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Purdue University, tion pressure at the surface temperature, resulting in a superheated, metastable state. As
West Lafayette, IN 47907 the temperature of the melt approaches the thermodynamic critical point, the liquid un-

dergoes a phase explosion that turns the melt into a mixture of liquid and vapor. This
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1 Introduction in metal induced by a high power nanosecond pulsed laser, with
an emphasis on phase change mechanisms and nonequilibrium
1ase change kinetics at the evaporating surface. Phase explosion
duced by rapid heating will be described first. A brief review of

High power lasers are being used in a variety of advanced
gineering applications, including micromachining, pulsed las

deppsition(PLD) of thin films, and fabrication of nanometer Sizethe experimental evidence of phase explosion will then be given.
_partcheS and carbon nanotubfss-4). 'V'O.S‘ of 'Fhese Processesryg experiments were performed in the laser fluence range from
involve complex thermal phenomena, including rapid heating, s j/cn? to 9 J/cn?, which is commonly used for many applica-
non-equilibrium phase change, superheating, and rapid nucleatipfys jncluding PLD and micromachining. The nucleation process
in a superheated liquid. Under intense radiation of a laser pU'%‘?'quuid leading to phase explosion is discussed in detall.

the surface of a target is heated with a heating rate 3fKi8 or

higher. At laser fluence@nergy per unit aréaf about 1 J/chor 2 Thermal Mechanisms of Laser Ablation and Phase
higher, melting and ablatiofrapid removal of materialwill oc- Explosion

cur.

There are several mechanisms of laser thermal ablation, namely’he phase change process induced by pulsed laser heating can
normal evaporation at the surface, heterogeneous boiling, and R8- best illustrated using the pressure-temperature diagram as
mogeneous boiling. During high power pulsed laser ablation, h§fown in Fig. 1[7]. The “normal heating” line indicates heating
mogeneous boiling, or phase explosion could be an important &6-2 liquid metal when the temperature is below the boiling tem-
lation mechanisnj5—8]. The phase explosion phenomenon waRerature. At the boiling temperature, the liquid and vapor phases

first investigated in the earlier work of rapid heating of metgf® in equilibrium, which is shown in Fig. 1 as the intersection
wires using a high current electric pulE&10]. It occurs when a etween the normal heating line and the binode line. The binode

liquid is rapidly heated and approaches the thermal dynamic crilfl’r-‘e represents the equilibrium r_elatlon between t_he s_urface tem-
cal temperature, and the instability in the liquid causes an exp erature and t_he vapor saturation pressure, Wh'Ch is calculated
sive type of liquid-vapor phase change. Miotello and KeB rom the Clausius-Clapeyron equation. Evaporation occurs at the

pointed out that phase explosion was a likely mechanism in narl'&u'd surface, which is a type of heterogeneous evaporation, or

second pulsed laser ablation. Song and [Bliwere the first to normal surface evapora_tion.

rovide experimental evidenc.e of bhase exblosion induced b The surface evaporation process can be computed. The rate of
P P P P Yatbmic flux (atoms/mis) leaving the surface during normal evapo-
nanosecond pulsed laser. They also showed that surfqg on is given ag15]:

temperature-pressure relation could depart from the equilibrium

Clausius-Clapeyron relatiof1,12. It has also been suggested ) Ps
that phase explosion occurred during sub-picosecond laser abla- m= (2mmkgT) 2’ 1)

tion [13]. Using molecular dynamics simulations, Zhigelei et al. o ] )
showed phase explosion occurred when the laser fluence wéierem is the mass of the evaporating molecule or atégjs
above a threshold value, while surface desorption occurred tAg Boltzmann constant, anul is the saturation pressure at the
lower laser fluencefl4]. liquid surface temperatur, which are related by the Clausius-

This paper is concerned with energy transport and phase chafg@Peyron equation:

H, (T—Tp)
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12 y T T T T T T metal is transferred from a conductor to a dielectric. Its transmis-
sion to optical radiation increases and surface reflectivity de-
T 1 creases.

A competing process that prevents superheating of a liquid is
7] spontaneous nucleation. If the rate of spontaneous nucleation is
high enough, homogeneous liquid-vapor phase change would oc-
i cur. Therefore, the existence of the superheated state requires a
low rate of spontaneous nucleation. The rate of spontaneous
nucleation can be determined from the'ridg and Volmer's
Superheating | theory[23,24). According to this theory, the frequency of sponta-
neous nucleation is calculated as
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where W, is the energy needed for vapor embryos to grow to
1 nuclei at temperatur€, or the work of formation of nucleiEm-
bryos smaller than a critical size will collapse, while those larger
than the critical radius, called nuclei, will favor growing in order
to reduce free energy.n is on the order of magnitude of the
number of liquid molecules per unit volume, calculated 23:
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. L L | : ) whereN is the number of liquid molecules per unit volume, and

02 12:1“ edtempe(:fture T $ 1o is the surface tension_. Note that the _above r_esults are derived
T based on the assumption that the heating rate is slow enough that
an equilibrium distribution of embryos exists in the liquid.
According to Eqgs(4) and (5), the spontaneous nucleation rate
increases exponentially with temperature. It has been calculated
that the frequency of spontaneous nucleation is only about 0.1
s'tcm™® at the temperature near 0.8B;, but increases to
10 s tem 2 at 0.91 T, [5]. For a slowly heated liquid, the

In a slow heating process, the surface temperature-pressurefténber of nuclei generated by spontaneous nucleation will be
lation follows Eq.(2). On the other hand, when the heating rate i§igh enough to cause homogeneous phase change at the normal
h|gh enough such as what occurs during h|gh power pu|sed |a§é.¥|lng temperature. Therefore_, a Sl..lpel'heated state cannot be .SUS'
heating, it is possible to superheat a liquid metal to temperatufigéned. On the other hand, during high power pulsed laser heating
above the bo|||ng point while the surface vapor pressure is n@@nsidered in this work for which the time dura_ttion is on the order
built up as rapidly. The liquid is then superheated, i.e., its ter@f tens of nanoseconds, the amount of nuclei generated by spon-
perature is higher than the vaporization temperature correspof{2€0us nucleation is negligible at temperatures lower than 0.9
ing to its surface pressure. In this case, the heating process déwi- Therefore, the liquid could possess considerable stability with
ates from the binode, but follows a superheating line shown TRSPECt to spontaneous nucleation. At a temperature of about 0.9
Fig. 1, and the liquid is in anetastablestate. The exact details of Tc. @ significant number of nuclei can be formed within a short
the superheating are not known, but should depend upon the h@gtod of time. Hence, homogeneous nucleation, or explosive
ing rate. There is an upper limit for superheating of a liquid, thehase change occurs, which turns the liquid into a mixture of
spinode[16—18, which is the boundary of thermodynamic phaséduid and vapor, leaving the surface like an explosion.

stability and is determined by the second derivatives of the Gibbs'To analyze phase change induced by pulsed laser heating, it is
thermodynamic potentidtL9]: also necessary to consider the time required for a vapor embryo to

grow to a critical nucleus, which is called the time lag for nucle-

ation. For most engineering applications, the time to form critical

(ﬁ_p> =0 ©) nuclei is too short to be considered. However, during pulsed laser
) ' heating when the heating time is on the order of nanoseconds or

shorter, this time lag could be on the same order of the time period

whereu is the specific volume. Using E¢3), the spinode equa- ur}de.r conS|derat|qn. Equatidd) can be modlfled to account for

tion can be deri\eed from empirical e%urﬁ?ons of sriate sucﬂ as tmés time lag,7, which can be expressed g]:

van der Waals equation or the Berthelot E2D]. As the tempera- W -

ture approaches the spinode, fluctuations of local density of a J=7/eXF< Cf)eXF{ T)
liquid metal increase rapidly, and/dv)+— 0, resulting in a loss ksT ’

of thermodynamic stability. These fluctuations begin when the ] ) ] ] o

temperature approaches OTQ’ Wh|Ch drastica”y affect Other Wheret IS the time duratlon_ fOr Wh|Ch the |IqUId IS Superheated.
physical properties. Figure()) shows properties of a liquid metal The time lagr has been estimated to b24]:

near the critical point. Rapid changes of properties can been seen 1

when the liquid temperature is above 0.8. These drastic prop- _[27M Amops

erty changes are called anomalies, which are also indicated in Fig. "\ RT ) (p—p0?’
1(a). Usually, the onset of anomalies concurrently marks the onset

of significant reduction or even disappearance of electrical cowhereM is the molar weight of the substance. Skripov performed
ductivity of a liquid metal due to many isolated regions with fewcalculations based on E(y) for metals and found the time lag to
free electrond21,22. Thus, at the onset of anomalies, a liquicoe approximately 1-10 ri24].
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Fig. 1 (a) p-T Diagram and (b) typical variations of physical
properties of liquid metal near the critical point. The substrate
“0" denotes properties at the normal boiling temperature.
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3 Experimental Investigation of Phase Explosion and 1.0
Its Time Lag i

This section describes studies on phase change mechanism:,,
during laser ablation through a number of experimental investiga- & 06/
tions on laser-induced vapor. Although it is more desirable to mea- . y
sure the surface temperature and pressure for the study of phasiz
change kinetics, direct measurement of the surface temperature isg
hampered by the strong radiation from the laser-induced vapor.
On the other hand, properties of the vapor are strongly linked to -
the surface thermodynamic parameters. Therefore, knowing the ool
properties of the laser-induced vapor could help to understand the " 10 20 30 40 50
phase change phenomenon occurring at the surface. Time (ns)

0.8 '
- - ®=--F=25 J/cm®

—8—F=42 Jjcm®
R R
Y F=59 Jiem’
4 F=7.3Jem®
X F=9.0 Jem®

INISS|

3.1 Summary of Experimental Study on Phase Explosion. Fig. 3 Transient transmissivity of vapor as a function of laser
The laser used for the experimental study is a KrF excimer lagkrence
with a wavelength of 248 nm and a pulse width of 25 ns
(FWHM). The center, uniform portion of the excimer laser beam

is passed through a rectangular aperttr® mm by 5 mm t0  onotonous. A sudden jump of the velocity is seen at the laser
produce a laser beam with a uniform intensity profile. A singlg,ence of 4.2 J/cf In the laser fluence range between 5.2 and 9
150 mm focal length CaHens is used to focus the laser beam o/cn?, the velocity is almost a constant.
the target. Polished nickéb0 nm RMS roughnegss used as the  The different relations between the vapor velocity and the laser
target. _ _ _ fluence indicate different laser ablation mechanisms. The velocity
_ The following parameters are me_asured: transient transmisshf-the vapor plume is determined by the pressure and the tempera-
ity of laser beam through the laser-induced vapor plume, scattgfre at the target surface. The constant velocity at high laser flu-
ing of laser beam from the laser-induced vapor plume, transi&flices indicates that the surface temperature is not affected by the
location and velocity of the laser-induced vapor front, and ablgcrease of the laser fluence. Such a constant surface temperature
tion depth per laser pulse. De_talls of the experlments_have begth be explained as a result of phase explosion. As discussed
given elsewher¢7]. The experimental results are provided hergayier, the surface temperature during phase explosion is about
for further discussions. ) _ 0.9 T., the spinodal temperature. Once the laser fluence is high
Figure 2a) shows the transient location of the vapor front as gnough to raise the surface temperature to the spinode, increasing
function of laser fluence. The measurement is based on an optiga |aser fluence would not raise the surface temperature further.
deflection technique, whuj,h is highly accurateetter thani3_ On the other hand, when the laser fluence is below 4.22)Atva
percent and repeatable. Figurgl® shows the averaged velocity ye|ocity increases over 50 percent. Therefore, the surface tem-
of the laser-evaporated vapor. These are time-averaged vapor y&mture increases with the laser fluence increase; normal vapor-
locities from the vapor onset to 50 ns calculated from F{@).2t  jzation occurs at the surface.
is seen that the vapor velocity increases with the laser ﬂuencq:igure 3 shows the transient transmissivity of the vapor at dif-
increase from about 2,000 m/s at the lowest fluence to about 7G@fent |aser fluences. The uncertainty of the measurement is less
m/s at the highest fluence. However, the increase of velocity is R a few percent in the time duration from a few nanoseconds to
about 45 ns. Near the end of the laser pulse, the uncertainty of the
measurement is largér-10 perceny, since the pulse intensity is

300 weak. The data show that the transient transmissivity is almost
- F identical for laser fluences higher than 5.2 Fewhich is exactly
§ 250; {—"— F=9.0¥en’ the same fluence region in which the velocity of the vapor
£ 200 F O F=73lem? changes little. This is also explained as a result of explosive phase
'g F o s change occurring at laser fluences above 5.2 2/&xtinction of
S 150} F=59 Jfem the laser beam is determined by the cross section of the energized
g 1005 v F=52)em’ atoms, which in turn is determined by the temperature of the
= E A F=42Vem® vapor plume. The temperatures of vapor are about the same when
§- 50 % s et the laser fluence is higher than 5.2 Jfcsince the temperatures at
> o | the surface are all about OIR . Thus, transmission through vapor

00’ m 0 30 w0 w0 stays at a constant value.

Figure 4 shows the percentage of laser energy scattered from
the vapor plume as a function of laser fluence. Scattering of laser
8000 e energy is due to large siZen the order of sub-micron or larger
E droplets in the vapor plume instead @tomig vapor. It is seen

7000 E .
: . . from Fig. 4 that there is almost no scatterifigss than 0.5 per-
g 6000 . cent, the measurement resolutiom the low laser fluence region.
E 5000 £

laser fluence is higher than 5.2 Jignthe percentage of laser

energy scattered by the plume is about 4 to 5 percent, indicating

- Therefore, there are no droplets in the vapor plume. When the
& E ]
'g 4000 | 3
° 3

> 3000 - . the existence of liquid droplets. This phenomenon again can be
2000 £, explained by the different ablation mechanisms. When explosive
1000 Frse b eat e Lt bt e, phase change occurs, the melted layer is turned into a liquid-vapor

2 3 4 5 6 7 8 9 10 mixture. Therefore, the increase of scattering at the laser fluence
of 5.2 J/cn? also indicates the transition from surface evaporation

Laser fluence (,]/cmz) .
to phase explosion.

Fig. 2 (a) Transient locations of the vapor front as a function Figure 5 shows the ablation depth per laser pulse at different
of laser fluence; and (b) vapor velocity as a function of laser laser fluences. The ablation depth increases almost linearly from
fluence. 14 to 20 nm with laser fluence when the laser fluence is less than
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Fig. 6 Comparison between the Clausius-Clapeyron relation

Fig. 4 Percent of laser energy scattered to the ambient as a and the measured pressure at 0.9 T,

function of laser fluence

4.0 J/icnd. When the laser fluence increases from 4.2 to 5.2 4/cnPressure is obtained at various laser fluences. Of particular interest
a jump increase in the ablation depth is observed, and stays réfathe pressure when phase explosion occurs, which is determined
tively a constant at higher laser fluences. This again is explainibe about 600 bars10 percentat 5.2 J/cm. Figure 6 shows
as surface normal vaporization versus volumetric phase explosidte Clausius-Clapeyron equation for Ni, together with the experi-
When phase explosion occurs, the liquid layer is ablated, thergental data point at 5.2 J/émit can be seen that the pressure
fore, the ablation depth is much greater than that of surface evagtained from the experiment is well below the equilibrium pres-
ration. sure, showing that the liquid is indeed superheated under pulsed
Since the surface temperature is maintained at a relatively cdaser irradiation. . o o
stant value when phase explosion occurs, one question arises as fy1other way to estimate the validity of the equilibrium evapo-
how the additional laser energy dissipates when the laser fluefigdon kinetics is to compute the evaporation depth from the mea-
is further increased. A possible explanation is that once the tefitired pressure using the Clausius-Clapeyron equation and com-
perature reaches above OT8, the material is heated up lesspare the calculated results with the measured data. To do so, the
quickly, since it becomes less absorbing as seen in Fhy.dl- transient surface temperatufeis first calculated from the mea-
lowing the laser energy to penetrate deeper into the material. Af#ired transient surface pressyseand the Clausius-Clapeyron
other reason is that when the temperature approaches the spiné@&gtion, Eq(2). Knowing the surface temperature and pressure,
temperature, most of the additional incoming laser energy is cdfie evaporation velocityy,, , can be calculated from the atomic
sumed by nucleation instead of raising the temperature, and fh& M using Eq. 1, modified by a factor afi/p,. The ablation
nucleation rate increases exponentially around the spinode. depth per laser pulse is obtained by integrating the evaporation
In a brief summary, these four independent experiments &locity over time. Note that this calculation can only be carried
show that surface evaporation occurs at laser fluences below @t for surface evaporation.

Jicn?, while an explosive phase change occurs when the laserThe calculated ablation depths at different laser fluences are
fluence is higher than 5.2 J/ém shown in Fig. 7. It can be seen that the calculated ablation depths

o ] are greater than the measured values, by as much as a factor of
3.2 Kinetics at the Evaporating Surface. To understand seyen to eight. This large discrepancy again indicates that the

the kinetics at the evaporating surface, the transient pressureegtjilibrium interface kinetics and the Clausius-Clapeyron equa-
the evaporating surface is measured with the use of a PVDF trans-

ducer attached to the back of a thin nickel target. Details of the
experiment have been given elsewhig28]. The transient surface

200 | 1 LB | T LI | L} I T T T L} ' LI | T L} l T T T T i
40 _I LI I LIELELIL I LELELELI I LI I LELILEL ' LILBLEL [ LELELEL I LI L) l_ % : :
-~ ] & 150 } ]
2 3sE fo- T ;
= } { ] I { ]
EQ 30 b ¢ 3 £ o0k )
£ : ; o 100}~ E i o . Measured ]
£ 15 3 E ': [ e  Calculated ]
2 - . S _ i
s 20 : 3 : 2 OF ;
c - - = i ]
'g E ¢ E < " ® @ a @
% 15 :_ i _: 0 [ PR S T S N TN SR PR SO ST Y Y SN ST SR UNN N WY U WA ]
< [ ¢ ] 2.0 2.5 3.0 3.5 4.0 45
10-I|IlIII|I‘lllllllllllllllllllllllllllll_ 2
2 3 4 5 6 7 8 9 10 Fluence (J/em’)
Laser fluence (J/cmz) Fig. 7 Comparison between the measured ablation depth and
the values calculated using transient pressure data and the
Fig. 5 Ablation depth as a function of laser fluence equilibrium kinetic relation
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25 e 4 Conclusions

Heat transfer and non-equilibrium phase change during nano-
second pulsed excimer laser ablation of nickel were investigated.
Results of experiments showed surface evaporation occurred
when the laser fluence was below 4 Jickvhen the laser fluence
was higher than 5 J/icinthe liquid reached a metastable state
during laser heating and its temperature approached the critical
point, causing an explosive type of phase change. The kinetic
relation between the surface temperature and pressure was found
to deviate from the equilibrium Clausius-Clapeyron equation.
With the given experimental conditions, the time lag of phase
explosion was found to be around a few nanoseconds.
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Fig. 8 Onset of evaporation as a function of laser fluence de-
termined from the transient location of the vapor front and from Nomenclature

the transient transmissivity through the vapor .
4 9 P H,, = latent heat of evaporatidd/kmole

J = frequency of spontaneous nucleation 3s™1]
kg = Boltzmann's constant, 1.38010" 22 J/K
m = atomic mas$kg]

_ m = atomic flux,[s *m ?]

tion do not correctly represent the actual surface temperature- 1 — molar weight,[kg/kmol]

pressure relation during pulsed laser evaporation. N = number density of atomign2]

3.3 Time Lag in Phase Explosion. Further examinations of p = pressurgN/m?] 5

Fig. 2@) and Fig. 3 reveal another phenomenon: the onset of Pi = Pressurein liquidN/m ]2

ablation, indicated as the time when the vapor front leaves the Ps i sa‘guratlon pressuN/m-]

surface(Fig. 2(a)) and the time that transmission starts to decrease IT B tqnlve[r?al gas constant, 8.314 kJ/kniol

(Fig. 3), is about the same when the laser fluence is higher than T ; t:aane :rature{K]

5.2 Jicmi. The onset of ablation is re-plotted in Fig. 8. I2t can be T, = norr[r)1al boiling temperaturfK]

seen that, when the laser fluence is higher than 5.24)/tive T, = critical temperaturéK |

onset of ablation does not change with the laser fluence, but re-
mains at around 5.5 ns after the beginning of the laser pulse. The}N
accuracy of this measurement depends on the time resolution of
the measurement instrument, which is about 0.5 ns. The two fareek Symbols
dependent measurements provide almost_identical results._ n = factor in Egs.(4) and(5) [m3s7]
Th_e constant value of the onset_of ablation can be e_xplalned as p, = density of quuid[kg/m3]
the time need_ed for phase e>_<pI05|on to occur, or the time Ia_g for & = surface tensiofiN/m]
_phz_ise explosion. The experlmental results discussed prewousl_y 7 = time lag of nucleatiors]
indicate that the phase explosion occurs when the laser fluence is
h|fgtfr1]er than 5.f2 J/tc?lnAt tt_hese Izsﬁl]r fluert\_cels,tthe measured res(;*_'rf?eferences
0 debvaﬂor ront loca Ionl gn € pr ica r?nsmls_sl_l}:m arﬁ IC-I[]l] Crafer, R. C., and Oakley, P. J., eds., 1988ser Processing in Manufactur-
tated by the mass removal due to phase explosion. Thus, t2e CON-" g, Chapman & Hall, New York.
stant onset of ablation at laser fluences higher than 5.2<3/cm[2] Chrisey, D. B., and Hubler, G. K., eds., 19%®jlsed Laser Deposition of Thin
indicates that the time lag prevents phase explosion to occur at a[ral] \'j\'/'mz J'ghg V\Cleg & ?0JHSNN9CV;'1Y0”<K- ~ Geoh b, B and Puretzi A
f : - . ood, R. F., Leboeuf, J. N., Chen, K. R., Geohegan, D. B., and Puretzky, A.
earlier time, .and this tlme. Iag .IS abOUt a few nanoseconds'_ A., 1998, “Dynamics of Plume Propagation, Splitting, and Nanoparticle For-
The experiments descnb_ed in this paper are performed W'_th the  mation during Pulsed-Laser Ablation,” Appl. Surf. Sci27-129, pp. 151—
use of a 25 ns pulsed excimer laser on a nickel target. It is be- 158.
lieved that the phase change phenomena discussed here shoirﬂjE”ﬁtZklngéﬁ-vIGeogf%?Bg- Eﬁjg,f?tn’bé"saﬁhiemﬁcoﬁ';’ S. f/-AZOQOvt, Dny;
B amics Ingle-w; n u i SIS DYy ser porization,
occur fqr other _metals as well. On the other hand, if the laser Appl. Phys. A,70, pp. 153-160.
fluence ismuchhigher than the threshold fluence for phase explo-[s] miotello, A., and Kelly, R., 1995, “Critical Assessment of Thermal Models for
sion, it is possible that the surface temperature can be raised Laser Sputtering at High Fluences,” Appl. Phys. Lef7, pp. 3535-3537.
higher. In our experiments with a laser fluence above 10%/itm [6] Song. K5|H" and XL;' X., ﬁ1998' “Explosive Phase Transformation in Pulsed
. X . Laser Ablation,” Appl. Surf. Sci.127-129, pp. 111-116.
was indeed found that the velocity of vapor increases, and trang) xy, x., 2001, “Heat Transfer and Phase Change during High Power Laser
mission and onset of evaporation reduces from the values of the Interaction With Metal,” Annu. Rev. Heat Transfer, C.-L. Tien, V. Prasad, and
constant region. Experiments with very high laser fluences shouldg] \';\”FI’ 'ﬂgoApefax gd;., B;” gggie:‘h‘ev\; Yroﬂk% fp- 7951}:1:' h dui
H : il : : nis, D. A., an u, X., , “Heat Transfer an ase ange during
be CondUCted.to InveStlgate the POSSIbI.“.ty of heatmg th_e materla[ Picosecond Laser Ablation of Nickel,” Int. J. Heat Mass Transf., submitted.
above the limit of therr_nOdyr_‘amlc stability. A last note is on the [9] Martynyuk, M. M., 1974, “Vaporization and Boiling of Liquid Metal in an
phase change mechanisms induced by sub-nanosecond laser abla-Exploding Wire,” Sov. Phys. Tech. Physl9, pp. 793-797.

tion. The threshold nature of ablation has been observed in mafifl E:Ar?tre%n)g]?k’ppMI4'\9ﬂzi’ 1383, "Critical Constants of Metals," Russ. J. Phys.
plco-and femtosecond laser ablation eXpe”me[mg" [8'26]]' [11] Xu, X..,' aﬁd Sbng, K. H.., 1999, “Interface Kinetics during Pulsed Laser Ab-

Phase explosion is explained as the ablation mechanism induced |ation,” Appl. Phys. A.,69, pp. S869-S873.

by a femtosecond laser irradiatiph3]. However, since the heat- [12] Xu, X., and Song, K. H., 2000, “Phase Change Phenomena during High Power
: : : : : Laser-Materials Interaction,” Mater. Sci. Eng., 292 pp. 162-168.

!ng time Is muc_h less than the time lag O.f nUdeatIO':]’ mUCh WOI’ElS] Sokolowski-Tinken, K., Bialkowski, J., Boing, M., Cavalleri, A., and von der
IS n.eeded to gain a thorough understanding of ablation induced bY™ (inde, b., 1999, “Bulk Phase Explosion and Surface Boiling during Short
a pico or femtosecond laser. Pulsed Laser Ablation of Semiconductor,” @uantum Electronics and Laser

v = specific volumgm?®kg]
= energy required to form critical nucléd]
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