mm
InLens EHT = 5.00 kV

Mag = 52.85 K X WD =10.0 mm
EHT = 5.00 kV




The free-standing CAdSe. Red=liquid, green=solid

* Shell (two of them) forms from free-standing film

* The shell survive in spite of hard bombardment
by fragments of foam decomposition

* Capillarity stops and return back the shell, but it cannot
stop the jet formed thanks to Rayleigh-Taylor type of
jetting. Solidification freezes liquid. Rayleigh-Plateau
separation of droplets  maznaknovsiyxnokniov, 1Phys. Contser. v.946, 012008 (2018)



The free-standing case

In the previous page the side view onto breaking free-standing shell was shown

 We saw a struggle between inertia v. capillarity

 We saw how freezing stops moving liquid in its
motion

* Here the view from above is given.

* This is temperature field: more red are hotter.
The bright spots are droplets bombarding the
shell from inside



The free-standing case

ELBRUS 2017 IOP Publishing
[OP Conf. Series: Journal of Physics: Conf. Series 946 (2018) 012008 doi:10.1088/1742-6596/946/1/012008
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Laser ablation caused by geometrically constrained
illumination and inventive target design

N A Inogamov!'?, V V Zhakhovsky?! and V A Khokhlov!

o




Danilov et al,, JETP Lett. (2016)
The puzzle of formation of
lamellated crystallites is solved:
INA,Zhakhovsky,Khokhlov,
J.Phys.:Cont.Ser.,

v.946, 012008 (2018)






Focusing conditions:

fluence

radius of focal spot RL
R, >>A
R.~A

beam structure:
Gaussian

Taken from arXiv 1702.07891 by Syubaev et al.
Hermite-Gaussian
Laguerre-Gaussian

Spiral Fresnel Zone Plate (SFZP) — toroidal
intensity distribution



PasHuiia Mmexay
IIeHTPaAbHBIM I KOABLIEBBIM BO34EVICTBYIEM
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Focusing condltlons

T .. =3000K
* fluence T ~9000K
e radius of focal spot RL
e R/ >>A
* R ™A

T. = 6000K
T,,=18000K

Kohmura,Zhakhovsky,..,INA,..,
Appl.Phys.Lett. v.112, 123103 (2018)

e beam structure:

e (Gaussian

e Hermite-Gaussian MD simul_ation of hard x-ray toroidal_impact
onto multilayer Au-Cr structure on Si mount

° Laguerre_Gauss'a N done by V.V. Zhakhovsky

e Spiral Fresnel Zone Plate (SFZP) — toroidal
intensity distribution



Laser-matter interaction

Targets: bulk targets, film targets
Thin films — thick films

. . . - -1 a
Free standing films, supported films Te,=3000K) ©
T,,=9000K

Laminates

Nanoparticles formation

. . . . Tc:rz 6000K
Powders, sintering, dynamic throwing T,,=18000K

Porous media, compactification

10 Cr Au Cr Au Cr Au
o ot T T — T 3
= / \
=, - 10 ps
g 6 P ———]
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= ]
s 4 ~___ Effects of two-temperature stage:
= _/ 3ps \ Electron-ion coupling parameter
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FIG. 1. Schematic view of SACLA nano-structuring exper-
iment. The SFTP was introduced to create a focused x-ray
vortex. The specimen was placed at the focal plane of th
SFZP. A phosphor-coupled CCD camera was used to mon
tor transmitted images of the specimen. The SFZP and th
specimen were in vacuum and in room temperature during™
the experiment.
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FIG. 3. (a) SEM image of the ablated spot by the 0.9 pl
pulse [Fig. 2(b)] with the electron-accelerating voltage and
the magnification factor of 15 kV and x 20000, respectively.
(b) Band-limited Cr Ka1,2 image, and (¢) Au La:2 image.
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Nano-structuring of multi-layer material by single x-ray vortex pulse with

femtosecond duration

Yoshiki Kohmura,! Vasily Zhakhovsky, > Dai Takei,* ! Yoshio Suzuki,® Akihisa Takeuchi,® Ichiro Inoue,! Yuichi

Inubushi,® ! Nail Inogamov,? Tetsuya Ishikawa,! and Makina Yabashi'®






Laser-matter interaction

Targets: bulk targets, film targets
Thin films — thick films

Free standing films, supported films
Laminates

Nanoparticles formation

Nanoparticles are formed thanks to Rayleigh-Taylor instability, see movie

NmeeTtca 6onblOe KONNYECTBO IRCNEPUMEHTA/ZIbHOIO XapaKTepa

TeopeTuyecKkaa paboTta n moaenmMpoBaHmMe Hadyanacb HECKONbKO JIET Ha3aj, Ha
cerogHA nmeroTcA ToNbKo age rpynnbl: MoBapHUubiH, UTUHA, J/leBawos B IBTAHe
n J1. urnnei, CLUA, yHuB. BupaxntHum
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Fig. 1 Space-time diagram of density distribution. Al target ablation
in vacuum—(a) and in water—(b) for F = 1 J/em®. Dashed (black)
curve is the aluminum-water interface

Hydrodynamic modeling of femtosecond laser ablation of metals
in vacuum and in liquid
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Fig. 2 Phase diagram of Al and thermodynamic trajectories of 1 nm
(solid red curve), 5 nm (dashed green curve), 10 nm (dotted blue
curve) and 50 nm (dash-and-dot purple curve) layers for Al target
ablation in vacuum—(a) and in water—(b) for /' = 1 Jlem®. CP is the
critical point, bn is binodal, sp is spinodal



2T-HD 1D simulation results -1

t=20ps P 7 20
WATER 40 — —— p| \\
\ -
— P \\ 3
\\ 31 .
LASER = 4 \ SR
3 X v
GOLD é 0 \ z
E 1| 5 \-. =
Z - | \\ - 10
5 | N
5 3 / \'\
10 I /,/ - S
INA,Zhakhovsky,Khokhlov, arXiv:1803.07343v1; | [~ / -
| — J
KOTO, 1.154,85111.1(2018)-nnpmu:ATO B HeyarTs o el ST A . .
AIP Proc. accepted (2018) 108 A iy £00
distance from initial contact (nm)

At the left side: Scheme of fs-laser action through water on gold. Intensities are
below optical breakdown of water. At the right: Instant profiles of density (blue
curve) and pressure (orange curve) at t = 20 ps after fs-laser action. The label 2
shows instant position of shock in water, 3 is a layer of shock compressed
water, 1 is the contact between water and Au. The layer between the digits 1
and 5 is the ATMOSPHERE 4 made from Au. It is formed as a result of
deceleration of the unloading Au by water. The molten Au continues up to the
depth x=180 nm. Fluctuating region on the density profile to the right side
relative to the label 5 (x~0) presents the layer where nucleation and
development of two-phase liquid-vapor Au continue.



2T-HD 1D simulation results -2

30

10

density (g/cc) and pressure (GPa)
[ ]
S
|

-400 0 400 800
distance from initial contact (nm)

Continuation of the run shown in previous page, here t=70 ps.
Absorbed energy F,, . is 400 mJ/cm?, duration 100 fs. F,, . four times
overcomes nucleation threshold. Therefore a wide zone I of nucleation
(transforming in two-phase mixture) is formed. The thermodynamic
states corresponding to this region are located near critical point. 2 is
shock in water, 1 is the contact. Compression wave propagates to the
right into bulk of Au. Gradually it becomes steeper and steeper and
overturns forming weak (p is less than bulk modulus) shock in Au
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Deceleration from contact velocity—> calculation of linear RTI




v = (2k20)2 + gk At — k30 /(pa + pw) — 2V
100 E
I Stratakis et al., Opt.Express, 2009
E I ; o % 7 - ;
* 10 |
- A =60 nm
1 = ) E . — Fig. 2. TEM view of nanoparticles generated via ablation of a bulk Al target in ethanol us
1 10 100 __laser radiation.

time elapsed after pump (ps)

Viscosity of molten gold, surface tension of molten gold



The key phenomena are:
gold (Au, yellow) is irradiated
from above through blue water.
Hot Au expands into H20.
Irradiation causes (1) nucleation
and foaming in Au, (2) the layer of
Au (= atmosphere) decelerated by
H20 appears. Under H20
pressure the cavities in a foam
collapse.

(3) there is “accretion” of foam
onto atmosphere.

(4) deceleration of atmosphere
leads to Rayleigh-Taylor instability
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Dynamic fracture of tantalum under extreme tensile stress
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Conclusions

* Very different laser sources may be used for
surface structuring, nanoparticles production,
and sintering of powders. They differ in
wavelengths, fluences, and durations.
Focusing conditions (Gaussian or non-
Gaussian beams), diffraction conditions A/R;
may be varied. Shot rate varies from single
shot to many MegaHertz repetition rates.



Conclusions — continuation

* We developed physical models which allows to
combine different codes to describe particular
situation. These codes are: two-temperature
Lagrangian hydrodynamics code; radiation
propagation code solving Helmholtz equation;
molecular dynamics code together with Monte-Carlo
subroutine allowing to include electron heat
conduction in metals; SPH code adapted for
multiprocessors supercomputers; DFT packages (ElKk,
VASP etc.) for guantum mechanical simulations

Thank you for your kind attention !
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