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OUTLINE

] Presentation of the study of the crater formation theoretically
1 Experimental study of the crater formation

] Conclusion
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Molecular dynamics simulations

9000 = 45000
8000 N=13 © > 40000
7000 £ 35000 |
6000 | ? 30000
Q
5000 | T 25000 |
> Q
4000 | 4 20000 f
. 1 1 . . (]f?) I 3000 + E 15000
Flg.. Molecular-dynamics view on craters formed by clust § 10000 |
mmpact. 1000 . T 5000
(a) Ar1000 on an amorphous Ar target. W % . . e
0 5000 10000 15000 20000 0 10 20 30 40 50 60 70 80
E/U dimensionless impact energy E/(NU)

(b) Cul0 000 on Cu target [1]
e The obtained results gave evidence that beyond a

threshold energy the crater volume increases linearly
High pressure with impact energy scaled to the cohesion energy [.
ngh temperature. e Mathematic ﬁttlng of the simulated data

e During the formation of the crater, there is formtaion of
a compression region :

In order to build our theoretical model, we started from this
observation for which we supposed that this observation may be
interpreted as being a

[1]: C. Anders, G. Ziegenhain, C.J. Ruestes, E.M. Bring
Urbassek, New J. Phys. 14 (2012) 083016.
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Modelisation of the Cratering
process Spherical model




Cluster Approximations

l L Spherical cluster (size n, mass mo and radius 7o )

L s e s s e m—— ———— Y

 Normally impacting into a planar surface with a velocity ,
Where :speed of sound in the target

Cible métallique

¥ == -

O Shock wave generation at the impact

Crater formation process :

Cluster
I. Contact stage
Surface métallique
At the cluster impact on the surface, and due to a high velocity l
impact and to a large energy density depositing in the target, two /
shock waves are generated ]

/\ —n
métallique

downward in the target Backward into the cluster



II. Compression stage

* Immediately after contact stage, the rapid movement of the cluster pushes the target material which
results in the creation of a disordered zone under the action of shock waves,

Cluster

Surface d’origine

Zone de compression dans
le cluster
* Under the shock compression, the material \4 N A
shocked passes from its initial solid state to a N
new state characterized by high pressure
high temperature and high density.

Zone de compression dans ) )
Zone désordonné

Fluid Gas la cible v (déplacée)




I11. Rarefaction and Excavation stage « Jetting process »

L When the shock wave catches up with the point of collision (point h) it detaches itself from this point under the
condition:

Leading to the ejection of the particles [2]

Cluster

Is the collision point velocity

Initiation du Processus d’Ejection Point de collision

+¢* This condition ensures that the shock
wave detaches from the collision point
allowing for rarefaction waves to
propagate into the shocked material
inducing collective ejection of particles.

Q
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Q
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[2] :J.A. Ang, Int. J. Impact Eng. 10 (1990) 23-33

Onde de
raréfaction



Crater Volume

Cluster

* Breaks up under the action of pressure

* Penetration of a certain depth X behind the
shock wave.

o)
=]
)
o
3

o
o,
>
T

e Accordingly, the cluster is decelerated under the shock ref ection

. dr y
force given by : e

L

Y
4

. . \ L Ll N P A P /
where 1s the cross sectional area \ /
\ X /
. . . ) \ target atoms + cluster atoms y
This radius can be deduced as a function of x from triangle S in motion with up

in which

— — -

7
7’
~ ”
\f $Up 2N
AR -7
s Po

shock front

The cluster penetration velocity can be obtained using equation of motion
under initial conditions t =0, x =0,



Approximation 1: spherical crater appears as a result of shock wave produced at the cluster impact [3,4]

Cluster penetrate a small Cluster breaks up at the impact on
distance x the surface

Cu, =2 Cu surface

Ar, =2 Arsolid surface
Au, =2 Au surfaces

Ar, =2 Metallic surfaces

Where :

e n:cluster size

* , :atomic density of cluster and the target.

e :penetration velocity. . ,

e sound velocity. [3]: Y. Yamaguchi, J. Gspann, Phys. Rev. B 66 (2002) 155408.

. : Sublimation Energy [4]: J. Samela, K. Nordlund, Phys. ReV. Lett. 101 (2008) 027601



Volume (atoms)

Volume (atoms)

Results
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Figures: Dependence of crater volume in atoms on the scaled impact energy for Cul3, Cu43 clusters. Solid squares are the

dynamic molecular simulation [ || and solid line is the curve calculated from the model

[1]: C. Anders, G. Ziegenhain, C.J. Ruestes, E.M. Bringa, H.M. Urbassek, New J. Phys. 14 (2012) 083016.
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Conclusions

L The Spherical model has been successfully applied to reproduce many simulated data in the KeV
range by molecular dynamics simulations without any free parameter. Emax=1 MeV

4 S. Gouasmia, M. Benguerba, Nucl. Instrum. Methods B 447 (2019) 43-49.

U Theoretical basis which may help understand nano-sized modifications leading to surface craters
formation under shock wave conditions generated by self impact of high velocity copper, gold and
argon clusters.

1 Institut
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Study experimental of the crater
formation under Gold cluster ions

Objectif: Validation of the theoretical model at
high energy

Other
Conditions

Other
surfaces

Under the shock wave condition




Samples preparation

1 CMS-18 system for preparation of thin layers by
magnetron sputtering process

4 nm

4 nm 4 nm
[ 20 nm [ 20 nm [ 20 nm
40 nm 40 nm 40 nm

o 3 samples for each one

. Institut
| a Ruder
Boskovic

: Sublimation Energy




Samples Characterisation

u Rutherford backscattering spectroscopy

0 4He 1MV Tandetron accelerator/ RBI

PIX RBS :
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1. Silver samples
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2. Copper samples
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Surface analyse using the Confocal

e Cu220nm

e Objectif *10 Capture (size 1428pum*1071pm). — | (&)

e Objectif*150 (Zoom in the center of the sample). (b)

{f,'_’

Confocal Microscope
—|JCLab-Paris

(b)
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v Au,~Au (4, 20 and 40 nm)
v Au,?Ag (4, 20 and 40 nm)

v Au,=Cu (4, 20 and 40 nm)

Characteristics of the available gold cluster beams

4 Irradiation N

using 12 MeV
Auiso, Augoo,

Exit Center EVE
Accelerator chamber

Ions Energy (MeV) Beam Intensity ~ Dose (ions/cm

size (um)  (pA) ’)
Auiso 6, 12 400 0.5 2.4+0.6 10°
Augoo 6, 12 400 0.5 2.4+0.6 10°

Auroo 6, 12 400 0.5 2.440.6 10°

N Aurgo p

{ Atomic Force

Microscopy
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Individual impacts
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X 0,20 um
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y{om|

Crater volume

30

31.0 nm

0.0
—30.0

y [nmi
(-]

™
[S)
lllxllll' n“uul“l' llllI 11|1.u1!1u~n|

— Profl horgontal 1
- Profl vertical 2

&
@

20

10

-10

-20

—— Profil horizontal
—— Profil vertical

Impact Au 400 Cible Au 20nNMm
Impact Au 400 Cible Au 20nNMmMm

T T T - - - v - T T - T - - T - - T T T - T T T - - T - - - - T - - - T
-O.3 o.O0 o.3 o.2
> [parn]
BBl Measure Distances <
e < : el
S O e
Points X [nm] Y [nm] Length[nm] Height [nmn] Angle [deg]
0.0 -2.53
0.0 -17.74 0.0 -15.21 -90.00
EHl Measure Distances > / o
Curve: |1 = Method: | Intersections ~ Cl atel dlametel

Points X [nm] Y [nm] Length[nm] Height [nm] Angle [deg]

861 -2.66
. 1570 -3.97 71.0 -1.30 -1.05
10
15
Close Clear
0.05 0.10 0.15 0.20 0.25




0 Experimental crater volume

Rim A Rim B Crater
height max  width height max width Depth  Diameter Hilloks height Radius Crater Volume (
Trace (nm) (nm) (nm) (nm) (nm) (nm)  Hillocks (nm) (nm) nm?)

A 14 36.6 26 39.6 18.22 58.8 Yes 13 294 /

B 10.8 28.5 17.7 34.6 18.5 62.5 Yes 3.3 31.25 /

C 14.8 35.9 6.5 22.6 19.84 55 No / 27.5 47112.56
D 11 26.4 17.6 27 18.6 58 No / 29 49117.764
E 3 21.3 9.2 284 22.7 44 .4 No / 22.2 35128.64952
F 27.6 34.6 9.25 254 19.4 51.1 No / 25.55  39766.11709
G 9 26.3 19.8 374  20.15 45.5 No / 2275  32746.69694
H 10 46 13.4 27 214 58.2 No / 29.1 56902.24476
I 15.9 31.7 20.2 34.1 20.6 64.5 Yes 25 32.25 /

Mean 20.34 52.03 26.01 43462

L Theoretical crater volume ]
Spherical crater :

* Angle 45°

e Energy 12 MeV . free parameter of the model

¢ (Cluster size=400



Cylindrical crater : : velocity of particles behind the shock wave.

cluster penetration velocity

: rarefaction time

where .
» :size dependence

e : free parameter of the model (may be considered
as a free parameter to quantitatively describe any additional

effect during the crater formation process).

v

Experimental volume

43462




Primary results

1 Reproduce with a free parameter of the model
(=1 % 0.1) the experimental data of crater for the irradiations
of gold targets.

Future work

[ Study the other samples (silver and copper)= validation
of the model.




Conclusions

A Under gold irradiation = Formation of simple and complex crater
1 Experimental crater has cylindric shape with presence of Rims the crater surface

 Theoretical model gave a positive results concerning the irradiation of gold samples by gold
clusters with different sizes (n=150, 400 and 700) on gold targets.

 For Confirmation of the theoretical model validation at high Energy (12 MeV), the analysis of
the other samples is needed.

1 Institut
| ® Ruder
- Boskovic
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