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Recent developments on the open-source Molecular Dynamids [B4D from the Institute of Functional Materials and Quantu

Technologies at Stuttgart University are reported. Whehei&s supports laser ablation comprising the Two-Temperatucelél by
default, reliable simulation data mainly can be found for #gratosecond regime, since laser-matter interaction is implexddaytthe
Lambert-Beer law solely.

For laser-matter interaction in the picosecond regime, IMidathms were modified in order to enable the dynamic recaliculat

of the dielectric permittivity of each FD cell for every timeptfollowing the corresponding implementation in the openrse
hydrodynamic code Polly-2T from the Joint Institute of Higbnperatures at the Russian Academy of Sciences, Moscow. Thus,
optical changes in material and jet due the temporal evoluidemperature, density and mean charge are taken into account

Moreover, as implemented in Polly-2T as well, a dynamic modetHerthermal conductivity of the electron gas is introduced in
IMD to consider &ects for a wide range of temperatures.
Thus, hydrodynamic (HD) and Molecular Dynamics (MD) simulati@re compared extracting the residuEges of the dierent

model approaches which persist in a particle-based method)(liing an Embedded-Atom potential (EAM) and a finite celldzhs
approach (Polly-2T) employing the semi-empirical equatidrstate (EOS) including ionization.

Simulation results are compared with experimental resultditerdture data.
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lo optical penetration depth
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n number density; refractive index
P pressure

R surface reflectivity

r position

S energy density

T temperature

t time

\% potential

v velocity
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a optical absorption cdicient
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Coulomb logarithm

frequency

FD-MD coupling parameter
density

electron relaxation time
electron-phonon coupling time
laser pulse length

laser fluence at the target surface
threshold fluence for laser ablation
EAM core-to-core interaction potential
frequency

absorbed
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critical
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heat conduction in the electron subsystem
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laser
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1. Introduction

Polly-2T and IMD are very dferent codes for the simulation
of ultrashort-pulse laser ablation which can partiallyibttted
to their strongly varying numerical approaches, namelyrdyd

dynamics and Molecular Dynamics. A first comparison of both

programs was given at the previous HPLA conferéheeveal-
ing similar results for a restricted parameter range as asl|
large discrepancies beyond this range.

whereAq is an empirical parameter adjusted to match exper-
imental values. enet is composed of the band-to-band contri-
bution ey Which is taken from tabulated data and an intraband
term

Ne

Ner (1 +i Veﬂ,opt/wL)

emet(WL, 0, Ti, Te) = €+ 1 —

(4)

wherew, is the frequency of the lasew,is the density of the
material,n; is the critical concentration of electrons and the ef-

Some diferences between both codes, however, stem fromective collision frequencyes opt @s derived in detail in Ref. 4).

the unequal implementation of the physics of laser-matter-
action in both programs. Numerical work with IMD was mainly
focusing on so-called cold laser ablation with fs laser gsils
where material changes during laser irradiation are lelss re
vant than with long pulses. With increasing pulse lengthy-ho

ever, the interaction of matter and laser beam becomes more

and more apparent, since optical permittivity, electraerial
conductivity as well as thermal coupling from the electras g
to the ion lattice depend both on density and temperatuneeSi
large gradients o, Te andT; might occur during a laser pulse,
absorption of laser energy is subject to significant chadges
to the laser-induced temporal and spatial fluctuationsropte-
ature and density.

Models that cover a wide parameter rangeppfle and T;
are implemented in Polly-2T take into account for theeats.
Their implementation into IMD is the scope of this paper in
order to enable a better comparison of simulation resuis fr
both codes.

2. Theoretical Background

2.1. Two-Temperature Model

Energy deposition by an ultrafast laser pulse into a metal ta
get can be described by the Two-Temperature Model (TAM)
by

e (Te) 28 = ¥ [k (T VTe] ~ e (Te = T +S(7,1) (1)

6 (1) 2 = VI (T) VT + yei(Te - T). @)

where the indices e and i denote the electron and ionic subsys

tem, resp.c is the specific heat capacity, the temperature,
k represents the thermal conductivity, apg is the electron-
phonon coupling parameter. For ultrashort laser pulgesan
be neglected as it is done in Polly-2T and IMD.

2.2. Widerange Models

In the plasma phase, for temperatures far ablvee, can
be calculated as

()
Ner wL
whereK (2) is an empirical function.
2.2.2. Heat Transport Properties

Similar to Eq. 3, the thermal conductivigg of the electron

gas can be written as an interpolation from the metal phase to
the plasma phase according to

&l (WL, 0,Te) =1~ )

. e*Ahe'Te/TF (6)
whereAye is an empirical parameter adjusted to match experi-
mental values. In the metal phaggcan be calculated accord-
ing to the Drude formalism as

Ke = Kp| + (Kmet_ Kpl)

ﬂ'zszne
3 Meverrhe (Tis Te) ©
whereng is the electron concentratiom, the electron mass and

vefr.he the dfective collision frequency as shown in Ref. 5).
For the plasma phasg can be calculated as

Kkmet (0, Ti, Te) = (7)

_ 16V2kg (KeTe)*?
o= TRz & A

whereZ is the mean charge of the ions,is the elementary
charge and\ is the Coulomb logarithm.

Accordingly, thermal coupling from the electron gas to the
ion lattice can be described in a wide-range approach by

(8)

3k
Yei (Q, T, Te) = 5 e

NeVet ei (Ti, Te) 9)

whereveg ¢i represents the corresponding collision frequency.

3. Numerical Codes

In the wide-range models treated in this paper it is assumed

that the transition of the material from the metal phase théo

plasma phase occurs in the vicinity of the Fermi temperature

Te. Under this assumption, material transport propertiesbean

written as an interpolation between the behavior in the meta
phase and the behavior in the plasma phase as sketched in e

following subsections?®
2.2.1. Optical Transport Properties

The electric permittivity of the target material is desedty
a temperature-dependent interpolatiorf in the metal phase
andep in the plasma phase

. e_Aopt'Te/TF

@)

€ = Ep| + (Emet_ Ep|)

3.1. Hydrodynamic Simulationswith Polly-2T
3.1.1. Target Material

The thermodynamic material properties are treated in Polly
2T using semi-empirical two-temperature multiphase éqoat
state (EOS) comprising the Thomas-Fermi description of
thermal dfects of the electron gas. The EOS provide for tab-
ulated functions foPe (0, Te), € (0, Te), Pi (0, Ti), andg (o, T;)
which allow for the solution of the TTM equations. From the
EOS, the equilibrium mean charge of iaf@s can be derived as
well.

The phase diagram of aluminum corresponding to the EOS is
shown in Fig. 1.



3.2. Molecular Dynamics Simulation with IMD
3.2.1. Target Material

Particle interactions in IMD were represented using the em-
bedded atom model (EAM) from Ercolessi and AdafhsThe
potential takes into account the interactions between am at
and its closest neighbors while introducing a cfftdistance
for longer ranges, thus creating a multi-body problem tlaat ¢
only be solved numerically. For any given atom inside such a
system the potential can be described as

de(rij)

whereg¢ contains the interaction between the cores of atoms i
and j andr describes the interaction of the electron hull of atom
gas; (I): metastable liquid; ¢ s): metastable melting; (s): metastable : Wlth_ all its neighbors while influenced by the local electro
solid; CP: critical point. Dash-dot lines: isobars; 1: 0 GPa-1 GPa; densityoe (rij)' . . .

3: -3 GPa: 4: -5 GPa. The phase diagram of aluminum corresponding to the EAM
potential is shown in Fig. 2.
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Fig. 1. Phase diagram of aluminum according to the EOS used in i,ji#]
Polly-2T, taken from Ref. 6). Abbreviations: sp: spinodat; bin-
odal; g: stable gas; I: stable liquid; s: stable solig;$: stable melt-
ing; | + g: liquid-gas mixture; g s: sublimation zone; (g): metastable
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Fig. 2. Phase diagram of aluminum according to the EAM paaénti
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ot om Whereas heat transport in the ion lattice can be described

wheree, ande denote the specific energy of the electrons and by the multi-particle interactions using the EAM potential
ions, resp.P is the pressuren massp density, and, in contrast ~ supplementary system had to be added to the MD simulations
to Ref. 4), radiation transport phenomena are neglectesl her to take into account energy absorption and propagatiodensi
Conservation of mass and energy are granted using the electron gas. Hence, solving Eq. 1 with a Finit&é@ence
(FD) scheme, hybrid simulations are carried out in IMD, veher

d(l/jo) oOv _ 12 electron-phonon coupling from the electronic FD subsystem
ot om (12) into the MD core is realized by a dynamic coupling parameter
¢ following
Ov . d(Pi+Pg) 0 (13) mir;i = —VV, + £ mir; (15)
ot om ot
with

3.1.3. Transport Properties
In the present version of Polly-2T, which is accessible on- 5 2k e (Tex = T)
line ") for web-based simulations as well, the wide-range mod- &= S m (v .)2
els for e, ke, andvy,; are implemented. With respect to ther- A
mal transport properties, this means that the dependenciewherevr; = v — vcus denotes the thermal velocity of tlieh
ke (0, Ti, Te) andyei (0, Ti, Te), cf. Eqg. 6 and 9 are considered atom taking into account for the velocity of the center of snas

(16)

in the solver for Egns. 10 to 13. (CMS) of the corresponding FD cell.
With respect to the permittivitg, the Helmholtz equation  3.2.3. Transport Properties
is solved for the source ter®(x,t) in Eq. 10 considering the Since applications of IMD have mainly been focused on cold

spatial and temporal fluctuations of the permittivity duehe ablation, i.e., laser pulses in the femtosecond regimehén t
dependencies given kw0, Ti, Te), cf. Eq. 3. open-source version of IMD dynamic material parametergwer



only implemented patrtially, in contrast to Polly-2T. Theel
tron heat capacity is modeled usiag= Te-135 J(m*K?) which
is rather good comparable to Polly-2T whePg(o, Te) and
e (0, Te), given by the EOS data, yielg ~ T - 100 J(m°K?).
Electronic heat conductivity and coupling ¢beient, however,
are treated as constants in IMD usikng= 235 J(sm-K) and resp.
Yei = 5.6910Y J(sm?3-K), resp., for aluminum. Since the dimension of the simulation cells in Polly-2T is
In the original version of IMD, absorption of laser energy in the nanometer range and therefore rather large, it isiget d
is described by the Beer-Lambert law requiring the amount of advantageous with respect to the computatiofi@reto cre-
absorbedenergy as input for the MD simulation. ate bulk material with a certain thickness, which was ch@sen
1 mm here. The shock wave stemming from the ablation event
is supposed to travel with the corresponding speed of soutid a
will have no impact on the rear side of the target within thme-si
ulation timets;m,.
In contrast to HD simulations, computational time scales li

related work on laser micropropulsidf) 2 = 1064 nm as laser
wavelength and, for the sake of simplicity, an incidencelang
of 9 = 0° with linear polarized light was chosen. Pulse lengths
of T = 50 fs, 500 ps, and 5 ps, resp., were chosen in combina-
tion with fluences ofd ~ 0.19, 0.37, 0.74, 1.49, and 2.4@d¢,

4, Numerical Work

4.1. Codedevelopments

The focus of our work on IMD was the stepwise implementa-
tion of the wide-range models fer(w,, 0, Ti, Te), ke (0, Ti, Te) early with the number of particles in IMD. Therefore, sansple
andyei (0, Ti, Te) described in sectioB.2. For a better compari-  with a thickness of 650 nm have been created whichfigcsent
son of MD and HD results, wide-range models of Polly-2T were for a time span of 100 ps after the laser pulses for shock wave
switched df if not active in IMD, i.e., the upgrades of IMD were  to travel to the rear side of the samp#e20 nm have been cho-
accompanied by corresponding downgrades of Polly-2T. sen as lateral extension of the sample using periodic baynda

In the first step, denoted a€old Reflectivity we as-  conditions
sumed fixed material constants and described the opticp} pro
erties of aluminum by an optical absorption ffagent of
@ = 1.26710°%cnT?! corresponding to an optical penetration
depth ofl, = ot = 7.89 nm and a surface reflectivity of 5.1. Energy Conservation
R = 0.94331. Hence, in our simulations with this version of  Simulations results with the original version of IMD are
IMD, ®,4s= R-® was taken as input parameter for the absorbedshown in Fig. 3. The laser pulse energy is absorbed by the elec
laser fluence and was used for energy allocation following tron gas and is coupled into the ion lattice.

Lambert-Beer. For convenience, an interface was impleatent
in IMD for the direct input of® calculatingR and®,,sdepend-

ing on incidence angle and polarization of the laser beam. Ac
cordingly, the corresponding Polly-2T downgrade simoladi
employed a complex refractive index of= 1.74 + 10.72 - i

as input parameter. Moreover, in those runs electron tHerma
conductivity and electron-phonon coupling fogent were set
fixed toke = 235 WKm andye; = 5.69101"W/(K - m®), resp.

In the second step, the wide-range model éowas im-
plemented in IMD and re-activated in Polly-2T. Whereas in
Polly-2T absorption of laser energy is implemented usirgy th
Helmholtz equationg was calculated for each FD cell in IMD
for every time step allowing for a dynamic allocation of ab-
sorbed energy following Lambert-Beer.

Finally, the wide-range model fag has been implemented in
IMD and re-activated in Polly-2T in addition to the wide-ggn
model fore. The implementation of the wide-range model for A comparison of the additional system energy with the ab-
vei in IMD, however, has not been finished successfully yet at sorbed laser fluence, however, shows, that in several dases t
present. target appears to acquire more energy than delivered frem th
4.2. Simulation Setup laser pulse, cf. Fig. 4. Even long after the laser pulse, the e

For the incident laser pulse, the temporal course is given by ergy in the electron subsystem still increases. This uripalys
behavior was already observed in Ref. 1) and can be ascribed

5. Resaults

Temperature T [kK]
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—
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Time t [ps]
Fig. 3. Temporal and spatial evolution of the electron tenmpeea
Te and lattice temperatur€;, results from IMD with constang, «e.
Target material: aluminumy, = 50 fs,® = 0.74 Jen?,

— . p— . 2
H®) =1o exp[ 05 (t/e) ] 17 to numerical errors in the FD computation describing the-le
with tron system in IMD since this phenomenon is especially pro-
lo = ®/ (2.507- oy - cOSH) (18) nounced for large laser fluences in conjunction with veryrisho

laser pulses. Code upgrades have been implemented at the FMQ

where® is the incident laser fluence amlds the incidence an-
gle. In the following, we denote the pulse length the full thid
half maximum (FWHM) withr = Tewpm = 2V21In 2.0, Simu-
lations were started approximately at the point in tigpéefore
the laser pulse where(t;,) = 0.1 Wcn?. With respect to our

yielding a significant improvement for low fluences, cf. Hg.
For greater fluences, however, the system energy is stér-div
gent, albeit at a lower level, whereas for very high fluences,
@, = 2.97 Jen® in the most cases, simulations were aborted
after computation errors.
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Analysis of the system energy comprising the wide-range 8 .
models fore andk. reveals that an absorbed fluence of roughly E e e
Daps ~ 0.1 Jen? seems to be the upper limit for reasonable § 2 hd wLe.fa;f::;deﬁ 500fs, @ 5ps
system behavior in IMD simulations, cf. Fig. 5. Correspond- 2 0015 3 o 0t 0 o
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following. In any case, the course of the system energy shows 0.1 1
an overshoot after the laser pulse, followed by a minimum and Incident fluence ®,, [J/cm?]
a slow drift upwards. This drift is rather pronounced forthig Fig. 7. Absorbed fluence vs. incident fluence, results froty 2T
fluences. for various downgrade steps.
With Polly-2T which has much more coarse spatial resolu-
tion such large energy drifts have not been observed in themgi The picture turns, however, for higher fluences/angulse
laser parameter range but at fluences being one order of magnlengths which can be found most clearly in the results from HD
tude higher and beyond. simulations with Polly-2T, cf. Fig. 7. In this case, a deeped
Sy faster heat dissipation in the electron gas can be deteoted ¢
Dynamice 0.74 J/om? —— IMD - - - - Polly-2T paring Fig. 3 with Fig. 8. This can be attributed to the temper
@, =0.74 J/cm IMD - === Polly-2T| |5 37 yjom? IMD - --- Polly-2T . .
0.37 Jiom® —— IMD -~ -~ Polly-2T  |T10.19 Jicm? —— IMD - - - Polly-2T ature dependency af that is apparent in the strong changes
0,19 Yom —— WD -7~ Polly 2T of the refractive index which yield a higher optical pengtma
3 1] depth in the heatftected zone, cf. Fig. 9.
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Fig. 5. Temporal course of the system energy during and after|
absorption. For higher fluences, a significantly large iasesis found
with IMD simulations. Results from hydrodynamic simulationghw 2 3 4 5

Polly-2T are given for comparison (dashed lines). Time t [ps]

Fig. 8. Temporal and spatial evolution of the electron tenpeea

Te, results from IMD withe = € (o, Te, Tj) according to the wide range
model. Target material: aluminum= 50 fs,® = 0.74 Jom?.

5.2. Permittivity

For very short laser pulses with moderate intensities, r@bso
tion of laser energy in the cold reflectivity case is compkrab
to the findings with implementation of the wide-range model At the transition from target to vacuum, with ~ 36 nm a
for the permittivitye, cf. Fig. 6. This might be associated with rather high value for the penetration depth is found. This ca
cold ablationand deduced to the thermal confinement of the be ascribed to the relatively large size of the FD-cells. yThe
system due to the relaxation timg of the electron gas which  comprise 4 MD-cells containing both vacuum and the surface
prevents a significant change of the target properties duinia layers of the solid target. Hence, a rather low density is cal
laser pulse. culated for the FD-cell leading to a low absorption fméent



Optical penetration depth | [nm] Temperature T [kK]
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Time t [ps] Fig. 11. Temporal and spatial evolution of the electron terfpee
Fig. 9. Temporal and spatial evolution of the absorption flerig, Te, results from IMD withe = € (o, Te, Ti) andx = « (o, Te, Ti) accord-
results from IMD withe = € (o, Te, T;) according to the wide range ing to the wide range model. Target material: aluminuam 50 fs,
model. Target material: aluminumz= 50 fs,® = 0.74 Jcn?. ® =0.74 Jen?.

in the respective cell following the wide-range model foe th IS not quite clear. Since. directly dfects the FD scheme for
permittivity. On the whole, however, this can be regarded as the electron gas, the above-mentioned problems with the un-
residual error with negligible impact on the simulationuies ~ Physical increase of energy in the electron subsystem fgr hi
which applies as well for the calculations with the widegan ~ fluences might have a deeper reason that is mirrored here as
model on the electron thermal conductivity, cf. Fig. 10. well.
5.3. Electron Thermal Conductivity 5.4. Ablation

When the electron gas is heated during laser pulse, the elec- It is evident that large deviations in absorbed energy, as
tron thermal conductivity raises according to the widegean Shown in Fig. 6 and Fig. 7, yield aftierent behavior of the
model. For the chosen example, an increase by the order ofarget material. Therefore, it is meaningful to have a looke
one magnitude is found at the surface layer of the target, cf.laser-induced processes with respect toahsorbedfluence,

Fig. 10. irrespective of thencidentfluence, cf. Fig. 12. Whereas it is
Due to the greater thermal conductiviythe laser energy is ~ Straightforward to determin®,ps for the Polly-2T simulations,
dissipated into deeper layers of the material, cf. Fig. 1doim-  for IMD @45 has to be assessed from its temporal course, cf.

parison with Fig. 8. Therefore, heating of the materialacefas ~ Fig. 5. As an approximation, the point in time where the min-
well as material expansion are less pronounced than uneer thimum of A occurs has been taken in order to minimize the
assumption of constart. In turn, changes in the permittivity ~impact of overshoot and drift. For the 5 ps pulses, however,
are rather low compared to the previous case where the widedrift is apparently present already during the laser piisace,

range model was only implemented far Hence, the overall ~ —tin has been chosen instead. o
absorbed energy is significantly reduced as can be seen from It can be seen that in the most cases more material is ablated
Fig. 6. in the hydrodynamic simulations than in the MD case. Corre-

Whereas this decrease of absorbed energy due to the dyspondingly, the ablation threshold in Polly-2T is lowerrtia
namic behavior 0f<e is very pronounced in IMD simulationsl IMD, as can be seen as well from the data in Tab. 1. Neverthe-
this trend is much weaker for the results from HD simulations l€ss, all simulation data are roughly in the range of expenital
with Polly-2T, cf. Fig. 7. The reason for this large discrepa ~ resullts.

Heating
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Time t [ps] dence of the absorbed laser fluedggsfor Molecular dynamics sim-
Fig. 10. Temporal and spatial evolution of the electronict foea- ulations with IMD in comparison with results from hydrodynami
ductivity ke, results from IMD withe = €(o,Te, Ti) and x = simulations with Polly-2T comprising all steps of implemeniatof
k (0, Te, Tj) according to the wide range model. Target material: alu- the wide-range models efandxe.

minum, = 50 fs,® = 0.74 Jcn?.



Table 1. Threshold for laser ablation of aluminum, resultsnftoy-
drodynamic simulations with Polly-2T as well as IMD Molecutar-
namics simulations in comparison with own experimental res®lts
and literature data. Indices refer to the level of implemémtedf the
wide-range models (c: cold reflectivity).

T A O Reference
ps | nm | Jcn?

0.05| 1064 | 0.3, < 0.2¢, 0.3*e, 0.6+ | Polly-2T
0.05| 1064 | 0.%Z, 0.3, 0.7* IMD

0.1 | 1240 | 0.7 12)
0.13 | 800 | 0.034 13)

0.5 | 1064 | 0.3, < 0.2¢, 0.3*e, 0.4*7e | Polly-2T
0.5 1064 | 0.2, 0.2, 0.7 IMD

0.5 | 1054 | ~0.05 14)

5 1064 | 0.3, < 0.2¢, 0.3, 0.Z*ee | Polly-2T
5 1064 | 0.3, 0.2, 0.3+*e IMD

10 1064 | 0.4 15)

Taking into account for dynamic material properties for
a wide range of temperatures and density in laser-matter-
interaction, both codes a principally well-suited for the cutren
work of our group on laser-ablative micropropulsiéi.

3D simulations of surface roughness under multiple spot ab-
lation are needed there for the assessment of corresponding
thrust noise. Such simulations are basically feasible iDJM
albeit at a much lower spatial scale, as well as with Polly-2T
with a quasi-2D approach neglecting lateral sitfeets1®)

However, the mentioned problems in IMD with higher flu-
ences limit its practical use in this field of applicationcsrthe
anticipated working point for the future microthrusterristhe
range of at least 3 to 6 times of the ablation threshdld.

For future work, implementation of laser-induced ablation
comprising wide-range models presented here into a commer-
cial FEM software is planned.
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the latter value is taken from the EAM potential of Misfin
being rather similar the one of Ercolessi and Addmssed in
the present MD simulations. The higher spall strength in IMD
is presumably the reason for the typically lower mass reova
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of the cell’s specific energy, but neglected in the EAM poten-
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where kinetic energy might be overestimated in IMDn the
calculation of permittivity according to the wide-range deg
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6. Conclusion and Outlook

Simulations of laser-matter interaction during an ultash

laser pulse have been performed evaluating the usage of wide

range models for permittivity and electron thermal conductiv-
ity ke as strongly temperature-dependent material parameters.

Since theabsorbedfluence mainly rules the laser-induced
processes in the investigated casesfer 50 fs and 500 fs,
substitution of the wide-range models by the input of tife@
tively absorbed energy, as shown recertlgan be a suitable
workaround. For = 5 ps, i.e., longer pulse lengths in the range
of the electron-phonon coupling time however, the dynamic
issue of laser-matténteraction comes into play and this ap-
proach does not hold any more.

Future work with IMD comprising the wide-range models
requires parallelization of the upgraded code. This is taenm
restriction up to now, whereas the standard version is dyrea
parallelized by default.
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