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Laser-generated plasma plume expansion: Combined continuous-microscopic modeling

Tatiana E. Itind; Jorg Hermann, Philippe Delaporte, and Marc Sentis
Laboratoire Lasers, Plasmas et Procedehotoniques, LP3-FRE 2165 CNRS, Facudis Sciences de Luminy, Case 917,
13288 Marseille, Cedex 9, France
(Received 15 January 2002; published 12 December)2002

The physical phenomena involved in the interaction of a laser-generated plasma plume with a background
gas are studied numerically. A three-dimensional combined model is developed to describe the plasma plume
formation and its expansion in vacuum or into a background gas. The proposed approach takes advantages of
both continuous and microscopic descriptions. The simulation technique is suitable for the simulation of
high-rate laser ablation for a wide range of background pressure. The model takes into account the mass
diffusion and the energy exchange between the ablated and background species, as well as the collective
motion of the ablated species and the background-gas particles. The developed approach is used to investigate
the influence of the background gas on the expansion dynamics of the plume obtained during the laser ablation
of aluminum. At moderate pressures, both plume and gas compressions are weak and the process is mainly
governed by the diffusive mixing. At higher pressures, the interaction is determined by the plume-gas pressure
interplay, the plume front is strongly compressed, and its center exhibits oscillations. In this case, the snow-
plough effect takes place, leading to the formation of a compressed gas layer in front of the plume. The
background pressure needed for the beginning of the snowplough effect is determined from the plume and gas
density profiles obtained at various pressures. Simulation results are compared with experimentally measured
density distributions. It is shown that the calculations suggest localized formation of molecules during reactive
laser ablation.

DOI: 10.1103/PhysReVvE.66.066406 PACS nunier52.38.Mf, 02.60.Cb

[. INTRODUCTION nation of two Monte Carlo techniqudslirect Monte Carlo
and random trajectorigsvas shown to be effective for the
During the last decade, pulsed laser ablation has found galculation of the particle transport up to a distance of sev-
number of applications in such fields as laser treatment offal centimeters from the irradiated targ@®]. In another
surfaces, pulsed laser depositiPLD) of thin films, mass extreme case of ambient pressure as high as some hundreds

spectrometry, and nanotechnolody-3]. The further devel- of pascals, shock waves were shown to be produced during

opment of these applications requires a better understandiﬁrﬁgt%ﬁrgﬁ degfggasgl]c;?ig:%fbticeksggﬁggI?%%/Seigéry;gljﬁg to be
of the mechanisms of laser-solid interaction, of the format'o.nsatisfactorily described by the analytical “blast-wave,” or

,?r: a plasma pIu:cne, gndkof Its zxpansul)\ln under vacuum or i, ;s explosion” model[35] that disregards the energy dis-
e presence of a background gas. Numerous experimentg,.iinn and particle diffusion. In addition, both one- and

have been performed demonstrating the complexity of thg,_dimensional numerical models were proposed to de-
physical processes involved in the laser ablation phenomscyipe the dynamics of shock wave formation and propaga-
enon[4-11]. To explain the experimentally observed pro- tion for plasma expansion in high-pressure background gases
cesses, a number of analytical and numerical models havez 28 3.
been proposefi12—-33. These models provided rich scien- ~ Only a few studies were undertaken to describe the plume
tific information about the properties of the ablated particlesexpansion at intermediate background press(iresveen 10
plasma content, and the dynamics of the laser plume expasnd 100 Pa This case is the most complicated one because
sion. of the importance of the collective effects leading to the
Two extreme cases of either very low or relatively high compression of both the plume and the gas, as well as to the
background pressure are considered in most theoretical stuglume-gas diffusion. Adiabatic models cannot be applied,
ies of laser plume expansion. The plume expansion int@and the plume-gas mass and energy exchange should be
vacuum can be described as self-similar adiada@c34]. At taken into account. To describe the plume propagation under
a pressure of some pascals, the expansion is governed bych conditions, a phenomenological drag md@&d] was
diffusion, ablated particles are thermalized in collisions withproposed, which uses fitting parameters. In another model,
the background gas, and collective effects of the plume-ollision effects were introduced into a system of gas-
background-gas interaction can be disregafd€x21,22. In dynamical equations, thus allowing the description of the
this case, the plume expansion process can be divided infgume splitting and of its edge heating2]. An analytical
two stages(i) the plume formation andi) the propagation model that considers plume-gas energy exchange was, fur-
of the ablated species through a background gas. A combthermore, proposed for spherical laser plume expansion in
the intermediate pressure regiff@9]. This model explained
the interaction between the plume and the background gas in
*Corresponding author. FAX(+33) 4 91 82 92 89. Email ad- terms of the formation of internal and external shock waves,
dress: itina@Ip3.univ-mrs.fr but disregarded the plume-gas mixing. For three-dimensional
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expansion, a system of Navier-Stokes gas-dynamical equaf a high-density plume in the presence of a background gas
tions together with Fourier’s law for the heat-conductive fluxcan be tackled during a time as long as 5—¢iat ambient

and Fick’s equation for diffusion fluxg83] was solved nu- gas pressures from 0 to some hundreds of pascals. Using the
merically. The numerical solution provided a wealth of infor- capacities of the proposed model, different regimes of the
mation about the first 1—2s of the plasma plume expan- plume expansion are determined as a function of the back-
sion. Gas-dynamical models are, however, invalid when th@round pressure. Such effects as plume deceleration and

velocity distribution of the ablated particles deviates fromSNOWplowing, plume-gas mixing, backscattering of the
the Maxwellian distribution. As a result, they cannot cor- ejected particles, and their interaction with the irradiated sur-

rectly be applied for the regions of strong density gradientsf@ce are investigated. _ ,
To validate the model, and to investigate the plume ex-

In addition, diffusive processes are not satisfactorily de- i )
scribed by the continuous gas dynamjigs], and the shock Pansion under different background pressures, we use Iase_r-
front thickness is frequently underestimated. The mixing ofifduced fluorescence spectroscopy of the plume species. This

the ablated species with the background gas cannot be rigotrgchnique allows one to measure ground-state number densi-

ously studied with these models. The latter process, howeveli€S Of atoms and molecules in plasma plurbés]. In the

always takes place at the later stage of the plume expansidif€Sent paper, the ablation of metal targets in the presence of
and strongly influences the properties of the ablated specie€xY9en background gas is investigated. Three-dimensional
In addition, an effective mixing between the ablated andUMber density mapping of plasma species are performed for
background particles is indispensable in the reactive lasefifferent values of the background pressure. Fluorescence

ablation, because it provides the conditions required for th&oPing of the diatomic oxide molecules formed as a result
formation of the reactive products. of the interaction of the ablated species with the oxygen

The difficulties of the gas-dynamical description of the background is used to visualize the zones of the strong mix-

diffusive processes are avoided in direct simulation Montdnd Of metal atoms with oxygen molecules. The obtained
Carlo (DSMC) method[23,25,37—31 In this method, physi- e_xperlmental results are explained based on the numerical
cal space is subdivided into a system of cells, where the cefimulation.

size is determined by the mean free path of the particles. A
representative number of molecular collisions should be cal-
culated for each cell. As a result, this method is computation-
ally effective if the Knudsen number (Knl/L, wherel is A. General considerations
the mean free path and is a characteristic lengths not
very small. During the laser plume expansion, however,
very strong variation of the Knudsen numlggspically, from
~10 ° to 1) takes place. When the DSMC is used to simu-

II. NUMERICAL MODELING: COMBINED
LARGE-PARTICLE-DSMC METHOD

Previous studies showed that during the early stage of the
Eblume development and expansion, the plume—background
gas diffusion is negligible, and energy exchange can be dis-
: regarded33,30. Because diffusion and dissipation present a
late the plume expansion process, mast Qf. t_he computer r%hallenge in the continuum modeling approach, the key idea
sources are used to calculate only the initial stage of th%f the proposed simulation method is to combine the con-
expansion, which lasts for several laser pulse durations. Bnuum gas-dynamical modeling for the initial stage of the

:Cve pret?]encle of a bgctlagrobundk gas, 3ddltlonallcoll:5|oni be[aume expansion with the direct Monte Carlo simulation of
een the plume and the background-gas molecules ShoUila gpjated flux into a background gas at the later stage.

The developed model is three dimensional and uses axial

be considered. Furthermore, the method does not describe
ion formation and recombination that are particularly s'gn'f"symmetry. We assume that a laser beam with raBiyiand
5ulse durationr interacts with a plane targez€0). The

cant at the beginning of the plume expansion. As a result, th
half spacez>0 is filled by a background gapressureP,,,

DSMC becomes computationally expensivia terms of
ensitypy,). Under laser irradiation, the target absorbs a part

computer memory and calculation tijnie the case of high-
rate laser ablation in the presence of a background gas wit the laser energy, the target material is heated and ablated
Ejorming a laser plume near the target surface.

pressure more thar10 Pa[40].

To our knowledge, no universal model has been propose
to effectively study the different regimes of the plume expan-
sion. We believe that a combination of different approaches
can decrease a number of model limitations. Therefore, in
the present paper, we propose a hybrid method, which com- At the first stage, we consider the plasma plume as a
bines both continuous and microscopic descriptions of lasemonviscous and non-heat-conductive vapor containing atoms,
induced plasma expansion. The developed approach is applens, and electrons. In the plume, the temperature of elec-
cable for plume expansions in different backgroundtrons, T, deviates from that of ions and neutrals,, be-
pressures, ranging from vacuum up to the regime of strongause of the slow rate of energy transfer between electrons
shock waves. The method is particularly useful for studyingand heavy particles. Based on these considerations, we adopt
the transitional background pressure regime. It takes advarman approach of one-fluid two-temperature gas dynamics to
tage both of the gas-dynamical description of the plume atlescribe the movement of the laser plume. In this case, the
the early stage, and of the DSMC simulation at the late stagsystem of gas-dynamical equations can be written in the di-
of the plume expansion, avoiding the above-described chakergent form as followsthe plume expands along the
lenging issues of these techniques. As a result, the expansi@ixis):

B. First stage of plasma plume expansion: The method
of large particles
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ap . . whereA ¢ is the Coulomb logarithnt is the average relative
< Tdiv(pW) =0, (1) velocity, and? is the electron-atom collision cross section.
The energy lost by electrons for ionization,

puU . dP 2nan,eike
T-ﬁ-le(pUW)-ﬁ-E:O, (2 F— e §8| €‘I, (11)
dpV . P h
P Yy div(pvWn+ =0, 3 nere
at ar a2
K.—2 (ZﬂmekTe) K &j 12
Ea ei hsne rec€X T_e’ ( )

+div(pEW) +div(P,W) = Qgit Qear (4

at is the e-impact ionization rate constant and
dp E . N . R 477(277)1/2 eto
T+d|V(pEW)+d|V(PVV): - F, (5) rec 9 mé/z(kTe)g/z Ne (13)
E=e,+ee+|W|22, E,=e,]W|%2, (6) is the three-body recombination constgss,34.
Initial boundary conditions at the surfaze=0 are calcu-
P=P,+P., P,=(y—1)pes, Pe=(y—1)pete, lated as a heat source resulting from the absorption of the

(7) laser radiation corresponding to a laser pulse with a Gaussian
temporal shape and pulse duratienThe thermal evapora-
wherep is the densityl) andV are theZ andR components  tion model is used, so that the vapor pressure at the surface is
of the velocity vectoW, yis the specific heat rati@,, is the ~ obtained from the Clasius-Clapeyron equafid8]. The tem-
thermal energy of ions and neutrads, is the thermal energy perature distribution along the laser-irradiated area is as-
of the electron gas, arle, andP, are the partial pressures of sumed to be uniform. The electron gas temperature at the
the heavy(ions and neutrajsand light (electrong gases. In  beginning is set to be higher than that of heavy atoms, be-
Egs. (4) and (5), Q. and Q., describe the energy exchange cause electrons absorb laser radiation. The initial flow pa-
between the electron gas and the gas composed of ions af@meters az=0 andr <R, are calculated using the jump
neutrals, and is the energy lost by electrons for ionization. conditions at the Knudsen layer boundé#y,45. The flow
In Egs. (1)—(7), a local thermodynamic equilibrium is as- Velocity at the Knudsen layer boundddy is assumed to be
sumed, and ideal-gas equations of state are used. equal to the velocity of soundy , so that the Mach number
To solve numerically the systerfl)—(7) we use the M=1 atz=0 [45]. For one-atomic vapory=3), the Knud-
method of large particle6_P) adapted to the case of laser- sen layer parameters argx=0.65Ts, ng=0.6g, Uk
solid interaction[30,42,43. The advantages of this method =1.31Tg, where indexSrefers to the parameters at the sur-
are the uncoupling of physical processes and the combindace, andK to the border of the Knudsen layer.
tion of the Euler and Lagrange approaches, which gives the The large-particle calculations are performed until a cer-
possibility of following initial plume expansion into a back- tain timet,, and then, the motion of the ablated and back-
ground gas in an affordable computer time. In the presenground species is followed by using a microscopic Monte
model, for simplicity, we consider only singly charged ions, Carlo method. On one hand, the switch tifeshould be
and use the equilibrium ionization-recombination kinetics.long enough for the plume density to diminish by several
Photoionization and photorecombination processes, as wefirders of magnitude with respect to the initial values. As a

as any kind of laser-vapor interaction are neglected. result of the plume expansion, the characteristic Knudsen
The heat obtained by ions and atoms in elastic collisionsiumber drops down to the values required for the effective
with electrons is application of the DSMC method. Moreover, theshould be

long enough to account for the ionization-recombination pro-
2mg 3 cesses in the plasma plume. On the other hand, the switch
Qeit Qea; Ek(Te_Ta)ne(Vei+ Vea: ®  time should be short enough, such that the mass diffusion
and the heat exchange between the plume and the back-
where m, is the electron mass), is the electron number ground gas are insignificant durirg.
density, andv,; and v, are the mean frequencies of electron-

ion (ei) and electron-atonfea collisions, respectively34]. C. Second stage of plume expansion into a background gas:
The collision frequencies are Direct simulation Monte Carlo
4(2m) Vet A g At t>t,, the ablated plume expansion into a background
Vei= o3 (99 ogas is calculated using the DSMC meth@7]. In this
3mg“(kTe) method, gas flows are modeled by a representative ensemble
of atoms or moleculestypically from 1G to 1¢). The
; :anane (10 DSMC procedure uses the uncoupling of the molecular mo-
ea 2 tion and the intermolecular collisions. The method has the
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same limitations as kinetic theory of gases, which includes y
the Boltzmann equation. The principal limitations are the ___lcep 4/I\>
assumption of molecular chaos and requirement of a dilute interference filter

gas. The details of the method can be found in R&f] and
below we only briefly describe the procedure.

The simulated region is divided into a network of axial
cells, each cell containing four subcells. The subcell dimen-
sions are smaller than the local mean free path, and increas
with the distance from the target and from the plume axis.
The time is incremented by discrete steps, Because the ablating laser
laser plume expands and its density drops rapidly with time,
the size of the simulated region, the cell dimensions, and the
time step are increased six times during the simulation. FIG. 1. Geometry of laser-induced fluorescence measurements.
Simulation particles are introduced randomly based on the
spatial distributions of ablated particle and gas number den- Ill. EXPERIMENTAL PROCEDURE

sities obtained from the large-particle simulation. The veloci- ) . .
ties of the ablated atoms and ambient gas molecules are A fréquency quadrupled Nd:YA@yttrium aluminum gar-

sampled from the local Maxwellian distribution using tem- N€Y (266 nm laser(Quantel, Brilliani with pulse duration
perature and flow velocity distributions obtained from the LP7= 2 NS and laser energy of 15 mJ was used for target abla-

simulation. Weighing factors are used to decrease the statifon in the laser-induced fluorescence experimehig. 1).
tical error in cells that are close to the plume axis. The pulse repetition rate was 0.3 Hz, and the laser beam was

The intermolecular collisions are calculated using a nofocused onto a spot with radiig=0.15 mm. Metal targets
time counter(NTC) schemd37]. In this method, the follow- (Al @nd Ti) were placed in a vacuum chamber, which was

rotating target

dye laser

plasma plume

lens cylindrical lens

ing number of collision pairs: evacuated to a residual pressure of about 0.1 Pa. During laser
irradiation, the pumping rate was reduced and a background
Np=(1/2)NgN<Q(1C; ) max At/ Ve (14  9as (Q) was introduced. The background pressure was var-

ied from 1 to 70 Pa. The target was rotated to avoid drilling.

are selected from each cell during one time step, wiNgge The probe laser beam was delivered by a XeCl excimer laser
and N are, respectively, the instantaneous and the averag@/mping a tunable dye laser. By using the Coumarin 307 dye
number of simulated molecules in the cel, is the relative  aser, the system generated pulses of 20 ns duration and 10
speed of the colliding particles;; is the collision cross sec- MJ energy at 500 nm. A beam expander was used to trans-
tion, (o1C,) max Stands for the maximum product in the cell, form the prpbe Igser beam in a thlln plane section of 0.2
andV_ is the cell volume. The factdD defines the number <40 mnf dimension as shown in Fig. 1. The fluorescence
of real particles represented by each simulated molecule, sjgnal was captured using a focusing lens and a fast intensi-
that collision frequencies in the simulation are identical tofied charge coupled devid¢CCD) with a 50-ns gate. The

the real ones. Each collision is computed with the probabilitySynchronization between ablating laser, probe laser, and
ICCD was ensured by using th@-switch trigger output of

o€, the Nd:YAG laser. The gate was set to a time delay corre-
= m- (15 sponding to the ma_lximum inte_nsity o_f fluorescence_ e_r_nission.
To enhance the signal to noise ratio, data acquisition was
The procedure is species independent and the NTC methoderformed by averaging the signal over several ablation
best applied to all species as a single group. events. More details about the experimental procedure can be
For computing the postcollision velocities, a variable hardfound elsewher¢41].
sphere modelVHS) is used[37]. This model realistically
describes the temperature exponent of the coefficient of vis-
cosity. Unlike the well-known hard sphere model, the diam-
eter of VHS molecules depends on the relative velocity

IV. SIMULATION RESULTS AND COMPARISON
WITH EXPERIMENTS

A. Simulation parameters and basic assumptions

The developed combined LP-DMCS method is used for
where the subscript ref denotes reference values,vaeda  the calculations of the laser ablation of aluminum in the pres-
parameter determined by the viscosity temperature powegnce of an oxygen background gas. Laser parameters are set
law. In the inelastic collisions with diatomic molecules, the to be the similar to these in the experiments. The parameters
internal(rotationa) modes of the molecules are described bydefining thermal properties of the irradiated target are the
a Larsen-Borgnakke modgB7]. same as in Refl46]. The ambient gas is assumed to be at

Microscopic boundary conditions are specified by the bestandard temperature. Large-particle calculations are per-
havior of the individual particles, rather than in terms of theformed till ty=107=50 ns, and then the DMCS method is
distribution function. The interaction of the backscattered atused. The calculation parameters used in the second part
oms with the target follows the Cercignani-Lampis-Lord (DMCS) are presented in Table [U7]. Here, the van der
(CLL) model[37]. Waals radius is used for aluminum, as a reference diameter.

d= dref(cr ref/Cr)vr (16)
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TABLE |. Parameters used in the DSMC calculations. @)

Al 0,

A

Reference diametet,q (A) 4.10 3.96

Molecular weight(amuy 26.98 32.00

Viscosity temperature power 0.80 0.77
law constants=0.5+v

1

5

(b)

—

In most of the calculation, the accommodation coefficient,

which is used for the CLL interaction with the target, is set to

be 0.5. In addition, several calculations are also performed

with diffuse reflection of the backscattered particles from the

surface. In the DSMC part, the number of simulated particles 15
is increased from & 10* at the beginning to about:810° at ' (c)
2.5 us. About 200 runs are performed in each DSMC calcu-

lation, and the results are averaged afterwards to obtain a 10
satisfactory precision. By using the LP-DSMC method, the
plume dynamics is followed till 6.3ts under ambient pres-
sure from 0.07 to 70 Pa.

For simplicity, chemical reactions are not included in the
present model. In the presence of oxygen, chemical pro- 10 15 20 25
cesses take place both on the metal surface and during the Z (mm)
plume expansion. The processes in the laser plume include
the dissociation of the molecules, as well as the oxidation of
aluminum and oxygen recombination. The heat released and
absorbed during the reactions influences the dynamics of thated species. These processes also lead to the increase in the
laser plume expansidi23]. For example, chemical reactions plume temperature, if exothermic procesg§es, the recom-
were shown to broaden the angular distributions of the abbination reactiopprevail during laser plume expansion. As a
result, the plume energy and velocity can differ from the
calculated values. Despite the limitations of the present
(a) model, the calculations describe the dynamics of the laser
plume expansion and plume-gas mixing because many
plume-gas interaction features are not strongly affected by
the chemical process¢48].

!

R (mm)

I
5

5

FIG. 3. The same as in Fig. 2, but f&=13 Pa.

B. Plume interaction with background gas: Three pressure

/ﬁ_.\ . regimes

®) Figures 2—4 visualize the dynamics of the plume expan-
sion in the presence of a background gas. Three oxygen pres-
sure valuesP=0.7, 13, and 70 Pa, are picked up to show
three typical regimes of the plume-gas interaction. These re-
gimes can be also observed in Fig. 5, which shows the move-
ment of the plume edge and center, as well as the position of
the background density peak and minimum. These figures
© demonstrate the dynamics of the plume-gas interaction and
mixing as a function of the background pressure.

10 (i) At low pressuregFig. 2), the mean free path of ablated

//.\ particles in the ambient gak,;,, is on the order of several
54 centimeters. As a result, a strong expansion of the plume is
&
ol S5

!

15

R (mm)

observed, and no compressed layer is formed, neither in the
N . . plume, nor in the background gas. The leading edge of the
5 o, (mm;s 20 25 plume moves away from the_ target with a practically con-
stant velocity (~1.3x10* m/s in our casg whereas the ve-
FIG. 2. Contour maps of the calculated spatial distribution of thelOCity of the plume center is almost one order of the magni-
plume number density as a function of time obtained in calculatiofude smaller ¢ 1.7x 10° m/s)[Fig. 5a@)]. The plume density
with oxygen pressur®,=0.7 Pa.(a) t=0.6 us, (b) t=1.5us, and  drops down rapidly, so that the background gas can easily fill
(c) t=2.7 us. up the region previously occupied by the plume.
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@)

(b)

(©)

15@ ; =

(d)

R (mm)

5 10 15 20 25
Z (mm)

FIG. 4. The same as in Fig. 2, but fB,=70 Pa. The distribu-
tions are obtained afa) t=0.6 us, (b) t=1.5us, (c) t=2.7us,
and(d) t=6.3 us from the beginning of the laser pulse.

(i) At intermediate pressurd§ig. 3), the plume expan- E 304
sion is similar to that in the first case at the beginniogtil . :;:Eaf;g ::a
t~1 us in our casg and then the plume starts being decel- gnzo- =0T
erated. The deceleration begins when plume dimensions be- <
come comparable withy, (I,5~5 mm atP,= 13 Pa). If the 10
mean free path of the ablated atoms in the plume is smaller 2\--4 —a— a
than the plume dimensions, ablated atoms interact with each 0+ T T T T
other, and collective effects start playing a role. The plume 0 ! 2 ,3 4 S 8 !
edge decelerates and stops when the plume dimensions be- Time {s)

come comparable with the mean free patth 2.5 us) [Fig. FIG. 5. (8—(c) Time evolution of theZ position of the plume
5(b)]. The plume center is decelerated at about the samgenter(0), of the plume edg¢o), of the gas edgéA), and of the
time. The gas density peak rises at the beginning of the exgas peak'¥). The presented values are calculated near the plume
pansion and then decreases, continuously propagating ouixis. (a) Oxygen pressureP,=0.7 Pa, (b) P,=13Pa, (c) Py
ward from the targefFig. 5d)]. Later (at t>2.7 us), the =70 Pa.(d) Time evolution of the gas peak number density for two
plume expansion is mainly governed by a strong mutual dif-different oxygen pressureB,=13 and 70 Pa.

fusion of the species.

(i) When pressure is further increaséBig. 4), the t=0.6us. At a certain timet~2.5us), the plume pressure
plume-background interaction leads to the so-caledw- becomes equal to the background pressure, the plume stops,
plough effect. The ablated material pushes the ambient gaand its energy is dissipated by the interaction of the com-
away from the target as long as the pressure in the plumpressed plume zone with the compressed background gas. As
overcomes that of the background gas. As a result, both tha result of the interaction, the plume pulsates backward and
ablated material and the ambient gas are compressed. Tlequilibrates[Fig. 4(b)]. The plume center goes back, thus
plume compression and deceleration can be seen already @eventing the background gas from filling up the region
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- m—P = -
o TR -
--&- P =70 Pa

304
3
;20
< 1/ Opmmmmmm e =m—— -0
104
A

Time (us)

n, (10" cm®)

FIG. 6. Effective length of the plume-gas mixing zonkZ
=Zpe— Zge, as a function of time for three background pressures.

initially occupied by the plume. After being equilibrated, and
if there is still enough energy, the plume will move outward
[28]. The plume edge exhibits oscillationd=ig. 5(c)]
[28,25,29, whereas the peak of the background density goes =
away continuously, and its value does not decrddsg.
5(d)].
Figure 6 clearly demonstrates how the plume-gas mixing
changes with pressure. Here, we follow the time evolution of FIG. 7. Calculated axial distributions of the number deniiy-
the effective length of the plume-gas mixing zonkZ (c) and axial flow velocity(d)—(f) att=0.6 us (*), 1.5 us (0O), 2.7
=Zpe—Zge, WhereZ, is the position of the plume front, or us (@), and 6.3us (¢) from the beginning of the laser pulse.
the Z position where the plume density becomes negligible Simulation results presented {@) and (d) are obtained withP,
and Z is the position of the gas edge. It can be observed=0.7 Pa. Simulation results shown ip) and(c) are obtained with
that at negligible pressure, the size of the mixing zone rise8»=13 Pa.(c) and(f) correspond td®,=70 Pa.
almost linearly with time. At the intermediate gas pressure,
AZ increases rapidly until the beginning of the decelerationthese distances. R,=70 Pa, the flow velocity is consider-
(~3 us), and then stabilizes. At higher pressures, oscillationsably smaller, and it decreases near the plume edge, indicating
can be observed in the time evolution HZ. the plume “confinement” by the gas. In this case, due to the
A similar difference in the time evolution of the ground- snowplough effect, even the most rapid ablated particles can-
state atom number density is revealed in the experiments faiot propagate through the compressed layer.
different background-gas pressuriekl]. The experimental The calculation results agree with the experimental obser-
results also demonstrate the snowplough effect at an oxygerations. The measured axial distributions of the number den-
pressure of 70 Pa. When decreasing the@ssure to 13 Pa, sity of ground-state specigFig. 8 change similarly with
the plume expansion mode changes, the process becom@sie as the calculated dependencies. The density of the ab-
diffusionlike, and no considerable snowplowing is observedated species decreases with time, and an abrupt decay can be
at the plume edge.

Z (mm) Z (mmy}

C. The influence of the background gas on axial profiles of the
plume density and flow velocity

The calculated axial profiles of the aluminum number
density and flow velocity are shown in Figgar-7(f). The
comparison of the dependencies obtained at different oxygen
pressures shows that the background gas affects the plume
evolution in two major ways(i) the plume edge is deceler-
ated so that a density peak appears near it(ahdhe axial
flow velocity decreases, and a “plateau” appears at the
plume center in its axial distribution. The flow velocity dis-
tribution at P,=13 Pa demonstrate that most of the plume
species move with almost the same flow velocity, and the
plume expansion is decreased. The flow velocity, however,
rises near the plume “edgeivhere density goes to zerat FIG. 8. Experimental axial distributions of ground-state popula-
this pressure. The flow velocity seems to be higher in thesgon densities of the plume species as a function of distance from
regions because only rapid ablated particles propagate tithe target at different times. Hefg,= 13 Pa,(a) Ti and (b) AlO.

Ground state density (arb. units)

Distance (mm)
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6 1.5-
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- 6—P=1.3Pa
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=) —0—P,=26Pa 2 b /ora
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20
0.0 . :

n, (10 cm®)
n,, (10" cm®)

Z (mm) Z (mm)

FIG. 9. Calculated axial distributions of the number density of  FiG. 10. The same as in Fig. 8, buttat 2.7 us from the be-
Al species(a) and of oxygen backgrounth) for different back-  ginning of the laser pulse.
ground pressures. The distributions are obtainge-dt us from the
beginning of the laser pulse.

shock waves are not formed because the plume expansion

observed in the distributions near the plume edge. The spati§hould be at least supersonic for their formation.
distribution of the reactively produced AlO species has its
maximum at the region of the plume-gas mixing. Contrarily =~ D. Plume—ambient gas mixing: Comparison with the
to the time evolution of the density of the ablated species, the experiments

density of the ground-state AIO molecules increases during To investigate the mixing of the plume particles with the

the observation time, background gas in greater detail, we monitor the density of
The background pressure, which is needed for the begin 9 9 9 ’ y

ning of the snowplow, can be determined from the axial denAIO' which is produced during the laser ablation of the alu-

sity distributions calculated for different background pres-m_Inum targﬁt n thﬁ prese_ntl:((ej_of Fge _oxygefn Eacklground ggs'
sures. Figure 9 shows only the beginning of the gad '9ure 11 shows the spatial distributions of the Al ground-
compressionti=1 us), whereas Fig. 10 presents the densi-State number density, experimentally recorded at differ-
ties at a later timet=2.7 us). WhenP,=7 Pa, a compres- ent pressures and for various time delays. The highgyst
sion (second maximuinstarts appearing in they () distri- ~ values are observed at the vapor-gas mixing zone, where the
bution at 1 us, indicating the plume splitting32]. The interaction between the ablated material and the ambient gas
ambient gas density peak is small at this pressure. With th maximum. The results obtained at the background pressure
increase in pressure, more and more ablated material cor@f 70 Pa reveal maximumg,, at the plume front, in accor-
poses the compressed plume region. The peak in theéance with the snowplough effect. As we have seen from the
background-gas density becomes well pronouncedat calculations atP=70 Pa, oxygen is deficient at the dense
=70 Pa, and this pressure can be considered as the oR#Ime center. As a result, no AlO is produced by chemical
needed for the snowplow effect. reactions near the plume center. Strong mixing, which is re-
The ambient pressure required for the appearance of thauired for the efficient AIO production, is realized only in the
snowplough effect depends on a number of factors, such &mpressed layer, resulting in the preferential formation of
molecular weight of the ablated and background species, inthe AlO in this zone. However, the, , maps obtained in the
tial plume velocity, plume density, etc. Evidently, if the ab- experiments at oxygen pressure of 13 Pa demonstrate a dra-
lation rate is not high enough, the plume is too dilute formatic change in the plume expansion mode. Initially, the
hydrodynamic effects to play a role, and no snowplow effectmaximum nglo values are near the plume edge and at the
takes place. If the plume velocity is small, furthermore,plume symmetry axis, as at higher pressures. After a certain
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() time, however, the maximum3,, is not detected near the
0.9 symmetry axis, but at the plume periphery.
The observation of maximunm,‘iIO at the plume periphery

was previously attributed to the formation of vortices in the
gas flow[28]. In fact, an analogy with an underexpanded jet
indicated the possibility of such a flow structure as a result of
the viscous effects at the plume periphg2g]. In addition,

(e) Ref. [25] also reported the observation of the beginning of

R(mm) gy &
: 72 ]
o B 3
10 | 10
0 0
Z (mm)

FIG. 11. Contour maps of the

ground-state population densities as a function of time for differen
experimental conditions. Plots), (b), and(c) correspond to laser
ablation of Al in G, at P,=70 Pa at =2, 3, and 8us, respectively.
Plots (d), (e), and (f) show the same distributions &,=13 Pa.

Z (mm)

vortex formation. The simulation results presented in Ref.
[25] indicated, however, only the backscattering of ablated
and ambient gas particles at the plume periphery near the
2.2 irradiated target, and no circular motion was observed in the
velocity flow field. Nevertheless, vortical flows can be ex-
pected to appear due to the formation of a low-pressure zone
behind the expanding plume. The presented simulation pro-
vides insights into these phenomena.

Typical velocity flow fields obtained from the simulation

under conditions close to the experimental ones are pre-
sented in Fig. 12. To facilitate the analyses of the flow fields,
the plume and background gas density contours are also
shown in the same figure. The distribution of the gas veloci-
ties demonstrates that background-gas species are entrained
in the ablated flow. Furthermore, the velocities of both ab-
lated and background species decrease remarkably at the
plume edge. Backward flows of the ablated particles can be
revealed at the back sides of the plume at a radial distance of
about 5 mm. The regions where the backscattering takes

place expand with time. Interestingly, the analyses of the

experimentally measured AIOP

ackground-gas flow field reveals three different fluxes:
one streaming away with the ablated fldi) one scattering
in the radial direction and eventually redepositing together
with the ablated particles, an(i) the third one streaming

Numbers indicate maximum and minimum density values in arbi-foward the plume axes. The third flux is caused by the pres-
ence of a low background density region that has been

trary units.
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FIG. 12. Spatial distributions of the calculated
number densitya), (b) and velocity flow fields
(¢), (d). The density values are in ¥om™2.
Here, the plotga), (c) correspond to the ablated
Al species, and the plot®), (c) correspond to the
background species. Here?,=26 Pa andt
=2.7us.
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ny(r,Z) =nane (Fig. 13. Then, distribution reveals a sur-
J (a) prising similarity with the experiments, in spite of the fact
that n, represents only one of the factors determining the
production of AlO. Most remarkably a spatial distribution
with similar two maxima at the plume periphery can be ob-
served at=6.3uSs. These maxima can be explained if we
compare the calculated, with the velocity flow field. The
1 comparison indicates that one of the maxima, which is closer
@ i to the target, results from the backward particle fluxes. In
' (b) fact, the backward fluxes, which are composed of both ab-
lated atoms and gas molecules, have been observed in our
calculations. The maximum of these backward flows is at the
position of the firsin, maximum. The second maximum re-
sults from the dynamics of the plume expansion and mixing
with the gas. The ablated particles flying near the plume axis
are stronger decelerated by the gas than those flying at ob-
lique directions because of the preferential plume expansion
— in the direction of the outward target normal. At a certain
(c) time, the plume starts preferentially expanding in radid-
lique) directions. As a result, the plume-gas mixing is more

10+ intense at the plume periphery than near the plume axis.

£ 1 The observed spatial distributions of thf, can be, thus,

S explained by the dynamics of the plume-gas interaction and
5

° mixing, without appealing to such a complex phenomenon as
| the vortex. We emphasize, however, that the jet analogy may
27?/-:)?‘_\‘ be more applicable under different experimental conditions,

0 5 10 15 20 25 such as, a longer pulse time, a less-spherical plume, a denser

plume and ambient gas, etc. Boundary conditions at the tar-

get can also influence the flow field. Under certain condi-

FIG. 13. Calculated spatial distribution of the product of thetions, furthermore, ablated flows may turn to be turbulent,
number densities of Al and 0 np(r,Z)=nuno,. Here, Py, particularly at the zone of plume-gas mixing. The plume ve-
=13 Pa;(a) t=0.6 us, (b) t=1.5us, and(c) t=2.7 us. locity required for this effect should be high enough to jus-

tify the criterion for the transition to turbulence, R&0%,

where Re=(U dp)/u is the Reynolds numbel) is the flow

formed behind the expanding plurfieigs. 12a) and 12b)].  Vvelocity, d is the characteristic lengtip,is the density, ang

In fact, the background gas could not penetrate into this reis the viscosity. In ablated flows, Re may vary from several
gion because it was occupied by the high-density part of théens to thousands. In addition, during laser ablation, condi-
plume. After the plume center has moved away, the backtions can be realized for Rayleigh-Taylor-type instabilities at
ground gas molecules fill up this region. Apparently, most ofthe plume-gas interface. Both of these effetiwbulence
ablated atoms are unaffected by the presence of this regio®nd instabilities can, in principle, promote the mixing of the

No vortices are thus observed in the calculated velocit2Plated and background species. These points are beyond the

flow fields. This result can be explained by several factorsSCOPe Of the present paper.

First, at the considered oxygen pressures, the mean free path _ o _
|, is comparable with the characteristic plume length. The E. Plume expansion with diffuse reflection from the target
background gas is too rarefied for viscous effects to play a To study the role of the boundary conditions at the irradi-
role. In addition, unlike underexpanded jets, the plume exated target on the dynamics of laser plume evolution, several
pands much stronger in radial directions and its density deealculations are performed with diffuse reflection of the
creases faster. As a result, the density at the plume peripheplume and gas species from the target. The obtained density
does not reach the values needed for the appearance of tigtributions are shown in Fig. 14. One can observe the for-
viscose effects, such as vortices. Finally, despite the formamation of a new density maximum in the vicinity of the
tion of a low-pressure zone behind the plume, it does notarget, in addition to the expanding plume. This second
give rise to the vortical movement of the plume material.“plume” is composed of the ablated particles that are scat-
Instead, this zone is filled up by the nearest background mokered back to the target and are then reflected. Because all the
ecules. backscattered ablated species reenter the flow and interact,
To determine the flow regions with potentially maximum they form the new maximum near the target. In this case, like
N30 Production rate, we consider the calculated distributionin the calculations with the particle absorption at the target,
of the product of the number densities of Al and,,O no vortices are obtained in the velocity flow fields.

Z (mm)
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15 high pressure(higher than 70 Pa In the third case, the
plume has been found to equilibrate through pulsations. The
effect of the mixing of the plume species with background-
gas molecules has been, furthermore, correlated with the ob-
served pressure regimes. Thus, at small pressures, the gas
species easily penetrate into the plume as soon as the plume
density drops down due to the plume expansion. At moderate
@@ m pressures, and when radial expansion sets in, the mixing is
4 Py s p p stronger at the plume periphery. At high pressures, the
Z (mm) plume-gas mixing is complicated by the formation of the
compressed layers in the plume and in the background gas.
FIG. 14. Spatial distribution of the plume number density as aas g result, both the mass and energy exchange between the
func_tion _of time obtained in calculation with diffuse reflgction_from plume and the gas takes place only in the region between the
the irradiated su_rface. Here, oxygen press!ﬂgg? I_Da. Simulation gas and plume density maxima.
results are obtained d@t=2.7 us from the beginning of the laser Calculation results have been used to investigate the
pulse. snowplough effect. Based on the calculated density profiles
for the plume and the background gas, we have determined
o ) the value of the background pressure, which is needed for the
Similar results, where plume particles formed anothefyeqinning of the plume snowplowing. For the ablation into
density maximum near the target, were previously observeg)z, this pressure is found to be about 70 Pa. The experimen-
in several experiment§2,7,39,49. Unlike the first maxi- (3 results agree with the calculations.
mum, which streams away from the target, the second one the gimylation results have been, furthermore, compared

was almost stationary. The observation of this stationary reg i the measured distributions of the ground-state number

gion was previously attributed to the collisions between thec}ensity of molecules produced by chemical reactions during

Frlgn}ﬁiﬁga?céigtgr:giéze Q:?#E;ii?;? dﬁ:gg;snzn':ﬁ;g&;‘?'on oreactive laser ablation. The density maps of the AIO formed

Our results support the role of the backscattering particles igurmg the laser ablation of a_lummum N oxygen have been
these observations. We note, however, that typically th@!ﬂalyzed based on the experimental anq modelmg results. At
ejected species are scattered backward during longer tinfd9h background pressuf@0 Pg, the maximum oh, has
than the lifetime of the Knudsen layer. When ablation isPeen found at the plume front near the axis, whereas two
performed in a background gas, the backscattering continudgaxima have been observed at the plume periphery at lower

for several microseconds, whereas the Knudsen layer exisB§€ssuré13 Pa. The comparison of the experimental results
only during the laser pulsgs0]. with the calculated velocity flow field has suggested that

these observations can be explained by the structure of the
flow formed as a result of the plume-gas interaction. Thus,
the maximum, which is closer to the target, results from the
We have presented a combined continuous-microscopibackscattered flows of the ablated and gas species. The sec-
model developed for the simulation of the expansion ofond maximum, which is farther from the target, has been
laser-induced plasma plumes into background gases. The dattributed to the radial plume expansion and plume-gas mix-
veloped approach bridges the gap between the Monte Carlag at the oblique directions. Thus, our model has allowed to
modeling of the plume expansion in a low-pressure regimelocalize the molecular formation during reactive laser abla-
and hydrodynamical models in the high-pressure regime. Thgon experiments.
proposed combined LP-DSMC model describes both the Despite a number of simplifications, the presented model-
high-rate laser ablation and the collective motion of theing has provided a physical picture of the complicated phe-
laser-ablated species and the background-gas particles. Themenon of laser plume expansion into a background gas.
method is applicable for different background pressures, andlhis picture has yielded the explanations of a number of
is particularly suitable for the investigations of such effectsexperimental results obtained in the presence of both inert
as the mass diffusion and the energy exchange between tlaed reactive background gases. The effects of the back-
plume and the background gas, as well as the transition ajround gas on the ablated particles are extremely significant
the plume to the free flight regime and the interaction of theduring the PLD of thin films. In fact, a careful choice of the
ablation products with solid surfaces. filing atmosphere permits the high-rate deposition without
The advantages of the model have allowed us to investidamage of the films. In addition, thin film qualities, such as
gate the dynamics of the laser plume expansion for a widéhe crystalline or amorphous structure, are strongly affected
range of background pressure. Three distinct regimes of thiy the energy of the species arriving at the substrate. The
laser plume expansion have been unidentified. These regimetudy is of interest for the interpretation of the reactive laser
include (i) almost free expansion at small pressdl@ver ablation experiments, in which plume-gas mixing is critical
than 7 Pa for Al in @), (ii) diffusion-driven expansion at for the reactive molecule production. The developed ap-
moderate pressuréfrom 7 up to about 70 Pa in our case proach can be useful to study the formation of nanoparticles
and (iii ) strong plume and gas compressienowplough at  during laser ablation.

10+

R (mm)

V. SUMMARY AND CONCLUSIONS
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Finally, we note that we have considered the expansion of
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