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20 Abstract
21
22 The plasma-controlled evaporation of the Al target induced by the laser pulse with intensity of/t@?\&ind wavelength of
23 1.06 wm is analysed with account for the two-dimensional effects. The self consistent model is applied, including the heat transfel
24 equation in condensed medium, the equations of radiation gas dynamics in evaporated substance and the Knudsen layer mode
25 the two media boundary. It is found that the phase transition at the target surface is controlled by the two factors: the surface
26 temperature that depends on the transmitted radiation intensity, and the plasma pressure, governed by the expansion regime. T
27 process comes through three characteristic stages, the sonic evaporation at the beginning, the condensation during the period
28 plasma formation and initial expansion, and finally, the re-start of evaporation in subsonic regime after the partial brightening of
29 the plasma. During the subsonic evaporation stage the vapour flow and the mass removal rate are much higher near the be:
30 boundaries than in the centre due to smaller plasma counter-pressure. The vapour plasma pattern is characterised by the dense
31 zone near the surface where the absorption of laser energy occurs, and rapid decrease of density outside the zone due to thr
32 dimensional expansion.
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41 1. Introduction of several free runs. The region adjacent to the interface,
where the distribution transforms to the equilibrium oneg
) _ ) . is called the Knudsen laydKL ). 57
42 The evaporation of a matter induced by intensive | terms of continuum mechanics the KL presents
43 laser radiation can proceed in two qualitatively different strong gas dynamic discontinuitig—6], at which the so
44 regimes depending on the temperature and pressure Ofass, momentum and energy conservation are fulfilled.
45 near-surface heated region. If the temperature @ml  Also, additional relations are postulated that account fer
46 the pressure exceed critical values, the liquid—vapour phase transformation kinetics and are derived by means
47 transition is described by gas dynamic equations with of the different approximations of the distribution funcss
48 the uniform equation of statel]. In the opposite(sub- tion inside the KL. The Mach numbeW defined at the s4
49 critical) case the process is characterised by sharpouter boundary of the KL is widely used as the paranas
50 interface formation. The flux of evaporated matter is eter characterising the degree of non-equilibritne 66
51 non-equilibrium, as all the vapour particles have velocity intensity) of the evaporation. Ab/=1 the vapour flow ez
52 components in the direction away from the surface. For through the surface reaches maximum and the process
53 the sufficiently intensive evaporation the particles collide iS maximum non-equilibrium. TheM=0 condition e
54 and develop equilibrium distribution over the distance mMeans that the flow from the surface is equilibrated by
617 _the back—_scattered flow, thus the total flqw acrp_ss'the
618 " +Corresponding author. Tel - 33-04-77-43-84-38: fax:+ 33-04- mt_erface is zero and the two phases are in equmbnum.
619 77-43-84-99. It is generally accepted that the normal velocity of thes
620 E-mail address: smurov@enise.ffl. Smuroy. vapour flow at the outer side of the KL does not exceed
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the local speed of sound and th&>1 regimes are not
considered2-4,7-10.

The laser-induced evaporation withi=1 takes place
for irradiation in vacuum or low-pressure ambient atmos- |
phere. In this case, heat transfer in the condensedi
medium is independent of vapour phase and is described,
by the single-phase version of the Stefan problem, with |
logarithmic dependence of the transition temperature on i

|
|
|

Laser{radiation

\,--Vapor plasma
the front velocity[11,14. For subsonic evaporation<Q
M <1 the description is much more complex because g
the processes in the condensed and vapour phases Phase bouridary - Lo
become coupled, thés parameter evolution is not Al target
known beforehand and it is determined in the course of 1"
solution [13]. The subsonic evaporation can be inter-
preted as controlled by the two factors: the thermal and Fig. 1. Problem set-up. 3
gas dynamic ones, determined by the surface tempera-
ture and vapour pressure, respectively. 129

The unsteady regimes of laser evaporation were con-2. Problem statement
sidered in a number of theoretical papds4—-21.
Several factors were established that can decelerate the
process and reduce th@ parameter: the environment
back-pressur¢l4—-14, the fast variation of the surface
temperature[17—-19 and the additional back-pressure
of the vapour plasm&l9-21.

The formation of plasma in the evaporated substance
essentially complicates the lagtarget interaction due
to the sharp variation of the optical and thermal prop-
erties of the medium. The numerical analysis of the
plasma-controlled laser evaporation was performed in
several studies by means of one-dimensional in space
(1D) [22—-24 and two-dimensional2D) [25—29 mod-

1
|
|
I
I
I
I
|
|
|
I
i
Y\ Knudsen layer :

Yy-

The present 2D model consists of heat-transfer equas
tion in condensed phase with Stefan type boundary
condition at the irradiated surface, the set of equations
of radiation gas dynamics and laser radiation transfer igs
vapour plasma, equations of state and absorption coef
ficient data. The principal assumptions are the followingss

136
® Target melting and hydrodynamic phenomena in ligss
uid phase are excluded from consideration. The meits
ing has a minor influence on total energy balanceo
because the latent heat of this process is much lower
i than that of evaporation. The melt hydrodynamics.
els. The screening effect of the laser plasma was gnq related problem of solid and liquid macro-partirz
predicted, however, the time development of the evap- a5 in the ablation plume are excluded due to thes

oration intensity(the Mach parametgmwas not consid- extreme complexity of corresponding mathematicas
ered. This subject was addressed in R¢f9—-21 for models. 148
the aluminium target evaporation in vacuum and the ¢ The normal velocity of the vapour flow at the outetas
decisive role of the plasma pressure was established. gige of the KL is limited by the speed of sound fotso
The high pressure of the plasma not only decelerated  gyaporation and condensatidn| < 1. 152
but also reversed the direction of the phase transition, ¢ The plasma is treated as an absorbing medium in tse
and the vapour began to condense on the surface despite giate of local thermo-dynamic equilibrium and satiass
the target temperature being approximately twice as high  fies the quasi-neutrality condition; the plasma evoluss

first stage was induced by laser radiatiof=1); and

the second one by the effect of plasma thermal radiation  For mathematical description moving cylindrical coseo
(M=0.). ordinate system is introduced with the origin fixed ats1
The application of 2D model that is numerically much the target surface in the laser beam centre, rthagis 162
more cumbersome enables to derive additional infor- directed along the surface and thexis directed along 163
mation on evaporation process and, in particular, to the outward norma(Fig. 1). 164
establish the Mach number dependence on radial co-
ordinate. The main objective of this paper is to analyse
plasma-controlled evaporation induced by the laser pulse
with the intensity of 18 Wcm? and the wavelength of
1.06 wm with account for 2D effects. Energy transfer in the condensed phase domain Oies

2.1. Condensed phase 165
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212
r<L, —1,<z<L,is governed by heat-conduction equa- body radiation, i* index denotes frequency dependent
tion [29]: guantities.Eq. (5) describes radiation transfer in diffu-213
sion approximatiorf32]. The system of equatior(&qgs. 214

0H. oH. R - (2)-(6)) is supplemented by the boundary conditionss
Tor Ve, —TAv W He=pCT, W Ref. [31]. The equations of state and absorption coeffiss
cient (Eq. (6)) are calculated by the technique of Ref7

——\grad T, (1) [33], which is based on the Hartree—Fock—Slater models

Laser radiation transfer equation along thexis 219
accounts for incident; ~ and reflected5 * components 220
and is written within the laser beam domairkB<r¢, 221
W are the temperature, volumetric enthalpy and heatwherer; is the beam radius: 222
flux, V. is the surface recession velocityinterface

Here ¢’ index denotes the condensed phagg,H.,

G~ + 225
velocity), p., Cp, A are the density, specific heat and 9 G-—o0, +kGt =0, G
thermal conductivity. The external boundaries of the oz 0z
condensed domain are heat-insulated, with initial target
temperature bein@,=300 K. =G~ —-G"*, 0<z<Lz=L:G~
2.2. Gaseous phase and plasma =Gy, z=L.G'=(1—-A(T))G"~ (7) 226

When the laser intensity is high enough, optical whereA(T) denotes the surface absorptivity. The absorpz7
thickness of evaporated substance is sufficient to initiate tion coefficient of laser radiatiox for the 1.06 um 228
an intensive absorption and avalanche ionisation. Thewavelength is determined by inverse Bremsstrahlung
resulting vapour plasma is partially or completely mechanism32], and it is calculated assuming equilib23o

opaque for laser radiation. The work of pressure, laserrium charge composition. 231
energy release rate and the balance of plasma thermal

radiation control its energy balance. In the vapour 2.3. Interface boundary conditions 232
plasma domain & (rXxz) < (L, XL,) the system of radi- o _ _

ation gas dynamicSRGD) equations is written as The principal featurg_ o_f evaporation pr_oblem is thess
follows [30,31]: presence of non-equilibrium domain adjacent to thes

surface, i.e. the Knudsen layer, in which the state ofs
ap . vapour cannot be described by continuous mediusss
— +div pV=0 (2 equations. 237
ot In general, vapour flow leaving the surface dependss
on the state of already evaporated substance above the

a(pv) surface, which is governed by gas-dynamic equatiorso
+p(V grad)V— —grad P (3) The boundary conditions at the surface should link six:
ot guantities: the velocityV,, the surface temperaturg. 242

and pressureP., the vapour temperature, density andss

d (pe) 5 L oG gas-dynamic velocity at the outer boundary of theu

Py +pgrad eV=—P divV —divg+ 0z 4) Knudsen layer. For this purpose conservation of energys

mass and momentum is applied: 248

iva - __ 1 oT . 249

dva + D=l = =g orad), i mAGTH LYo pV=p(V—V)
3

- 8mhv ’ _)=f & dv (5) pV2+P.=p(V.—V)’+P, (8) 250

c*(exp(hv/kT) ~ 1) as well as two additional relations, dependent on ther
applied approximation of Knudsen laygf,8]:

P=P(p.T), e=e(p.T) k,=k,(p.T:v) (6) ppiied approximat ! yEr.8l 28

T 2yM*(m*+1/2)? 255

where\7=(u,v) is the gas-dynamic velocity, P, e are T. (1+yM?2m%?’
the density, pressure and volumetric internal energy

respectivelyd=(¢,, ¢ is the radiative heat flux, P _lm (1+yYM?(yMAm>+1/2))~*
is the absorption coefficient of plasma radiatidl,, exp( —m?) + m ¥2m(1+ erf(m)) (©) 256

. . .. p
U, q are the volumetric density of radiation and black- = 257
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Table 1
Thermo-physical and optical properties of aluminium

Variable Value Variable Temperature dependence
To=300 K T,,=933 K T,=8000 K

Ty (K) 2720 A (W/cm K) 2.37 0.75 0.16
P, (Bar) 1.0 p (g/cm?) 2.7 2.33 0.64
L, (J/9) 1.1x10° Cp J/gK) 0.95 1.2 1.2
A (g/mol) 27 A (%) 0.1 0.1 0.3

C 297
M=V/|YRT, psa=P ol (RT,), expressions forFy,, F, functions are derived only for

several limited cases, and in general they are determirnesl

L, T, R, numerically from the solution of Boltzmann equatiorngs
Psat=P,,exp{RT (1—Tj], RZX and tabulated. The results of R¢B5] are used in the 300
¢ present model foP/P..=F{T/T, M) relation.F ,has 301

only weak dependence on temperature and is approscz
mated as?/ P = F* (M) = 0.95ex[2.42M). In opposite 303

c

f(m)=F(M)(m?+1/2)>—m¥m>+a+3/2)=0,  (10)

3yM?—1 to evaporation, the condensation can proceed in supes
FM)y=1+———-, a=2=2""w"mt—1, sonic regime, which is characterised by the modified seb
YMo+1 of boundary conditions as compared to the subsonia
condensation10Q]. 307

2m 1+ erf(m)
w2 exp(—m?)+m2m(1 +erf(m))’ 2.4. Numerical algorithms 308

HereM is the Mach numbep.,, P sare the saturated , . . -
vapour density and pressure corresponding to surface 1he differential problen(1)—(10) is solved by finite 300

temperaturel,, L, is the latent heat of evaporatioR, — difference (FD) technique. The computational gridsio

R, A are the gas constant, universal gas constant and?/0ng ther-axis in the 0<r<L,=5 cm domain consists su
atomic mass, respectively, is the adiabatic constant of 50—100 nodes and it is more dense in the laser actian

equals to 33 for monatomic vapourp,, T, are the zone KXr<r;. The non-u_niform grid along the-axis is 313
pressure and equilibrium boiling temperature at the constructed separately in condens@g=0.01 cm, 40 314
normal conditions. nodes and gaseous(L,=10 cm, 100-200 nodgs sis

The last undefined quantityMach number in the domains. The smallest grid steps are at the target surface
present caseis determined from the solution of gas- @nd are equalto:210™° cmand 10° cm for condenseds?
dynamic equations. Whilgf is found, the quantities,, =~ @nd gaseous phases, respectively. The non-linear haat
1, a necessary to evaluate the relatiofisg. (9)) are  transfer equation with convective term is approximateds
found by solving non-lineaiEq. (10). At M=0 the by implicit FD equation using five-point stenciB7].  so
evaporation(convective is absent, the total vapour flow The equation was solved by alternative direction methagh
across the boundary is equal to zero, the temperature isThe FD approximation and computational algorithms?
continuous and the vapour above the surface is in@pplied for RGD part of the model are described i3
saturated state. A¥ >0 temperature’ dens|ty and pres- detail in Ref[38] The algOI‘Ithm for the whole pr0b|em324
sure of vapour are discontinuous, with maximum devi- consists of the fOIIOWing three b|0Ck$1) the solution 325

ation reached a¥/=1, sonic evaporatiorl'=0.6337, of RGD equations;(2) the evaluation of boundary sze
p=0.326p,, P=0.202, The flow of evaporated conditions;(3) the solution of heat transfer equatiorsz7
substance in this case also reaches maximum equal tdhat is iteratively executed at each time step]. 328
0.825 of Herz—Knudsen floviy = psaq/RT,/2m . , _

If P..<P relation is fulfilled at the Knudsen layer 3 Resultsand discussion 329

(M <0), then the evaporation turns into condensation.

According to the results of numerical and analytical  Consider processes at Al target surface irradiated ks
studies[10,34—36, only one condition is imposed on the laser pulse with intensity of 10 XY¥m?, ‘tophat’ 331
the three quantitied’/T,, M and p/pe. (Or P/P ) in spatial profile and rectangular pulse shape, with wavesz
the case of subsonic condensation, for exampgle...— lengthA=1.06.m, beam radius; =0.025 cm and pulse 333
F(T/T, M), P/P=F {T/T , M), while the values of  duration of 100 ns. Thermo-physical and optical props4
the other two parametef®&/ T, and M are controlled by  erties of Al used in computations are presentedable 335
the state of gas dynamic flow. At present, the analytic 1. 336
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30 Fig. 2. Transmitted laser intensity,, transmission coefficierifr and radiative heat fluggvs. time atr=0, z=0.
337 354
3.1. The processes in the beam centre approximately constant lev@r=10%, Go=3Xx 10" W/
cne. 355
338 The intensity of laser radiation reaching the target is ~ Let's return now to the main subject of the presents

339 the principal parameter governing the processes on theanalysis—the phase transformation of the surface. The
340 surface. The evolution of absorbed intensity in the beam process is characterised by the following quantities takess
341 centreGs=AG (r=0, z=0), as well as vapour plasma at the beam centre=0: surface temperaturg;,, Mach 3s9
342 transmission coefficient along the beam axizs= number M, Fig. 3, saturated vapour pressufe, and 360
343 G~ (r=0, z=0)/G, are presented irFig. 2 At the vapour plasma pressuf, Fig. 4 As indicated inFig. 31
344 beginning of laser pulse the evaporated substance above, three specific stages of the process are distinguished.
345 the surface is transparent and all the laser energy reachektensive laser energy release in near-surface layer couss-
346 the surfaceTr=100%, Gs=AG,=3x1C W/cm?. The es its fast heating and in a short time the vapour flowsa
47 evolution of the process changes qualitatively when reaches the sound velocity/=1), therefore in further ses
348 plasma is formed in the vapour. The plasma effectively consideration the stage | will be referred to as soniss
sa9  absorbs the laser radiation due to high electron concen-evaporation. However, both the surface temperature anet,
350 tration and the laser action on the surface terminates,as a consequence, the vapour flow velocity continue 36

Fig. 2 Gs=10® W/cm?, Tr=0. Later on as the plasma increase. Steady-state evaporation regime is reached ager
352 expands, it becomes partially transparent and starting

353 from =50 ns the transmission coefficient remains at 40
34 7000
9000 60004
8000 - 110
3 S 5000
%, 7000 T @
= c 405
© 6000 =3 2 4000+
=] — ol
£ 5000- 3 ]
) 400 E © 3000+
g 4000+ M 2 a
P 30004 5 2000+
H{-05 g
2000 1000 4
1000
0 . 1 10 0- T T 1 1 M T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Time [us] Time [us]
35 Fig. 3. Target surface temperatufgand Mach numbeM vs. time at Fig. 4. Saturated vapour pressutg, and plasma pressug,vs. time 41

36 r=0, z=0. at the beam centre. 42
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46
2-3 ns with the surface temperature close to the critical
point; it is characterised by the equality of laser energy 127
input G and the energy losses due to evaporation and
conductive heat flux—A grad7.) toward the bulk of
the target. As seen ifig. 4, the conditionPg,> P, is
fulfilled during the stage |: saturated vapour pressure is
approximately five times higher than the plasma
pressure.

After the plasma formation the energy input to the ]
target surface is terminated, its temperature and saturate 41
vapour pressure are rapidly diminishedtat12 ns the ]
P.o<P , condition is realised and evaporation turns to 21
condensationkigs. 3 and 4stage 11,M <0. Majority of ]
time the condensation proceeds in subsonic regime. The oy
Mach number sharply decreases and reaches the 1 value  10° 10 107 107 10™ 1
at r=40 ns, when disturbance from the plasma initial z [cm]
ignition region reaches the surfateee the peak of the
Pp curve in Fig. 4). Fig. 5. Plasma temperature profiles at the beam axis. 47

High pressure of the plasma results in its rapid 423
expansion. As vapour flow from the surface to plasma temperature and pressurefigs. 2 and 4 Starting from
is absent, the expansion leads to the partial restoration60 ns the temperature profiles of steady shape slowbs
of transparency and the onset of subsonic evaporationpropagate in positive-direction. 425
stage, Figs. 3 and 4 stage lll, with very low Mach Contour plots of 2D temperature distributions takess
number close to the boundary of convective evaporationat =20 ns andr=70 ns are presented ifig. 6. The 427
M=0.05 [4]. The comparison of evaporation at the Fig. 6a and the curve ‘20 ns’ irFig. 5 represent the 428
stages | and Il gives insight into the relation of Same plasma plume. It is found that radial expansion ab
temperature and gas-dynamic factors—temperature andhe plume is rather limited at this instant. The instanto
saturated vapour pressure on the stage Ill are only70 ns,Fig. 6b corresponds to steady expansion regime:
slightly lower than that of the stage Figs. 3 and 4  that is characterised by the axial expansion velocitg:
however, the flow is decelerated by strong plasma being two times as high as the radial one. The plasma
counter-pressure. It is worth to mention that due to small hot core is situated near the surface where laser enexgy
Mach number the vapour density at the stage Ill is just release takes place with the local temperature maximusa

10

60ns 40ns 20ns 80ns

Femperature T [eV]

as high as saturated vapour densitp(M= at the forefront. Density distribution at=70 ns is 436
0.05 =0.95, and exceeds the vapour density at the shown inFig. 7. It is characterised by rapid densityss?
stage Ip(M=1)=0.32p.. decrease with the distance from the surface. Starting

The effect of plasma thermal radiation is illustrated from 10~* g/cm® at the Knudsen layer the densityso
by the radiation flux reaching the surface in the beam lowers down to 10° gecm® at the distance of 440
centreg.=q.(r=0, z=0), Fig. 2 At the stage Il the 5x107° cm, to 10* gcm® at the distance of 4a
plasma radiation is as high as’10 /@2 and it keeps ~ 4>10"* cm and 10° gem® at 0.1 cm. It confirms an 422
the surface at relatively high temperature. At the stage OPVious fact that i <=r; doma;n the density follows 443
Il the plasma radiation flux is=<3x10° that is one  ~1/z law and varies as~1/z> at larger distance. 44

order of magnitude lower than the laser intensity. Therefore, despite the high temperature of the plasma
cloud its major part remains transparent for lasets

radiation. 447
The location of laser energy absorption zone is ans
important feature of the plasma pattetRig. 8), G ~(z, 449
Consider some features of plasma pattern evolutionr=0). At =20 ns energy release takes place in theo
that essentially influence the surface phase transforma-narrow region around;=10"2 cm. Further on, the 4s
tion. The plasma temperature profiles along thaxis absorption zone becomes wider and the energy release

3.2. Plasma pattern structure

taken at several instants are presenteHiin 5. Initially rate G/ 9z diminishes. 453
plasma is formed at the forefront of the vapour cloud at
the distance of=10~2 c¢cm from the surfacefig. 5, 20 3.3. Processes on the surface 454

ns. Later on the plasma expands rapidly in two opposite

directions—towards the laser source and towards the Analysis of phase transition in th8ection 3.1lis 455
surface. Atr=40 ns the ionisation front reaches the related to only one point at the beam centre, i.e. it iss
surface, and this event manifests itself as a peak ofquasi-one dimensional. The evolution of target tempes
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a) Plasma temperature [eV] t=20ns
0.06
0.04 -
~ , \
L / \
002 | \l
| /'
0].\—#\“. I
-0.06 -0.03 0 0.03 0.06
rem]
b) Plasma temperature [eV] t=70ns

0.3

rem]

Fig. 6. Contour plot of the plasma temperature a0 ns:(a) and
t=70 ns:(b).

ature profilesT.(r, z=0), is presented irfrig. 9. At r=

8 ns the plasma in vapour phase has not yet formed and=

the temperature across the irradiation zdne<r; is
constant. The profile at=10 ns already corresponds to
plasma—mediated action. Comparison of the two curves
shows that for over 2 ns the temperature is dropping
sharply everywheregdue to evaporation heat losggs
except for the narrow zone near the beam boundary.
The profiles at later instants correspond to the conden-

sation stage and demonstrate that the recommence of ]
evaporation starts near the beam edges and later on with 5

10-20 ns shift in the central zone. This fact indicates
that the plasma brightening is not only the result of
axial plasma expansion but its lateral expansion as well.
The latter effect manifests itself earlier at greater dis-

57

Plasma density [g/cma]

0.4 r
7 0.010000
i 6 0.001000
5 0.000300
0.3 4 0.000100
VRN 3 0.000030
I Vs \ 2 0.000006
—_ ‘ 1 0.000002
E / \
o 02 f
N B / \".
0.1 ‘
| I‘&. 4 \ ) /."‘
- \ 3 /
ok \‘/ —
-04 -03 -0.2 -0.1 O 0.1 0.2 03 04
rfcm]
Fig. 7. Contour plot of plasma density &t 70 ns. 58

473
tance from the beam centre. Starting from60 ns the
surface temperature becomes practically uniform ovemn
the laser spot. 475

Radial expansion reduces the plasma counter-pressitse
near the boundaries of evaporation zone, so hypothetiz
cally the mass removal should be more intensive theres
The assumption is confirmed by the results presentedain
Fig. 10 showing the evolution of Mach number at theso
surface for three specific radial points=0, r=r;/2 481
and r=r;. The processes in the former two points goes2
on identically, but at the beam boundary the re-start afs
evaporation occurs earlier and the vapour flow velocityss
characterised by the Mach number, is several times

higher than in the centre. 486
62
F109—5
S ] 60ns
=gy
ol 80ns 40ns  [20ns
=
e 7
210 5
£ 3
o ]
@ 46
=110 3
- rre— ey —rrrr— rer—
10° 10* 10° 10’ 10" 1
Z [em]
Fig. 8. Incident laser intensity profiles at the beam axis. 63
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9000
8000

7000
6000
5000

4000

10ns

Temperature [K]

3000
2000

1000 ‘

-0.04

S

. .
0.00 0.02 0.04
r [cm]

T
-0.02

Fig. 9. Surface temperature profiles vs. radius.

. . ..cm
The amount of the removed material vs. radius is

presented irFig. 11 It is calculated by integration the
surface recession velocity. The curve takert-ail0 ns
shows that just before the plasma ignition the removed
layer has constant thickness. Over the next 30 ns it
partially decreases due to vapour condensation. Well
seen circular hollow near the beam edger&a#40 ns
and especially at 100 ns indicates that this part of
evaporation zone gives significant contribution to the
total amount of evaporated material. Note that the results
presented irFig. 11 cannot be interpreted as profile of
laser crater because melting and melt hydrodynamics
are excluded from the present analysis.

4, Conclusion

The performed studies allow to draw the following
conclusions on phase transition of Al surface induced
by laser radiation with the intensity of 10 X¥m?, the
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Fig. 10. Mach number evolution at different radial points.
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Fig. 11. Total mass removal vs. radius. 78

504
wavelength of 1.06u.m and the beam radius of 0.025

208
® Phase transition of the target surface is controlled bbys
the two factors: the surface temperature that depends
on transmitted radiation intensity and the plasmao
pressure, governed by the expansion regime. The
process comes through three characteristics stagest>—
the sonic evaporation at the beginning, the condens
sation during the period of plasma formation anehs
initial expansion and, finally, the re-start of evaporasis
tion in subsonic regime after the partial brighteningis
of the plasma. 518
® During the subsonic evaporation stage the vaposw
flow and the mass removal rate are much higher neat
the beam boundary than in its centre due to smaller
plasma counter-pressure, therefore it is just thes
‘periphery’ part of the irradiation zone that gives thezs
significant contribution to the total amount ofs2s
removed material. 528
® The vapour plasma pattern is characterised by tha
dense hot zone near the surface at the distance ofsan
order of the beam radius where the absorption efi
laser energy takes place, and rapid decrease of density
outside the zone due to three-dimensional expansiasa

The predicted results characterise the specific featusss
of laser-induced plasma-mediated ablation, and provies
information potentially useful for the development anek?
improvement of pulsed laser depositigPLD) tech- sss
nigue. However the analysed regime of laser actiem
differs from typical PLD applications that utilise eximersao
lasers with the wavelength in the ultraviolet rangegi
shorter (=20-30 n3 pulses and lower fluency. It is 542
planed to continue this study and to extend the analysis
for typical PLD conditions. 544
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