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Theory of shock wave propagation during laser ablation
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Laser ablation consists of three coupled processgseat conduction within the solidii) flow through a
discontinuity layeievaporation waveattached to the solid surface, aiid) shock wave expansion of the laser
induced plume. In this paper, a one-dimensional solution for all three coupled processes is presented. The heat
conduction and the evaporation wave are solved numerically. The shock wave expansion of the laser induced
plume, however, is solved analytically, to our knowledge, for the first time; analytical solutions for the classic
Riemann problem have been employed to solve the transient propagation of the strong shock wave. This model
provides a sound theoretical basis for the analysis of the laser ablation process. The temperature, pressure,
density, and velocity of the laser induced plume at different laser intensities, back temperatures, back pressures,
and ambient gas species are calculated. The effects of the laser intensity, back temperature, back pressure, and
ambient gas species are analyzed. The theoretical results provide insight into experimental results available in
the literature.
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INTRODUCTION Mazumde? developed a model that simulates the nanoscale

Laser ablation describes the explosive laser-material inteR2ticles generated in the laser induced plume using a
action. The process has many applications in science a opIet-gro(Y\itlh theory. ~ Ho,  Grigoropoulos, ~ and
engineering, such as pulsed laser deposition and microm#umphre? '~ studied Fhe. hef”‘t tr'ansfer, fluid flow phenqm-
chining. When the laser-pulse duration is in the microsecon§n@ and subsequent ionization in pulsed laser processing of
or longer range and the laser intensity is less tharfM€t@lS. Zhang, Han, and Dulikravich proposed a two-
~10° W/cr?, material is removed through evaporation with dimensional num_encal model pf the laser ablation process. A
negligible ionization. The evaporation process of a solid wadlux vector §pl|ttlng scheme is used. to capture the shock
first studied by Readyand Anisimo? in the 1960s. It has &Y€ €Xpanion process of the laser induced plume. ao
been shown that the surface temperature increases logaritl: . developed a numerical model to simulate the picosec-
mically with increasing laser intensity, while the rate of ab- _ond laser induced plume. In a numerical model of the laser
lation increases linearly with the laser intensity, barring hea{duced plume, developed by Bulgakov and Bulgaktva,
losses® Within the Knudsen layer, the ablated material un-Plasma dynamics are described in the framework of two-
dergoes a rapid phase change from solid to vapor and tHémperature approximation. .
vapor expands into an evaporation wave. This process has During the 1990s, a number of studies were focused on
been studied by Anisimdvand Knight* When the laser- the structure of the laser induced plume. Kelly and Bréren
pulse duration is in the nanosecond or shorter range and tHSt Proposed the contact surface and expansion front asso-
laser intensity exceeds10° W/cn?, a considerable fraction ciated with laser ablation. Kellet al™ and Dyeret al.
of the evaporated atoms may be ionized, as the highshpwed the two-layered structure of the laser induced plume
temperature and high-pressure vapor expands into a shoti§ind @ probe laser photograph. Jeong, Greif, and Réisso
wave. The dense plasma formed in front of the solid targefl0Wed the existence of a contact surface by obtaining the
absorbs a substantial fraction of the laser light and may contructure of the laser induced plume numerically.
pletely shield the solid target at extremely high laser intensi- A humber of experimental studies have examined the ef-
ties. In the pioneering work of Krokhihthe physical mecha- ffects of the ambient conditions on laser a_blatlon and are par-
nism Of evaporation Coupled Wlth Vapor/p|asma expansiomcularly relevant to the present Study. It is well known that
was formulated. the ambient gas reduces the energy of the vapor flux and

More recently, a large number of studies appeared in th@rovides a high flux of background gas. Geohégamted
literature that examined various aspects of the laser ablatioifiat raising the background pressure sharpens the plume
process. The relatively few analytical studies that have beehoundary and slows the plume propagation. Mao, Chan, and
carried out did not model the expansion process of the laséRussa’ investigated the effects of the background pressure
induced plume. Tokareet al® proposed an analytical ther- and ambient gas composition on laser ablation. It was shown
mal model of ultraviolet laser ablation. Their model took into that the ionization of the laser induced plume increases with
account the factors, such as moving interface and Arrheniua decrease in the background pressure. The laser induced
dependence of ablation rate, that previous analytical studigdume has a lower degree of ionization for helium back-
had not treated simultaneously. Dahnfénileveloped scal- ground gas than for argon. Mendes and Vtastudied the
ing laws for mass ablation rate, recoil pressure with laseinfluence of background gas on the laser ablation of ceramics
intensity, laser wavelength, and target atomic number. both experimentally and numerically. They found that the

Numerical simulations of laser-material interaction haveablation rate decreases with increasing molecular weight and
been conducted by many researchers as well. Kar angressure of the ambient gas. Haffabbserved that the am-
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Laser beam solid, Q is the laser intensity at the surface of the soRds
the reflectance of the solid, andis the absorption coeffi-
cient of the solid.

The initial and boundary conditions are

". t=0, T=T.,, (2
Laser target :

ZS:S(t), kn - VT:poLvo, (3)

zz—©, T-T,, (4)

wherelL is the latent heat of the materiglg is its density,
andT,, is the ambient temperature.

The ablation velocity, is related to the surface tempera-
ture by an Arrhenius equatién

i i i L
FIG. 1. Schematic and coordinate system of the laser ablation PLEX _(1/-|-b_ 1/-|-s)
process. R (5)
U =
. ) i . 0 po\’2’7TkBTS/m
bient pressure and laser intensity have opposite effects on the
expansion dynamics of the laser ablated plume. Braun, Zim-
mer, and Bigt® found that the ablation rate decreases with P (6)
increasing ambient temperature, however, no physical expla- poV2mkgT/m

nation was provided.

A theoretical model can provide a sound basis for thevherem is the mass of an evaporated molecldgjs Bolt-
analysis of the structure of the laser induced plume and ofmann’s constants is the surface temperatur,is the gas
the effects of the ambient conditions on laser ablation. In th€onstantp,, is the saturation pressure at the equilibrium boil-
present paper, a one-dimensional model of the laser inducdtg temperaturély,, andp, is the vapor pressure at the sur-
evaporation is presented. The heat conduction and the evapt&ce temperature.
ration wave are solved numerically. The shock wave expan- The evaporation wave attached to the solid surface obeys
sion of the laser induced plume, however, is solved analytithe laws of conservation of mass, momentum, and energy,
cally, to our knowledge, for the first time. The solution for Which can be expressed®as
the classic Riemann problem is employed to solve the tran-
sient shock wave propagation during laser ablation. This = povo=p(v = vo), (7
model properly captures the contact surface in the laser in-
duced plume and provides insight into other experimental
results available in the literature. The temperature, pressure,
density, and velocity of the laser induced plume are calcu- )
lated for typical laser parameters and ambient conditions for = Polo€ = — povol€+v/2) + pu, (9
pulsed laser deposition. The effects of the laser intensity,

. . “Wherep is the densityge is the mass-specific internal energy,
back temperature, back pressure, and ambient gas species are; . o
analyzed. andp is the pressure. The subscript 0 indicates values for the

condensed phase, whereas values for the gaseous phase are
indicated without subscript. The values for the condensed
phase are calculated by solving E@%)—(6). The gaseous
A schematic of the problem under consideration is giverP1@S€ iS assumed to obey the ideal gas law. Therefore, its
in Fig. 1. The formulation of the physical mechanism of Préssure can be expressedypRT.
evaporation coupled with vapor expansion follows that of - Or [asers operating at ultraviolet wavelength, the absorp-
Krokhin3 A transient one-dimensional model can be used td'°" Of _the laser light by_ the Ia_se_-r induced plume_ of modar-
describe the heat diffusion process within the solid: ately high temperature is negligible. The expansion process
of the laser induced plume can be expressed by the following
aT 9T 1 { d ( &T) (aq)] equations:
— v ||k |-, @
at 9z poCy

Po =P~ Povou, (8)

PROBLEM FORMULATION AND SOLUTION APPROACH

az\ 9z \az ;
p -

wheret is time, z is the coordinate in the direction of the T V - (pu)=0, (10
laser beamT is temperaturey is the ablation velocity in the
zs direction, as=K/ poc, is the thermal diffusivity of the solid
material, Q=(1-R)Qe *ZsV] is the laser intensity pen- Ju V)u+ Vp=

— : =0, 11
etrating into the solids(t) is the thickness of the ablated pat plu-¥)u P (19
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FIG. 2. Typical profiles of thermodynamic
and flow properties of the laser induced plume.
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Jde ity is finite at the discontinuity layer for the laser induced
Pt +pu-Ve+pV -u=0. (12) plume, whereas the flow velocity is zero for the classic Rie-
mann problem. In order to use the Riemann problem solu-
Here,u is the fluid velocity ande is the mass-specific total tions, the conditions at the stagnation point should be ex-
energy of the vapor. trapolated. The equations governing the rarefaction wave and
It should be noted that the interactions of laser light ofthe shock wave can be found in a number of standard com-
longer wavelength and the laser induced plume of extremelyressible fluid mechanics textbooks, e.g., Ref. 25. The tem-
high temperature may be significant. These extremely comperature, pressure, density, and velocity profiles of the laser
plicated interaptions add a source term in the conservation Ghduced plume can be determined as described below.
energy equation and can only be simulated by numerical (1) The thermodynamic properties at the stagnation point
models. can be extrapolated from those which are immediately adja-

_The on_e-d|men3|onal conduction equation can be SOIVegent to the discontinuity layer. The rarefaction wave is isen-
using an integral method. After the temperature field of thetropic and follows the relation

solid is found, the conservation equations of mass, momen-
tum, and energy of the discontinuity layer can be solved
using a simple iterative procedure to provide the boundary

conditions for the expansion process. The solution approach

. . . a v4a—1(u
for the conduction equation and for the conservation equa- —=1 _—(—>, (13)
tions of the discontinuity layer has been discussed in detalil ay 2

elsewheré??* and the readers are referred to the original

references. The expansion of the high-temperature vapor is a

predominantly one-dimensional proc¥sand is similar to . . . i

the classic Riemann problem. The high-temperature anynerea is the speed of sound immediately adjacent to the
high-pressure vapor generated by the laser heating expanglsscontlnwty layer andy is the ratio of specific heats. The
rapidly into the ambient gas and creates a strong shock wavgubscript 4 indicates values for the stagnation point. After
In the meantime, a rarefaction wave generated from the quthe speed of sound at the stagnation point is determined, the
escent gas propagates in the opposite direction at the locaressure, temperature, and density at the stagnation point can
speed of sound into the high-temperature vapor. The shodke readily calculated.

wave and the rarefaction wave interact to establish a com- (2) Once the thermodynamic properties at the stagnation
mon pressure and velocity for the gas downstream of thesgoint are determined, the shock wave strengtip; should
waves. The profiles of thermodynamic and flow properties obe calculated. The subscripts 1 and 2 indicate values at the
the laser induced plume are shown qualitatively in Fig. 2ambient gas and the shock wave frgregions 1 and 2 in
The horizontal axis indicates distance from the ablated surFig. 2, respectively The shock wave strength is related to
face. The difference between the laser induced plume exparhe ratio of the stagnation pressure and the ambient pressure
sion and the classic Riemann problem is that the flow velocby
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TABLE |. Material properties of graphite.

Tp(K) ag(m?/s) po(kg/m?) LQI/kg

4000 5x10°6 1.73x 10° 34.5x 10°
cp(J/kgK) k(um™) % R

2090 10 1.67 0.9

Pa _ &{ _ (ya—D(aay)(po/p— 1) }274/(74_1)
P1 P1 V2y[2y; + (y2+ 1) (pa/ps— 1)]
(14

wherep is the pressure. All the other shock wave properties
are related to the shock wave strength and can be calculated

using the following equations:

PHYSICAL REVIEW B9, 235403(2004

2,}/1 1/2
a +1
up:—l(&—l> _hnr- (18)
Y1\P1 P2, n-1
pr 7+l

Here, M is the shock wave Mach number ang is the
velocity of the mass motion behind the shock wave, which is
induced by the shock wave propagating into a stagnant gas.

(3) The strength of the rarefaction wave is defined as
ps/ pa- Itis related to the shock wave strength and the ratio of
the stagnation pressure and the ambient pressure by

Pz _ Ps/p1 _ polpy (19

Ps - P4/ p1 - P4/

Subscript 3 indicates values at the wake of the rarefaction
wave (region 3 in Fig. 2. Since the rarefaction wave is isen-
tropic, other thermodynamic properties immediately behind
the rarefaction wave can be found from the isentropic rela-
tions

P3 ps )7 (T3> Yal(y4~=1)
—={—=] =|= . 20
Pa (P4> T4 (20

(4) The rarefaction wave is moving toward the left, while
the mass motion is moving toward the right. Physically, the
propagation of a local part of the rarefaction wave is the
local speed of sound superimposed on top of the local mass
motion; that is, all portions of the rarefaction wave are
propagating at a velocity afi—a relative to the laboratory.
This can be expressed by

~ = = « 1D numerical simulation 3

1D analytical solution

FIG. 3. Comparisons between
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o(kg/m®) u(mis) ity of the laser induced plume for
10— T 10000 ——————7————— different laser energies.
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va-1 energy is 0.2 J/pulsécorresponds to a laser intensity of
z=(u-at={u-a,s+ > ujt (21)  6.4x 10® W/cn?) and the ambient gas is argon at a tempera-

ture of 300 K and pressure of 1 kPa. A shock wave can be
The above equation shows thais a function ofzandt. The  clearly seen in the figure, which propagates at a supersonic
local properties inside the rarefaction wave at an instant ispeed into the quiescent diregion 1) and sets up the gas
time can be found using E¢L3) together with the following behind it in motion in the direction of the shock wave. In the
equations: meantime, a rarefaction wave generated from the quiescent
air propagates in the opposite direction into the high-pressure
T ya—1( u |? vapor. The shock wave and the rarefaction wave interact in
-|-_4 =1- 2 a_4 ' (22 such a manner as to establish a common pressure and veloc-
ity for the gas downstream of these wayesgions 2 and B
1 294 (ys=1) The contact surface can be clearly seen between regions 2
P_ {1_7"1_(2)} , and 3 in Fig. 3. The pressure and velocity are continuous
Pa 2 \g across the contact surface, while the temperature, density,
and entropy are discontinuous. While flow across the rarefac-
p { Ya- 1( u )]Z/M—D tion wave is isentropic, flow across the shock wave is highly
—=|1 o \a . irreversible and follows the Rankine-Hugoniot relation. The
Pa % analytical model agrees well with the numerical model in the
rarefaction wave region. While the theoretical shock wave
RESULTS AND DISCUSSION front shows very steep change in pressure, d_ensity, velocity,
and temperature, the shock wave is smeared in the numerical
Calculations were carried out to study the laser ablatiorsimulation. This is due to the numerical dissipation inherent
process at different laser intensities, back temperatures, baak the numerical model.
pressures, and ambient gas species. The calculations simulateAs expected, Fig. 3 shows that the temperature of the
a graphite target subject to the heating of a KrF excimewapor decreases as the vapor expands. The temperature rises
laser, which has a laser pulse of 10 ns duration and lasesharply behind the shock wave front due to the shock wave
radius of 1 mm. The material properties of graphite used byeating. The pressure and density of the vapor are the highest
Zhang, Han, and Dulikravi¢A were adopted for the current at the solid-vapor interface. They decrease monotonically as
study and are listed in Table I. Plots at the end of the 10 nghe vapor moves to the right. The local velocity increases as
laser pulse are presented in Figs. 3-7. the vapor expands and reaches its peak at the start of region
Figure 3 shows the comparison between the analyticaB. The velocity remains constant at the peak value until it
model and a numerical model developed eatféfhe laser decreases sharply to O beyond the shock wave front.

(23)

(24)
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The parameters used in Fig. 3 are also used in Figs. 4—8trength. Figure 4 shows that the expansion velocity of the
unless otherwise indicated. Figure 4 shows the profiles of thehock wave is the highest for laser energy of 0.2 J/pulse.
temperaturel, pressurep, densityp, and velocityu of the Figure 5 shows the profiles of the temperature, pressure,
laser induced plume for three different laser intensity levelsdensity, and velocity of the laser induced plume for three
The laser energy levels are 0.2, 0.1, and 0.04 J/pulse, respedifferent back temperature leve(800, 500, and 700 K
tively. Since the surface temperature of the laser target inSince the laser intensities for all three cases are identical, all
creases with increasing laser intensity, the temperature artiermodynamic and flow properties of the vapor leaving the
pressure of the vapor leaving the solid surface increase witholid surface are the same for all three cases. They remain
increasing laser intensity as well. An increase of pressure anithe same through the start of region 3. As the back tempera-
temperature in the vapor leaving the solid surface results iture increasesga;/a, increases, which leads to a weaker
an increase of the pressure and temperature ratios i(lBg. shock wave strengtp,/p; [Eq. (14)]. Weaker shock wave
which leads to greater shock wave strengjhp;. Ratios of  strength leads to lower ratios of temperature, density, and
temperature, pressure, density, and velocity across the shouklocity across the shock wave. While the ratios across the
wave are proportional to the shock wave strength. Since thehock wave decrease with the decreased shock strength, the
ambient conditions are constant for all three cases, Fig. emperature of the laser induced plume increases due to the
shows that the temperature, pressure, density, and velocity tocreased back temperature, as shown in Fig. 5. The maxi-
the left of the shock wave front are the highest for lasermum temperature achieved by the laser induced plume
energy of 0.2 J/pulse. The maximum temperature achievethnges from 100 000 to 110 000 K for the three back tem-
by the laser induced plume ranges from 60 000 to 100 000 Koerature levels studied. Since higher temperature leads to
for the three laser intensity levels studied. The trend agreestronger plasma-laser beam interaction, these results can ex-
with experimental results available in the literafi$& that  plain the experimental results reported by Braun, Zimmer,
the maximum value of the kinetic-energy distribution of the and Bigl, who observed that the ablation rate decreases with
emitted particles increases almost linearly over a range dhcreasing ambient temperature. While the shock wave Mach
low to moderate laser fluence. Quantitative comparison witmumber also decreases with the decrease of the shock wave
the experimental studies cannot be made, since the ambiesirength, the background sound speed increases with the
conditions in the experiments were not given. Previous studback temperature. Therefore, the shock wave velocity actu-
ies, as well as the current paper, show that the laser ablatiaaly increase slightly with the back temperature, as can be
process is strongly influenced by the ambient conditisee  seen in Fig. 5. In regions 2 and 3, the pressure and density of
discussion latgr The pressure, density, and local velocity the laser induced plume decrease with the increase of the
increase with increasing laser intensity. The shock wavdack temperature and the subsequent decrease of the shock
Mach number is also proportional to the shock wavewave strength. In the same regions, the local velocity of the
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laser induced plume increases slightly with the increasedifferent back pressure leve{§ kPa, 500 Pa, and 100 Pa

back temperature. Again, since only the background conditions are changed,
Figure 6 shows the profiles of the temperature, pressurghermodynamic and flow properties of the vapor leaving the

density, and velocity of the laser induced plume for threesolid surface are the same and remain the same through the
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start of region 3. The decrease of the back pressure results ment gas, the shock wave velocity is the highest due to the
greaterp,/p,, leading to a stronger shock wave strengthlarge sound speed of hydrogen ambient gas.
p./p;, which further leads to greater ratios of temperature,
density, and velocity across the shock wave. Figure 6 shows
that the temperature and local velocity of the laser induced
plume increase with the decrease of the back pressure. The A theoretical model of the laser ablation process is pre-
maximum temperature achieved by the laser induced plumgented in this paper. The conduction inside the solid and the
ranges from 100 000 K to slightly over 120 000 K for the flow through the discontinuity layer are solved numerically,
three back pressure levels studied. The effects of ambienyhereas the expansion of the high-temperature vapor is
pressure on the temperature of the laser induced plume exolved analytically. Calculations were carried out to simulate
plain the experimental phenomena observed by H&flal, the laser ablation process from a graphite target subject to
who reported that the ambient pressure and laser intensitgrF excimer laser irradiation. The effects of the laser inten-
have opposite effects on the expansion process of the lassity, back temperature, back pressure, and ambient gas spe-
induced plume. While the ratios of the pressure and densitgijes on the laser induced plume have been studied using the
increase with the decrease of back pressure, the pressure af@oretical model.
density decrease due to the lower back pressure and density. The simulations show that the laser ablation process is
The shock wave Mach number also increases with the instrongly influenced by the back temperature, back pressure,
crease in the shock wave strength. Since the backgrounghd ambient gas species, in addition to the laser intensity.
sound speed remains constant, the shock wave velocity irfhe increase of the laser intensity leads to the increase of the
creases with the decrease of the back pressure, as can be seg&fperature, pressure, density, and the shock wave velocity
on Fig. 6. of the laser induced plume. This finding is in agreement with
Figure 7 shows the profiles of the temperature, pressurgarlier experimental and numerical studies. The temperature
density, and velocity of the laser induced plume for threeand the shock wave velocity of the laser induced plume in-
different ambient gase@rgon, helium, and hydroggnThe  crease with the increase of the back temperature, while the
vapor leaving the solid surface has the same temperaturgressure and density of the laser induced plume decrease
pressure, and velocity. Equatioh4) shows that for a given with the increase of the back temperature. The temperature
pressure ratig,/p;, the shock wave strength is made weakand the shock wave velocity of the laser induced plume in-
asa;/a, is made greater. Therefore, ambient gases with loverease with the decrease of the back pressure, while the pres-
molecular weight lead to weak shock wave strength. Weakegure and density decrease with the decrease of the back pres-
shock wave strength implies lower temperature of the lasegure. Finally, the temperature, pressure, and density of the
induced plume. Figure 7 shows that the temperature of thiaser induced plume decrease with the decrease of the mo-
laser induced plume with hydrogen as the ambient gas is a@cular weight of the ambient gas, while the shock wave
order of magnitude lower than that with argon as the ambienyelocity increases with the decrease of the molecular weight
gas. Higher temperature of the laser induced plume leads i6f the ambient gas.
stronger plasma-laser beam interaction. These results agree
with previous experimental finding&:?*which show that the
ablation rate decreases with increasing molecular weight.
The weaker shock wave strength leads to smaller ratios of The financial support of the National Aeronautics and
pressure and density across the shock wave front. While thBpace Administration through Grant No. NGT5-40104
shock wave Mach number is the smallest for hydrogen amsupplement 003 is gratefully acknowledged.
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