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A numerical model has been developed to describbet laser induced ablation of metal
surfaces and the subsequent expansion of plasma aeothe surface. The model describes
the absorption of the laser energy by the metal anthe resulting temperature rise in the
surface which then induces ablation of the target aterial. The ejection of material from the
surface forms a plasma in the vicinity of the irradated material that expands into the
ambient vacuum and also absorbs the laser irradiabin passing through it. Results for an
aluminum target irradiated with a KrF laser were obtained. Temperature profiles in the
target material, the ablation rate and the plasma ®pansion results are presented here.
Research shows that laser absorption by the plasni@comes significant at higher fluences,
which significantly affects target heating as welas plasma expansion. The results presented
here are for cases when absorption by the plasma ®t very significant when the plasma is
still transparent to the laser radiation. The resuts show acceptable agreement with other
analytical models.

I. Introduction

HE incidence of a high-power laser pulse onto aaitarget leads to local heating and subsequentogation
of the material. The ablated material expands anai$ a plume front in the ambient atmosphere, whidhis
case is assumed to initially be a vacuum. If tHatan were to occur in ambient iwithin the plasma and near the

shock front created by the material ejection, thgh Hemperatures causes complex chemical reackg@ting to
ionization, recombination, and excitation. In aidit chemical reactions between the ablated méatarid air
molecules are possible at these elevated air temyes.

A number of numerical models have been proposedintalyze the laser-solid interaction and ablation
proces§"*21**> We developed a model based on a kinetic desonipgif the Knudsen layer and a hydrodynamic
description of the collision-dominated plasma regiBreliminary analysis of the laser ablation dfedent targets
subjected to directed-energy impact was perfornidte ablation rate was found to depend on the sarfac
temperature as well as plasma density and temperatuhe target vicinify In this present paper, we report on an
initial attempt to integrate this ablation model @oself-consistent analytical model to simulate kser-target
interaction during directed energy impact. The cletgpmodel couples analysis of target heating asagh@ration to
plume formation and expansion. The absorption sgridoeam energy by the plume represents an impadapling
back to both plume expansion and laser-targetantem. Therefore the different components of thedeh are
solved simultaneously as a function of time in orte produce an accurate description of the laddatian
mechanism, plume expansion and plasma formation.

We consider the general case of an aluminum tdrgieg irradiated by a KrF laser in vacuum condgiofhe
model predicts the ablation rate and the depthefrésulting crater, as well as the temperaturél@iio the target
material. Furthermore, the temporal behavior ofekganding plume is also obtained.

[I. Model

A. Laser Beam

The laser pulse assumed in this study had a Gaugsaile with FWHM of 8 ns, and centered at 15 ns.
Furthermore, a KrF laser was modeled, with wavdlerig of 248 nm. In this study, the laser fluence iesgn as
the parameter, and the laser beam intensity isilzaéed to produce the required fluence. Laser fieerin the range
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of 1.0-2.0 J/crhare considered in this study, corresponding terlasadiances in the range of*1@/cn?. An
example of the laser beam profile is shown in Eifpr the case of 2.0 J/ém
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Figure 1. Laser beam intensity profile assumed inhte model.

B. Surface Temperature

A macroscopic description of the laser-solid intden is used in this study, whereby the thermahthe
conduction equation is used to analyze heatinh@fetal. This approach is valid for laser intécactvith metals,
in which case laser light is absorbed by interactidth electrons, and is then transferred to latfihonons by
collisions. For metals, the energy relaxation tisief the order of 1 s, and therefore for ns-pulsed laser beams
we canﬁassume optical energy is turned instantahemto heat, allowing the application of the heahduction
equatior.

The temperature rise in the target material dubedaser beam will be computed from the followstiatiof},

cp% =O{K(T(2))0T (2,0} + G (2,1) "

where c is the specific heat of the materig,is the material density is the temperature dependent thermal
conductivity andj .« is the heat source due to laser radiation.

The direction into the target is taken as the pasit axis. The first term on the right-hand sigeresents the
heat conduction in the metal. The heat source ergy. (1), which is due to the absorption of laseam radiation,
is given by

Qaser (2,1) = u(2)1(z, t) ()

where U is the absorption coefficient and |1 is ldeer beam irradiance as a function of time andtipasin the
target. The laser beam will be absorbed by the Inasté travels through the target material, cagisis intensity to
drop. This change in the laser beam intensity\iergby the Beer-Lambert 14w

I(z,t) = Al (1) exp{—f ,u(z,t)dz} 3)

whereA is the surface absorptivity amglis the irradiance of the incident beam. The s@rfalssorptivity is defined
as (-R) whereR is the surface reflectivity, and represents thetfon of laser energy that is reflected by thdasar.
ThereforeA represents the fraction of energy that is absobyettie material. It is assumed that the depogitet of
the laser energy is instantaneously convertedhiagd. The effect of evaporation of the metal s@rfiadncorporated
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into the model in order to obtain an accurate dgson of the thermal field in the target materi@onvection and
radiation effects will be included in the futureletter describe the heating effect of the laser.

C. Plasma Density
The plasma density at the surface can be deternifrth@ equilibrium vapor pressure can be specifiede
following relatior’ gives the equilibrium vapor pressure at the serfac aluminum as

whereT, is the surface temperature. The equation of stgte, ny kT,, can then be used to determine the density at
the surface.

D. Ablation Rate

The ablation rate will be calculated using the fimeodel described in Keidar efah schematic representation
of the plasma and kinetic layers near the surfdcth® target is shown in Fig. 2. In the kinetic img using
Anisimov’s assumptiohthat the velocity distribution function for thetuened particles igf, (V), whereS is a
proportionality coefficient, the relation of theawy particle parameters at the outer boundary ekthetic layer is
given by the following set of equations

agys ="+ s )~ anerfe(@)
4.n_;0 - zn_dll{(l + 2a?) — B[(0.5 + a®)erfc(a) — a exp(—a?)/m*%]}
= — ©)

(2dg)'s = I {a(a? +2.5) — 0.5B[a(a? + 2.5)erfc(a) — (a? + 2) exp(—a?)/m*5]}

wherea =V, /(2kT,;/m)°5, dy = m/(2kT,), d, = m/(2kT,), erfc(a) = 1 — erf(a), erf (a) = error function.
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Figure 2. Schematic representation of the kineticalyer near the surface.

For relatively small plasma densities, we can asstirat the plasma accelerates to the sound spé¢ieel edge of
the kinetic layet, and in this case the solution of the kinetic taygs.(5) gives the plasma density at the edghisf t
layer as being equal to 0134and the temperature as OTg.7Another approach is to solve Egs. (5) along witss
and momentum conservation relations between the edghe kinetic layer and the plasma Bulksing this
approach, the velocity ratis is calculated as part of the solutidie ablation rate is then given by the relation

G = mnlvl (6)
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wherem is the mass of aluminum particles in kg.,andV; are the density and velocity at the edge of tinetic
layer respectively. If we assume expansion to saeed, the velocity at the edge of the kinetieday then given

by
V, = 2kT,/m (7)

E. Plasma Expansion

The heating of the target and subsequent ablafiomaterial forms a plume in the vacuum above théase that
continues to develop with increasing temperatuk gensity, causing the ionization of the vapor #redformation
of a plasma. This rise in temperature and denségma the collisions between particles becomes émgenough
for the assumption of local thermodynamic equilibtito be adopted for the description of the plungaasion.
This assumption implies that thermal equilibriunegtablished between neutrals, ions and electroassufficiently
small region of the vapor and a common temperatare be used to characterize them. FurthermoreS#ea-
Eggert equatiohcan then be utilized to determine the fractioelettrons, ions and neutrals in the vapor. Assuming
a quasi-neutral single element plasma and negtedtia difference between the partition functioniads and
neutrals, the Saha-Eggert equation for each idoizatep can be written as

Re¥s 2 (Z"mekT)3/2 exp (— E) (@®)

Xzo1 M hZ2

whereh stands for the Planck constakis the Boltmann constant afd is the ionization potential of species with
charge number. The local number density, is given byn = g/m; wherep is the mass density of the plasma and
m is the electron mass. The ionization degreeandx,, which represent the fraction of electron and iohsharge
z are defined ag. = nJ/n andx, = n,/n respectively. In this study, since aluminum wasduae the target material,
three different Saha-Eggert equations are incotpdri the model to obtain the composition of, AI** and AP*
ions in the plasma.

The Saha-Eggert equations for each ionization atepsupplemented by two equations for the contervaf
matter and charge to obtain a complete set of amstwhich for this study were

X0+X1+x2+X3=0 (9)
X1 + 2x, + 3x3 = x, (10)

The Newton-Raphson iterative metfibés used to solve this strongly non-linear systednequations in order to
obtain relatively fast and reliable convergence.

The expansion of the evaporated material in théniyc of the ablated surface is modeled using time-o
dimensional Euler equations. These hydrodynamicaggus express the conservation of mass, momentdn a
energy, and in this case have an energy sourcetteaccount for the absorption of laser irradiatigrthe plasm?

220 = — 2 [p+ pv?] (12)
2o+ =~ l(e 3+ Do =

where p represents the local mass dengitglenotes the local pressuneis the local vapor velocity, anee is the
local internal energy density. Assuming that thaporated material follows the ideal gas law, thespure and
internal energy density are given'by

p= (14 x) (14)
m
pe = % B (1 + x )T + E;x; + E;x, + E3x3] (15)
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In the relations above, X1, X, andXx; represent the fraction of electrons, singly chdrgioubly charged and
triply charged ions in the vapor. The inclusiortlidse terms is needed to account for the ionizaticdhe vapor that
results from high temperature of the molecules gpeijected and the absorption of laser energy. Eurtare, it is
assumed that the electrons can be also treatectlesibg like an ideal gas, following a Maxwell-Battann
distribution.

The energy source term in the Euler equationsesgmts the absorption of laser energy by the plabmagh
the inverse Bremsstrahlung process and the emiss$ienergy by the vapor through the Bremsstrahjuogess®
represents the local laser irradiance apdyives the local absorption coefficient, and thedaict of these two terms
gives the local laser energy absorptigr; represents the radiation power loss, and assurhatghe electrons have
a Maxwellian velocity distribution, 18

ne Y. z°n, (16)

anT)l/z 32me®

érad = (3me

3hmgc3
wheree is the electron charge ands the velocity of light

The absorption of laser radiation by the plasmauscahrough electron-neutral and electron-ion isger
Bremsstrahlung processes. Electron-neutral absarjgiimportant initially at lower temperatures last the vapor
temperature and consequently the number of chargditles increases, electron-ion absorption besatoeinant.
The absorption coefficients for these two processés

@en = |1~ exp (= 57) | neno &)
Ap; = [1 —exp (— ;{—CT)] % (%)1/2 Y, z%n, (18)

whereA is the laser wavelengtlQ is the cross section for photon absorption. Tharoon factor in both formulas
(1 — exp¢hc/AKT)) accounts for stimulated emissfoiThe absorption coefficient;s, was then approximated as the
sum of these two absorption processes.

Specific Heat¢ 940.0 J kg K™ (solid), 1289.0 J KgK™ (liquid)
Mass Densityp 2700.0 kg 17 (solid),  2375.0 kg f (liquid)
Melting Point,T,, 933.5K

Heat of Evaporatiorte, 10.8x16 J kg*

Atomic massm 27 g mott

Absorption Coefficientu 5.7x10 m*

Absorptivity, A 0.21

First lonization Potentiak; 577.5 kJ mot

Second lonization Potentidt, 1816.7 kJ mot

Third lonization PotentiaE; 2744.8 kJ mot

Table 1. Parameter values in the model with aluminon as the target material.

I1l. Results and Discussion

Calculations were made for the KrF laser-aluminateriaction with material properties as given in [€ab for
fluences in the range of 1.0-2.0 Jfcrluminum was chosen as the target because imatarial of interest and to
allow for comparison of the results with analyticabdels.

A. Target Heating

The aluminum target, initially at a temperature36D K, is heated due to the absorption of the sidaser
radiation. The temperature distribution in the @rgnaterial for a fluence of 1.0 J/&rs plotted for several
representative times in Fig. 3. It appears thattrobthe laser energy is absorbed very close tetineace, and then
is conducted into the material. The surface tempegaor a fluences of 1.0 and 2.0 Jfcms shown in Fig. 4, is
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initially seen to increase, starts to drop as theunt of laser energy being absorbed decreasetharahergy at the
surface is conducted into the material. A maximumnfase temperature of about 1850 K is obtainedafiuence of
2.0 J/cni and about 1070 K for the 1.0 Jkoase. The maximum surface temperature for eaghamsurs around
18 ns, and it may be recalled that the laser beasnnaximum intensity at 15 ns. The results areitatiakly
consistent with those of Ref. 10, although thatlgttonsidered higher laser fluences.
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Figure 3. Temperature distribution in target.
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Figure 4. Surface temperature profiles.

B. Ablation Rate

The heating of the aluminum target will cause thmyét material to start evaporating, and the abiatate
generally increases as the surface temperature. fige ablation rate of the aluminum target beginincrease
sharply after about 15 ns, and has a maximum vatuground 18 ns. The results also indicate thaketie no
significant material ejection after about 25 nseThsults also show correlation with the targetasar temperature
rise. The ablation rate drops as the surface teayrer begins to decrease. Material vaporizaticadss one of the
factors causing the surface temperature to drop.résults for ablation rate indicate that a maxinalration rate of
0.081 kg/ns is obtained for a fluence of 2.0 Jfcrn ablation rate of 5.78x10kg/nfs is obtained for a fluence of
1.0 J/cm. The laser induced ablation of the aluminum tangstults in material loss from the surface. In an
experimental setting, this would result in a cratesund the laser beam incidence location. In 1H> study, this
material removal causes the thickness of the targe¢rial to be reduced. This shows most of thexghan depth
occurring between 13 ns and 25 ns after the beginof the laser pulse irradiation. After that, s ablation rate
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drops, the evaporation depth levels off. A fluent&.0 and 2.0 J/cfrproduce an evaporation depth of about 0.021
and 0.105 nm respectively. The general trends oédanere are consistent with the analytical resmfl®Ref. 10 and
Ref. 12.

As mentioned above, there are two approaches ¢ulatihg the ablation rate. One is to assume tafptume
expands to sound velocity at the edge of the Knudisger, and the other is to solve Eqgs. (5) iteedyi Figures 5
and 6 show the difference in using these approattheslculate the ablation rate and evaporatiorthdefor a
fluence of 1.8 J/cf Using the sound speed assumption, the amounatsfrial removed is about 1.44X£@n while
the kinetic model solution results in 1.04x£@n of material being removed. This significant ei#nce is due to the
plume not expanding to sound velocity at the edgbekinetic layer, hence reducing ablation rate.
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Figure 5. Ablation rate during and after laser puls.
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Figure 6. Evaporation depth of target material.

C. Plasma Expansion

The material ejected from the target forms a pltna¢ expands into the vacuum surrounding the tadgetong
as the temperature and subsequently the ionizaigmee of the plume remain low, it is transparenthe laser
beam passing through it, and energy absorptiom®dyplasma is very small with almost all the lag@rgy reaching
the aluminum target. At higher fluences, higher gematures will be obtained in the plasma, and lasmrgy
absorption becomes significant and thereby reduedraction of energy reaching the target. Theltegqresented
here are for cases where the effect of laser atisorpn the plasma expansion is very small.
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In order to simulate a vacuum, the initial condiscassumed in the calculations are a vapor deosit@'® m?
and a vapor temperature of 300 K, corresponding tesidual pressure of less than’ #im. Furthermore, a zero
vapor velocity and a residual ionization degreel6f’ were assumed for the initial conditions. The baugd
conditions at the edge of the Knudsen layer araiobtl from Egs. (5). The mass flow from the abladoives the
plume expansion.

Figures 7-9 shows the temperature, density andcciglprofiles for several representative times dgrand after
the laser pulse for the 2.0 Jicwase. During the initial stage of plume expanstbe, maximum temperature is
obtained at the boundary. After 20 ns, howevethadarget surface temperature drops, the temperatithe edge
of the Knudsen layer also drops. The front cantieerved to move further into the vacuum as the plberomes
longer with time. The maximum temperature also eases with time as the laser beam is terminated 20tns and
the ablation rate drops. After about 25 ns, theimam temperature is observed near the plume fiemt.the 2.0
Jlent fluence, a maximum temperature of around 1240 K elzserved while a maximum temperature of about 715
K was observed for the 1.0 J/toase.
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Figure 7. Temperature distribution in the plasma.

The vapor density variation behavior is shown iguré 8. Initially, the density is maximum at theuhdary and
continues to rise as more and more material igegeitom the surface due to laser ablation. Aftesw 20 ns, as
the amount of material being ablated drops, bothdignsity at the boundary and the maximum dengisgived in
the plume decreases. The location of maximum demsdves into the plume as the plume expands. Tamel
itself becomes longer. For a fluence of 2.0 J/dime plume front has essentially moved to aboit@m from the
edge of the Knudsen layer after 100 ns with a marintensity of 2.5x1§ m*. A maximum density of about
2.0x1G* m? is obtained after 18.5 ns.

The vapor velocity variation with time shows belmvihat is similar to the temperature profiles,saswn in
Figure 9. The velocity at the edge of the Knudssyel is assumed to be the sound velocity, which islid
assumption when the ablated material expands im@caum. This assumption becomes invalid when #resity
and pressure of the surrounding conditions becdargs, but this situation is neglected in this gtuthe velocity
is therefore maximum at the boundary during théyesiages of plume expansion, but after about 2@hasvelocity
is maximum close to the plume front, which is seemove further into the vacuum. A maximum pluméedy of
about 900 m/s is obtained after about 50 ns, aita®d@ mm from the edge of the Knudsen layer. Eseilts for the
plasma expansion show a good qualitative agreemintRef. 18 although that study used a copperetaagd a
ruby laser. The general trends however are sirfolathe case below the plasma ignition threshaidhat study, the
velocity and temperature profiles were similartaytare in this paper.

8
American Institute of Aeronautics and Astronautics



1.4E+21

1.2E+21

1E+21

8E+20
t=20ns

6E+20 e~ t=60ns

Density (m3)

4E+20

2E+20

0
0.00 0.50 1.00 1.50 2.00 2.50

Distance (mm)

Figure 8. Density distribution in the plasma.
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Figure 9. Velocity distribution in the plasma.

IV. Conclusion

This paper has presented a model for the KrF lalsgninum interaction for nanosecond pulsed laséatialn
process in vacuum conditions. For the cases prddmre, laser beam absorption by the plasma ahevarget is
not significant - the plasma is generally transpate the laser passing through it. This model dess the laser-
solid interaction that results in target heating aaporization leading to ablation, and the expamsif the plume
formed in the vacuum due to the material beingtegedrom the target. The results include the tempee
distribution in the aluminum target, the surfaceperature profile, the ablation rate and the amo@ietvaporation,
as well as the temperature, density and velocitfilps in the plasma plume. The results show aeat#ptagreement
with results of other analytical ablation modelth@ugh the use of different laser beam profilekesaany accurate
comparison difficult.
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The complexity of the problem involved makes iffidiflt to consider all the processes that takesepla laser-
solid interaction. However, the inclusion of thepiontant processes makes for relatively accuratdigtiens. For
cases of higher fluences, when laser absorptiothdyplasma becomes significant, the complexityhef problem
increases and requires further study.
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