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Abstract. We suggest an explanation of the effect of melt 
droplets and solid particle ejection from a target surface 
under the impact of laser radiation with intensity 
10s-101~ W/cm 2. We consider the capillary wave instabil- 
ities on the evaporating surface of melt, which lead to 
growth of large-scale surface structures and ejection of 
macroparticles. The instability increments and character- 
istic droplet sizes are determined. Conditions are found 
for droplet-free evaporation in terms of the dynamic pres- 
sure of evaporated matter. 
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An important condition that allows application of laser- 
plasma technology is the absence of debris in ablation 
products, such as droplets or solid particles of target 
material. These can be formed through condensation of 
expanding gas or plasma during cooling [1], due to over- 
saturation in the region of plasma flux collision with an 
obstacle such as a substrate or another flux [2]. The 
presence of droplets and solid particles of the target ma- 
terial in the ablation flux can be a result a of their ejection 
directly from the target [3]. 

The condensation droplets typically occur in long- 
pulse and low-intensity regimes [4]. In the range of radi- 
ation parameters of interest (a pulse duration r -- 30ns 
and intensity q _~ 108-10 l~ W/cm 2) the condensation 
droplets are formed under a relatively slow expansion of 
the plasma into the background medium [5], or when the 
flux is disturbed by a substrate. Their typical radius is 
r - 10-100 nm. 

Along with small droplets, larger ones of sizes up to 
1 gm were also observed during film deposition, as well as 
solid debris with a radius of about 10 gin. The amount 
and dimensions of macroparticles are determined by the 
material properties, radiation parameters and height of 
surface relief [3, 6]. 

The liquid splashing from the target surface is thought 
to be connected with the boiling of the melted layer and, 
for surface evaporation, to expulsion of melt by the impact 
of vapor pressure gradients. The gradients in the target 
plane may be related to laser beam inhomogeneity [7] or 
to a small-scale surface instability developing in the field 
of a polarized light wave [8]. However, one is unable to 
explain the formation of big droplets and debris in the 
framework of these models. 

In this paper we suggest mechanisms of macroparticle 
ejection which are effective in the absence of definite 
polarization of the light wave and spatial modulation of 
the radiation intensity. They are related to the develop- 
ment of a surface melt instability in the field of plume 
plasma pressure and to growth of Large-scale Surface 
Structures (LSS) with a characteristic period of 20-30 #m 
[9, 10]. The droplets are believed to be formed due to 
breakaway of liquid at the peak of an aperiodically unsta- 
ble capillary wave [11]. An approximate criterion for the 
ejection of droplets is proposed, which includes compari- 
son of the surface energy of a forming droplet with the 
kinetic energy of the surface layer element whose velocity 
is equal to the velocity of instability growth, and the 
volume - to the volume of the droplet. Three types of 
instability leading to droplet formation and macroparticle 
ejection from the melt surface are considered. 

The first mechanism is associated with the instability 
of the plane front of liquid evaporation [12]. We showed 
[9, 10] that such an instability leads to the formation of 
LSS due to a spatial modulation of the pressure in the 
near-surface plasma layer, followed by melt outflow from 
pits to humps and subsequent solidification. In materials 
for which the instability growth velocity is high enough 
for the above-mentioned criterion to be fulfilled, droplet 
ejection prevents the formation of LSS. 

The second mechanism works if the condition for 
droplet ejection during one pulse is not met. In this case, 
droplets can be formed by multipulse relief formation as 
a result of the outflow of melted material from pits to 
humps. When flowing around the convex areas, the liquid 
is in the field of the centrifugal force, which may induce 
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a Rayleigh-Taylor-type instability at the liquid-vapor 
interface. 

The third mechanism by which the droplets enter the 
ablation flux acts at the nonlinear stage of the relief 
formation when the humps transform into vertical col- 
umns. The vapor velocity is much higher than the velocity 
of liquid layer, and the Kelvin-Helmholtz instability de- 
velops on the column surface. The instability development 
over one pulse results, just like in the previous cases, in the 
ejection of droplets. By a multiple-pulse irradiation of the 
target, the formation and ejection of spherical macropar- 
tides with a radius r -~ 10 #m can be achieved. 

Besides the three droplet-ejection mechanisms which 
are analyzed in this paper, one can imagine a number of 
other instabilities producing the same effect. For example, 
when matter is evaporated from small areas and the 
spread of vapor and melt along the target surface is an 
essential factor, there is a possibility for development of 
a shear flow instability (spread of vapor) [-11, 13] and 
a Rayleigh-Taylor instability [14] (a boundary acceler- 
ation due to the lateral spread of the melt). The specific 
droplet-ejection mechanism is determined by instability 
increments which depend upon evaporation conditions. 

1 Capillary-wave instability in the field of plume pressure 

The melt-surface instability under laser evaporation of 
absorbing targets has been considered in [-7 12, 15, 16]. 
The gas-dynamic disturbances in the flow of evaporated 
matter have sufficient effect on the behavior of the inter- 
phase boundary, when subsonic vapor outflow occurs 
[12]. The condition M < 1 (M is the Mach number on the 
target surface) is connected with the absorption of radi- 
ation by the laser plume and its heating in our evapor- 
ation regime. In [9, 10] it is shown that space modulation 
of pressure in the plasma surface layer arises due to local 
focusing and defocusing of the flux of evaporated sub- 
stance which is directed along the normal to the target 
surface. The pressure near the concave region of surface is 
higher than that above the convex part of the relief. Due to 
pressure gradients the molten surface layer flows from pits 
to relief humps and the local curvature of the surface 
increases, the depth of pressure modulation grows, etc. 
The dispersion equation, describing this capillary-wave 
instability has the form 

= i ( _ P o l o   /;k2 + o k 3 )  ' (1) 
Pl 

where po and Vo are the density and mass velocity, 
fl = (1 --  m 2 )  -1/2,  and Pl and a are the density and the 
surface tension coefficient of liquid. For a sufficiently 
rapid growth of the capillary-wave amplitude, the liquid is 
likely to splash along the normal to the target (Fig. 1). To 
estimate the size of droplets formed in this process, we 
take [11] r = ~m/4, where the wavelength which corres- 
ponds to the maximum instability increment is 
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Fig. 1. Scheme to explain the melt-droplet formation and break- 
away 

The condition for breakaway of dr0plets with the volume 
V = (4/3) rcr 3 is found by comparison of the kinetic energy 
0.5pl (O~/Ot)zv of the given liquid volume with the surface 
energy of the droplet 4~zrZa; here f is a sinusoidal per- 
turbation of the melt surface 

(~?f)2 6a 
P' \ & ]  > --'r (3) 

Substitution of Of/& = F m ~  , where 
Fm = 2pg/gv3ofi3/z/(3xffp~a) is the maximum instability 
increment, yields 

f >_ 0.44 2t m. (4) 

Thus, for the droplets to break away it is required that 
the capillary-wave amplitude reaches this value during 
the time of intensive evaporation, i.e., on the condition 
that 

fo exp(Fmr) -> 0.44 2,,, (5) 

where fo is the amplitude of the incipient melt-surface 
perturbation at the wavelength 2m. The droplet-formation 
condition is realized by irradiation of materials with a low 
evaporation temperature and high values of instability 
increment, which primarily depends on Po V o 2. Let us give 
estimates of the parameters in formula (5) for the case of 
bismuth. To determine Po, v0 and M we utilize the solu- 
tion of the problem for laser evaporation into a back- 
ground medium [17]. Necessary data on the intensity of 
radiation absorbed by the target and the density of 
the evaporated particle flux, j, have been obtained by us 
experimentally (unpublished). For the incident radiation 
intensity qo = 109 W/cm2; q~ = 1.5 x 107 W/cm z comes 
through the plasma and is absorbed by the target. The 
flux j is equal to 3 x 10-25cm-Zs -1. These parameters 
correspond to the following characteristics of the 
evaporated matter flux at the target surface: P0 = 
0.5 g/cm 3, v0 = 3 x 104 cm/s ,  and M = 0.6. From (2) and 
(3) we obtain J~m = 1 0 -  5 c m  and / ' m  = 2 x 109 s -  1. W i t h  

these values, condition (5) can be achieved for 3 ns of 
intensive evaporation on an atomically smooth surface 
of bismuth. 

Analyzing the dispersion equation (1) with the help of 
relation (5), one can pick out the part in the wave number 
region corresponding to the melt surface instability, for 
which the breakaway condition is fulfilled over the dura- 
tion of one pulse, and, in this way, estimate the size 
distribution of droplets. 
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2 Rayleigh-Taylor instability of  the melt surface 
on convex areas of  the relief 

In case where the condition of droplet ejection (5) is not 
fulfilled during one-pulse evaporation of matter, the 
droplets may be formed by multipulse irradiation of the 
target. When deriving the dispersion equation (1), we did 
not take into account the role played by the dynamic 
pressure of liquid along the surface, assuming that 
1 / 2 p l  U 2  <~ pov2fik~ and O'(~2~/~X 2 ~- C~2~/~y2), where 
U is the liquid velocity along the target surface. Let us 
now estimate how the process of relief formation changes 
when the liquid layer flows around convex areas. The 
centrifugal force can bring about the Rayleign-Taylor 
instability at the liquid-vapor interface (Fig. 2). The char- 
acteristic acceleration in this case is g = U2/R,  where R is 
the radius of the liquid-solid boundary curvature. If R is 
comparable with the relief wavelength, its value may be 
estimated as R - 2n/4; if R >> 2n, then 1/R 2 = kn ~n, where 
~, is the relief amplitude formed at the moment of the 
arrival of this pulse, and k, and 2. are the wavenumber 
and wavelength of LSS. 

The dispersion equation for the capillary waves in the 
field of the centrifugal force can be written as 

U 2 
co 2 k -[- (7 k3 (6) 

= - ~ o ~ -  P l  ' 

where [-18] c% = (Pa - Po)/(Po + Pl) -~ 1. From this 
equation we find the optimal wavelength and wave num- 
ber 

2rc 3x/~ ( pa ~ 1/2 
A m -  V e i l  z , k ~ = U \ 3 R ~ r ]  , (7) 

corresponding to the maximum instability increment 
?m = 0.62U 1/2 [ ~ / 2 / ( R 3 / 4 0 1 / 4 )  �9 

To estimate the melt flow velocity along the target 
surface and the time for which this velocity remains high, 
let us use the following model. The relief humps are 
assumed to be cylinders with a height 2~n and radius 2n/4. 
During the evaporation time, the hump height rises, due 
to the flow of a melt portion with a volume 
z] V+ = 7c/4b'cidtnI-I1 along the melt layer with the thick- 
ness H 1 on the side of the cylinder over its entire per- 
imeter. Here b is the liquid acceleration along the target 
surface estimated [9] as b (l/p1) 2 2 = ( p o v o f i k n ~  - r 
for ~ < 2n. By the end of the pulse the velocity amounts to 

U o = k ~ n ' c / p a ( p 2 v o f l  - a k . ) .  (8) 
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Fig. 2. Droplet formation due to Rayleigh-Taylor instability at the 
convex areas of relief 

After the end of the pulse, it falls off as U = Uo - c t ,  
where c = ak~/pt~n and the time t is counted from the 
moment at which evaporation stops. By the moment '1 
when the melt solidifies, the cylinder volume will change 
by the value A V  = Uozl - 1/2cz~. Thus, the increase of 
the cylinder height under one pulse irradiation is esti- 
mated as 

A{n - 2~nHlk~ [pov2fi*(* + 2-q) - rrkn(* + %)2]. (9) 
rcpl 

The duration of evaporation is assumed to be equivalent 
to the pulse duration. We use the condition 
d(A~=)/dkn = 0 to find the wavenumber of the surface 
structure 

3poV~flz(~ + 2zl) 
kn = 4~(z + %)2 (10) 

To find out the time dependence of the liquid layer 
thickness Hi(t)  and the time of melt solidification *a, one 
needs to solve a problem of surface cooling taking 
into account the phase boundary motion. Here we re- 
strict ourselves to a rough estimates of rl,  using the 
relation rbpacl  ~ ~-- rmplCl X ~ l  which yields 
vl ~- "C(Tb/Tm) 2. Here Tb is the melt boiling temperature, 
Tm is the melting temperature, ca is the heat capacity and 
a is the thermal diffusity. The melting temperature for 
many materials is approximately 0.3 of the boiling tem- 
perature 1-19], and rl  -~ 10,. Noting that ~ ~ '1 we write 
down the following expression for velocity U0: 

U0 - 2 ~ ~n" (11) a z ~  

We search for the condition of droplet breakaway in the 
form (3), as earlier. For the case of the Rayleigh-Taylor 
instability on convex areas of the relief, we obtain the 
criterion 

~oeXp(~m*0) > 0.22 Am, (12) 

where "~m and A~ are determined by the relation (7), and *0 
is the time during which the flow velocity remains high 
enough. For  estimates we take ro equal to r + Uo/c - -  the 
time interval up to the moment when the melt stops 
flowing on the humps of relief. Taking account of (9) 
and (11), we obtain % ~_ 0.7,1. By specifying the initial 
amplitude of the surface profile perturbation at 
~o = 10 -8 -10-6cm,  we find from (12) the condition for 
droplet breakaway 7m%--> 5--9 (for brass). Taking 
ln(Am/~o) = 5 (due to the logarithmic dependence on Am 
and ~o, the droplet breakaway criterion is determined for 
any material by the value ?taro), we have 

( ~  , ,2~6/~6F9/4  3/2 
VOuO] I J ~n "C T1 

p 5/4 O. t9/4 > 2 4 0 .  (13) 

Let us estimate for a brass target the amplitude of relief 
that, under flow of melt, causes droplet ejection. When 
Po =0 .02  g/cm 3, vo = 2x104  cm/s, Pl = 8.5 g/cm 3, 
a = 900 erg/cm 2, z = 3 x 10- s s, fi -~ 1, we have the condi- 
tion {. > 10 #m. 

To utilize the droplet-ejection criterion (12), it is 
necessary to meet some other conditions. Since the 
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Rayleigh-Taylor instability can develop only on convex 
parts, when the melt flows from the average level of 
relief to its peak, the droplet can be formed only if more 
than a half-wave Am~2 fits into a part of length 2./4, 
i.e., Am < 2"/2. Using (10) we write the inequality in the 
form: 

3 f~tr5/3 1/3,r4/3 
~n > V ~ P l  ~1 (14) 

( p o v ~ ) ~  ~ 

This condition proves to be more rigid than (13) if 
6 = pov2fla-Z/3p[l/3T 2 > 2.1. With a further increase of 
the parameter poV~fi (low vaporization heat materials), 
starting at 6 > 13 the droplet-ejection condition (5) be- 
comes effective due to instability development on a plane 
surface. The latter inequality is equal to the condition 
Fm"C > 5. In this case, droplet ejection starts with the first 
pulses, and there is no surface relief formation. 

By writing the dispersion equation for capillary waves 
in the field of centrifugal force as (6), we implied that the 
melt flow velocity along the surface is constant. Neverthe- 
less, the stationary velocity cannot be achieved. Velocity 
variation can be neglected when deriving the dispersion 
equation, if dU/dt ~ UTm. This relation is not fulfilled 
during the liquid acceleration when t < ~. But the longest 
phase of the Rayleigh-Taylor instability development 
from t = T to t = ~1 takes place when the melt flow slows 
down at OU/~?t ~- ~rk~/pl~,. Comparison of this expres- 
sion with UTm yields the condition for a quasistationary 
state of flow ?mZ~ >> 3 which is roughly met in the case of 
droplet ejection (~m~l > 8). 

3 Kelvin-Helmholtz instability at a vertical boundary 
of relief and ablation flux 

Let us now consider one more type of instability that can 
bring droplets into the ablated material flux. The nonlin- 
ear phase of surface relief development is characterized by 
the growth of vertical columns. The ablation flux flows 
along these throughout the pulse at a velocity that is much 
higher than that of the melt streaming up the column wall. 
The melt-vapor boundary is the surface of shear flow 
(Fig. 3a). The dispersion equation for capillary waves on 

b ~ radiation 

X~ 

Tv 
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Fig. 3a, b. Scheme of melt-droplet (a) and solid-particle (b) forma- 
tion and breakaway due to Kelvin-Helmholtz instability at the 
vertical boundary of relief and ablation flux 

a liquid surface with p ~ Pl has the form [18] similar to 
(1): 

(.0 2 = L ( _ p v 2 k  2 + o-k3). (15) 
Pl 

The ablated material flux velocity v is connected with the 
mass velocity v0 on the target surface via the continuity 
equation poVo = pv. Therefore, the instability increment 
7T exceeds the increment Fm responsible for relief growth, 
because ablation plasma is accelerated by laser heating, 
i.e., 

2(p/)2) 3/2 -- Fm(V/Vo) 3/2. 

The condition for droplet formation by this mechanism is 
expressed by the inequalities 7TZ > 5 and/ 'mr  < 5, since, 
besides droplet breakaway from columns walls, it is re- 
quired that no intensive droplet ejection takes place dur- 
ing the phase when the relief is being formed. From this we 
find the parameter range in which the conditions hold for 
droplets breakaway from the columns walls: 

13Vo/Vfl < pov~fi(apl)-z/az z/3 < 13. 

Plasma expansion during a pulse has a complicated 
dynamics and numerical calculations are required to find 
the flow velocity. In order to estimate v, we utilize the 
velocity dependence on distance from the target x, deter- 
mined by the self-consistent evaporation model [20]: 
v = Vo(1 + 17/4 x/xfr), where xf,. is the plasma-front coor- 
dinate. Let us take x = Hc (column height) and xfr = vfr'c 
(here vfr is the front velocity). Then, the condition for 
droplet breakaway from the column has the form: 

pOV2a - 2/3p 1 1/3"C2/3( 1 + 17/21 Hc/voZ) > 13. (16) 

The relations obtained are valid under certain conditions. 
The time of instability development t is limited by the time 
of perturbation drift to a distance equal to the column 
height. In the dispersion equation (15), we neglected the 
real part kvp/(p + p~). Taking into account that the per- 
turbation drift velocity is 

vp/(p + Pl) -~ Povo/pl, 

we have t <pxHo/(povo) =Ho/vev >> ~. Here Vev is 
the evaporation velocity. After some time, perturbat- 
ion drift due to melt flow may become an important 
factor. Estimating this drift over time t as 
Ax "~ (pov2)Z/(pla)('c/'cl)'c 2, from the condition Ax < H~, 
we obtain the restriction on the time of instability devel- 
opment (for brass when H~ -~ 10- 3cm, t < 4 x 10- 3 s). It is 
also necessary to take into account natural factors limit- 
ing the instability wavelength: 2T/2 < H~ and 2T ~ 2~Ro, 
where Rc = 2,/4, or H1 > 3~a/(2plv 2) and 
V/Vo >> 3T/~1 "~ 0.3, here Ro is the column radius. Estimates 
show that the above restrictions are not rigid, and the 
conditions for droplet ejection from the column walls 
reduce to (16). 

The mechanisms under study thus allow the formation 
of droplets with an average radius r-~ 10 - 6  10 -4 cm. 
Along with these, larger particles with r -~ 10-3 cm were 
observed on a substrate placed in the path of the 



expanding plasma. They are also likely to be due to shear 
flow instability, but large-size particles are formed by 
multiple rather, than single pulse irradiation of a target 
with a well-developed relief, containing vertical columns. 
For  a waist to exist on a column with radius Rc = 2n/4 
at a distance from the peak equal to 2R~ (see Fig. 3b), 
it is required that the instability wavelength be 
AT = 2R~ = 2,/2. Still assuming the instability to develop 
over the time _~ -c, trying to find a spatial scale, we need to 
take into account the spread of column surface perturba- 
tion for the time of melt cooling, Zl. By analogy with (10), 
we get 

AT = &ZaZl/(3pv2z) .  (17) 

Then, using the condition AT = ).n/2 and povo = pv, we 
have v = 2Vo. Such a relation between the plasma velocity 
near the waist and the initial velocity of vapor seems to be 
quite realistic (it can be verified only by numerical calcu- 
lations of the expansion dynamics). 

When a column waist becomes thin enough, the abla- 
ted material flux tears off a ball and carries it away. It is 
affected by the frictional force of the flowing-round 
stream, by the force related to the flux velocity 
F = pv2~cR 2, and by the force caused by the pressure 
gradient in a flux which may be estimated as 
VP ~-pv / z  = PoVo/Z = plhZ/~, where h is the depth of 
a crater produced by evaporation. The estimates for brass 
show that the major contribution to the ball acceleration 
is made by the forces related to the velocity and to the 
pressure gradient ( V P  = 4 x 10 l~ dyn/cm3), and the velo- 
city of the ball becomes vs -~ 300 cm/s for the time z. To 
break a melt waist with a radius rw it is enough to use the 

= 2rcrwa. 'From the relation t / 2  msV~ > A E  energy d E  2 
(here m~ is the mass of the ball), we find the waist radius 
when the ball breaks away: rw < 2 x 10 .4  cm. This esti- 
mate is in good agreement with the experimental data 
[9, 10] and the estimate for a melt layer thickness. The 
pulse-by-pulse dynamics of solid-ball formation and 
breakaway on the column peaks is presented in Fig. 4. 
One also can observe the smaller spherical particles in this 
figure. We believe that these particles return to the target 
with the backward plasma flux. Apparently that is the way 
droplets arrive at the target during the initial phase of 
relief formation (Fig. 5). 
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4 The conditions for ejection of macroparticles 
and their characteristic sizes 

For droplets to eject by any of the above three mecha- 
nisms requires a capillary instability caused by the abla- 
tion plasma focusing above the pits and defocusing above 
the humps of relief. The present authors showed [9, 10] 
that this can be achieved by meeting the following condi- 
tions: 

2 

t~o < 4(2~ ' (18) 

where tr o is the plasma absorption coefficient near the 
target surface, Q is the evaporation heat per particle, no 
is the plasma concentration and m is the mass of an 

Fig. 4a-c. A brass target photographed after N pulses irradiation in 
vacuum (a) N=35; (b) N=38; (c) N=43; q=109W/cm 2, 
z = 30ns, laser wavelength is 1.061am 

evaporated particle. As the laser intensity increases, the 
temperature and Ko grow faster than the evaporation 
velocity and the parameter nov'~, the latter being limited 
by an increasing backward flux of particles. Thus, besides 
the droplet-ejection criteria (5), (12), and (16) which are 
related, primarily, to the properties of evaporated matter, 
there is also condition (18) which depends mainly on laser 
radiation intensity. The analysis of these relations could 
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Fig. 5. View of surface after 6 pulses of irradiation; q = 1 0  9 W/cln 2 
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Fig. 6. The dependence of characteristic droplet and solid-particle 
radius on the parameter Po for different ejection mechanisms. 1, 
Solid particles; 2, Rayleig~Taylor instability; 3, Kelvin-Helmholtz 
instability; 4, focusing and defocusing of plasma flux 

allow determination of the ranges of the main laser radi- 
ation parameters which correspond to droplet-free evap- 
oration. But numerical calculation are needed to solve this 
problem. In this paper we restrict ourselves to the analysis 
of the above conditions in terms of the most strongly 
varying parameter  Po = poV~ (or plVevVo), which is part  of 
the condition for LSS formation and droplet ejection and 
is responsible for droplets entering the ablation flux. The 
values of a and Pl used for estimations are averaged over 
a variety of materials. 

The dependencies of the droplet and solid-particle 
radius for different instabilities on the parameter  Po are 
given in Fig. 6. The droplet sizes are obtained from estima- 
tions of characteristic wavelengths of corresponding in- 
stabilities [formulas (2), (7), (11) and (17)]. Vertical dashed 
lines define the boundaries of areas which correspond to 
instability development [formulas (5), (12) and (16)]. We 
assume that liquid ejection during one pulse prevents the 
relief formation; this is why curves 2 and 3 are restricted 
by a dashed right line. The curve 1 is restricted on the right 

since droplet ejection due to a Kelvin-Helmholtz  instabil- 
ity prevents ball formation. The droplet size limitation 
r _<_< 10 -6 cm is connected with the free path of atoms 1 in 
vapor. The hydrodynamic flow begins at a distance 
x = (2-3)1 from the target surface [17]. We assume that 
the hydrodynamic description, used in the analysis of the 
interphase boundary stability, is valid if)~, > 31. It follows 
from this condition that the droplet size is limited from 
below by a value ~- 10-6 era. 

5 Conclusion 

The paper gives an explanation for the ejection of droplets 
and solid particles from a target surface, as observed in 
studies of laser deposition. The proposed models have 
allowed us to find the characteristic sizes of droplets and 
the conditions for droplet formation as a function of the 
parameters of ablation flux. The authors are the first to 
report a mechanism of solid particles entering into an 
ablation flux, which is related to the development of 
large-scale relief on a target surface. The LSS growth is 
shown to be one of the conditions for droplet ejection. 
Based on the well-known dependencies of structure 
growth rate on wavelength [6] and intensity [9, 10] of 
laser radiation, one can try to optimize the irradiation 
conditions to find the droplet-free regimes of evaporation. 
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