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Laser ablation of Cu and plume expansion into 1 atm ambient gas
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A one-dimensional gas-dynamic model is presented for the laser ablation of Cu and the expansion
of the Cu vapor in a background gassHed at 1 atm. The ionization of Cu and He, the inverse
bremsstrahlung absorption processes and photoionization process, and the back flux onto the target
are considered simultaneously. The binary diffusion, the viscosity, and the thermal conduction
including the electron thermal conduction are considered as well. Numerical results show that the
consideration of ionization and laser absorption in the plume greatly influences the gas dynamics.
The ionization of Cu enables the recondensation at the target surface to happen even during the laser
pulse. The ionization degree of Cu and He may change greatly with the location in the plume. For
laser irradiances ranging from 2 to 931012 W/m2, the simulations show that the second-order
ionization of Cu competes with the first-order ionization. In the region close to the target surface, the
first-order ionization of Cu dominates. In the core of the plasma, the second-order ionization of Cu
may dominate over the first-order ionization at laser irradiances higher than 731012 W/m2. In the
mixing layer, the first-order ionization of Cu is always more important than the second-order
ionization although the latter increases monotonously with laser irradiance. The ionization of He is
only important in the mixing layer. The plume expansion velocity is much larger than that without
ionization and laser absorption by the plume. The relative importance of different laser absorption
mechanisms may change with time. Close to the surface photoionization and electron-neutral
inverse bremsstrahlung are always important. Once the ionization in the plume starts, at later time,
electron-ion inverse bremsstrahlung can become more important than photoionization in the plume
core until the shock wave front. Unlike in the vacuum case, electron-neutral inverse bremsstrahlung
is very strong due to the relatively high number density of neutral atoms in the plume in the presence
of a dense ambient gas. A similar laser irradiance threshold is found for the ablation rate and the
plasma formation in the plume, which agrees well with the case of nanosecond laser ablation of
metals in vacuum. ©2005 American Institute of Physics. fDOI: 10.1063/1.1863419g
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I. INTRODUCTION

Laser ablationsLA d is used for a growing number
applications, such as pulsed laser depositionsPLDd,1,2 nano-
particle manufacturing,3,4 cluster production,5 for the analy
sis of solid materials,6–9 etc. The study of material expandi
into vacuum or in ambient background gas is an impo
issue in gas dynamicsssee Ref. 10d and for laser ablation
Laser pulses used in PLD have typically a duration of sev
tens of nanoseconds and an energy fluence of several J2.
The quality of the deposited film depends critically on
range and profile of the kinetic energy of the ablated plu
To reduce the plume kinetic energy, the technique of PL
a buffer gas is used. In addition, the technique of PLD
buffer gas also allows one to vary the film stoichiome
Hence, it is of great importance to know the dynamics
plume of ablated material in a background gas in orde
optimize the experimental parameters during the film
duction process. However, when LA is used for solid m
rial analysis, e.g., laser-induced breakdown spectros
sLIBSd,11 or LA as a sample introduction method for an
ductively coupled plasmasICPd, the laser pulses have typ
cally a laser irradiance between 108 and 109 W/cm2 and a
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duration of a few tens of nanoseconds, and for these a
cations the background gas is typically at 1 atm.6–9

The plume expansion can be investigated eithe
Monte Carlo sMCd simulations,12–16 by hydrodynami
models,3,17–25 or by a hybrid model scombination o
bothd.26,27 Among the hydrodynamic models the pressur
mostly limited till maximum about 100 Pa.18,21–24The plume
expansion into 1-atm background gas was investigated
in Refs. 3, 17, 19, and 25. It should be mentioned th
would take much longer calculation time to study the plu
expansion into a high-pressure background gas with the
simulations or hybrid models. Therefore, generally
makes use of hydrodynamic models to study the plume
pansion into 1-atm background gas. The general effect o
background gas is reported to be the spatial confinemen
slowing down of the expanding plume. Moreover, the m
rial can even move backward.3,28 Detalleet al. have experi
mentally studied the influence of long wavelengths on L
measurements under air or helium atmosphere.11

Gnedovetset al.3 have reported a hydrodynamic mo
with two distinct speciessmaterial plume and backgrou
gasd and interactions between them. This model is applie
expansion in a background gas at 1 atm, but for a long
pulse smillisecond-ranged at very low laser irradianc

4 5 2
l:

s10 –10 W/cm d, so that no plasma is formed. Very re-
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cently, Gusarov and Smurov reported the expansion in
atm background gas for a short laser pulsesnanosecond
ranged at higher laser irradiancesabout 109 W/cm2d,25 but
without taking into account the formation of plasma. Ho
ever, at this high laser irradiance, the ionization of va
and/or the background gas may become important
should be taken into account in the modeling.

There exist no models yet that describe the ionizatio
vapor and/or background gas for laser evaporation in 1
ambient gas. Such a modeling is, however, very impo
for the various applications mentioned above, where the
irradiance is around 108–109 W/cm2, and where evaporatio
takes place in 1-atm nonreactive background gas. The
ization of vapor during the laser ablation in vacuum has b
studiedssee, e.g., Refs. 29 and 30d. In the present paper, w
will extend and combine the methods explained in Refs
29, and 30 to describe the laser ablation of Cu and expa
into 1-atm ambient gassHed, including the ionization of bot
Cu and He. It is well known that, compared to the expan
into vacuum, the interaction of the plume with an amb
gas is a far more complex gas-dynamic process due t
occurrence of several physical processes involved, su
deceleration, attenuation, thermalization of the ablated
cies, diffusion, recombination, and formation of sh
waves.31 Here we present a one-dimensionals1Dd model for
the laser interaction with a copper target, yielding hea
melting, and vaporization of the target material, followed
plume expansion into 1-atm He background gas, as we
plasma formation and shielding of the laser irradiance. B
cally, the model is applied to nanosecond UV excime
visible laser pulses, metal targets such as Cu or Al, and
reactive ambient gas such as He or Ar. If there is a chem
reaction between the target element and the ambient ga
model will fail. The irradiance ranges from 108 to
109 W/cm2, which is typically used for laser ablation as
sample introduction method for ICP spectrometry. It c
however, also be of interest to other applications, w
work under similar conditions.

It should be pointed out that the planar expansion o
plume in the early stagese.g., till 100 ns which is derive
from r0/vm, where the laser spot radiusr0 is about 1 mm an
the maximum shock wave velocity is about 104 m/sd is jus-
tified. However, at later stages of the plume expansion
plume may exhibit radial expansion too. Besides, at the
stages of the plume or plasma expansion, the assumpt
local thermodynamic equilibrium is no longer valid beca
three-body recombination comes into play, which means
the Saha equation is not valid anymore. To study the
stages of plume expansion, the present model should b
proved to include the detailed description of ionization
recombination mechanisms and the expansion along th
dial direction. Hence, in the present paper, we only pre
results up till 100 ns.

II. MATHEMATICAL MODEL

The model presented in this paper describes se
mechanisms, related to the laser-solid interaction and th

havior of the evaporated material and the background gas
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The different parts of the model will be described in de
below, and the coupling between the various parts wil
discussed.

A. Target heating, melting, and vaporization

A large number of models for laser-solid interaction
based on thermal processes: heating of the solid, followe
melting, and evaporation. They describe the laser-solid i
action on a macroscopic scale, i.e., by the thermal heat
duction equationse.g., Refs. 32–34 and the referen
thereind. This assumption is justified for nanosecond-pu
laser interaction, especially for metals. The theoretica
scription of laser-induced target heating and materia
moval was based on the model proposed in Ref. 34.
time-dependent temperature distribution along the ta
depthTst ,zd is governed by the heat conduction equation
one-dimensional form, as appropriate to many experim
situations,

cprF ]Tst,zd
]t

− ustd
]Tst,zd

]z
G =

]

]z
l

]Tst,zd
]z

+ s1 − RfdaIstdexps− azd.

s1d

Herer is the mass density of the target material,cp, l, anda
are the heat capacity, the thermal conductivity, and the
sorption coefficient of the target.Istd is the laser irradiance
z=0. ustd is the velocity of surface recession andRf is the
reflection coefficient of the target surface. The latter is
erally close to 1 for metals, but it can drop to values as
as 0.1 during laser ablation, when the laser irradiance is
enough. This is attributed to roughening due to the incr
of the surface temperature, to removal of surface films,
to melting. In our model, we use a constant value of 0.330

as indicated in Table I in order not to further complicate
solution of the heat conduction equation.

When the temperature at a certain depth in the ta
exceeds the melting point of Cu, the target starts melting
the local temperature remains constant during the time
phase transition takes place. Further heating of the m
target is calculated in the same way, but using the dat
molten Cu. Melting normally starts at the surface, but
melt front si.e., the interface between solid and mo
phased can extend inside the target when the tempera
rises further. The heat conduction equation is solved
function of time during and after the laser pulse, with
explicit finite difference method.

When the temperature at the surface becomes very
vaporization becomes significant. The saturation pressuPs

is calculated from the surface temperature, by integratin
Clausius–Clapeyron equation,37

PssTsd = p0 expFDHlvsTs − Tbd
RTsTb

G , s2d

whereTs andTb are the surface temperature and the no
boiling point at pressurep0=1 atm,DHlv is the heat of va

.porization, andR is the gas constant. The data for a Cu target
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are also presented in Table I, as well as the references
the data are taken from.

B. Expansion dynamics

The equations of continuity, vapor transport, moment
and energy for a binary mixture are as follows:38

]r

]t
= −

]rv
]x

, s3d

]rv

]t
= −

]rvv
]x

+
]

]x
SrDab

]

]x
vvD , s4d

]rv
]t

= −
]

]x
Srv2 + P +

]

]x
txxD , s5d

]

]t
FrSU +

1

2
v2DG = −

]

]x
FrSU +

1

2
v2Dv + PvG

−
]

]x
sq + vtxxd + saIB + aPIdI − «rad.

s6d

Here r denotes the total mass density of Cu and He in
plume, which is equal torv+rb, whererv andrb are the Cu
and He vapor mass density, respectively.v denotes the plum
velocity, rU is the local internal energy density, andP de-
notes the local pressure.vv=rv /r is the Cu vapor mass de
sity fraction, andtxx is one component of momentum fl
tensor equal to −s4/3dms]v /]xd. q represents the conducti
and diffusive energy flux relative to the mass average ve
ity of the mixture.Dab is the binary diffusivity of the mix
ture. The diffusion caused by pressure gradient and nu
density gradient is neglected here because it is much w
than that due to the mass gradient.Isx,td is the laser irradi
ance, andaIB and«rad are the linear light absorption coef
cient in the inverse bremsstrahlungsIBd and the radiatio
power loss emitted in the bremsstrahlung process, re
tively. aPI is the light absorption coefficient due to the pho
ionization sPId process.

TABLE I. Input data used in our model for Cu as

Parameters

Thermal conductivity,l sW m−1 K−1d
Specific heat,Cp sJ kg−1 K−1d
Mass density,r skg m−3d
Absorption coefficient,a sm−1d
Reflectivity used in the model,Rf

Melting point,Tm sKd
Boiling point, Tb sKd
Heat of fusion,DHsl sJ/mold
Heat of vaporization,DHlv sJ/mold
First ionization potential,IP1 seVd
Second ionization potential,IP2 seVd
The energy fluxq is given below,

Downloaded 18 Mar 2005 to 137.132.123.76. Redistribution subject to AIP
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q = − sl + led
]T

]x
− o HirDab

]vi

]x
, s7d

wherel is the thermal conductivity of atoms and ions in
binary mixture,le is the electron thermal conductivity whi
is a function of electron number density and temperature
ion number densities as well as neutral atom num
densities.39 Even when the plume is weakly ionized,le is
typically larger thanl. Hi is the component enthalpy on
mass basis.Dab is the binary diffusivity for the vapo
ambient system, defined by,38

Dab =
2

3
SkB

p
D3/2S 1

2ma
+

1

2mb
D1/2 T3/2

PSda + db

2
D2 , s8d

wherekB is the Boltzmann constant andmasbd anddasbd stand
for the mass and diameter of CusHed atoms, respectively.

The thermal conductivityl and the viscositym for the
binary mixture are defined as follows:38

l = o
i=1

n

xiliYo
j=1

n

sxjFi jd, s9d

and

m = o
i=1

n

ximiYo
j=1

n

sxjFi jd, s10d

where li =ÎkB
3T/p3mi /di

2, mi =ÎmikBT/p / spdi
2d, xj is the

number density fraction of thej th species, andFi j is given as
follows:

Fi j =
1
Î8

S1 +
mi

mj
D−1/2S1 +

dj

di
D2

. s11d

In this paper we consider the ionization of Cu into C+

and Cu2+ and the ionization of He into He+. If the electron
have a Maxwellian velocity distribution, the total amoun
energy emitted per unit volume per unit time is40

«rad= S2pkBT

3me
D1/2 32pe6

3hmec
3nesnv1 + 4nv2 + nb1d, s12d

wheree is the electron charge,me is the electron mass,c is

rget material.

Values for Cu Ref.

80 ssolidd, 170 sliquidd 29
20 ssolidd, 494 sliquidd 29
60 ssolidd, 8000sliquidd 1 and 29

7.443107 29
0.34 35
1358 1
2836 1

1.33104 1
3.0483105 1

7.73 36
20.29 36
a ta

3
4

89
the velocity of light, andh is the Planck constant;ne is the
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local electron number density,nv1 and nv2 are the Cu+ and
Cu2+ number densities, respectively, andnb1 is the He+ num-
ber density.

Assuming that the evaporated material and the b
ground gas follow the ideal gas law, the local pressure
internal energy density can be expressed as

P = s1 + xe,vdnvkBT + s1 + xe,bdnbkBT, s13d

rU = nvF3

2
s1 + xe,vdkBT + IP1xi1 + sIP1 + IP2dxi2G

+ nbF3

2
s1 + xe,bdkBT + IPb1xe,bG . s14d

Here,xe,v, xi1, andxi2 denote the partial fraction of electron
singly charged ionssCu+d, and doubly charged ionssCu2+d
from Cu, they satisfyxe,v=xi1+2xi2; xe,b denotes the parti
fraction of electrons from He, which is equal to the par
fraction of He+ ions from He. IP1 and IP2 are the first an
second ionization potential of Cu, respectively. IPb1 is the
first ionization potential of He.nv=rv /mv andnb=rb/mb are
the Cu number density and He number density, respect

Numerically, the system of equations, which describe
flow of mass, momentum, and energy, is solved using
first-order Godunov methodsfor the convective termsd and a
first-order central difference methodsfor the diffusion, vis-
cosity, and thermal conduction termsd.

C. Plasma formation

When the first-order and second-order ionizations o
and the first-order ionization of He are considered, the S
Eggert equations are as follows:

snvxe,v + nbxe,bdxi1

1 − xi1 − xi2
= S2pmekBT

h2 D3/2

expS−
IP1

kBT
D , s15d

snvxe,v + nbxe,bdxi2

xi1
= S2pmekBT

h2 D3/2

expS−
IP2

kBT
D , s16d

snvxe,v + nbxe,bdxe,b

1 − xe,b
= S2pmekBT

h2 D3/2

expS−
IPb1

kBT
D . s17d

Here nvxe,v+nbxe,b=ne is the local electron number dens
of the two-component mixture.

The three Saha–Eggert equations are combined with
extra equation, i.e., for the conservation of charge for th
component,

xi1 + 2xi2 = xe,v. s18d

Finally, the vapor temperaturesTd in the Saha–Eggert equ
tions is adopted from the internal energy densityfsee Eq
s14d aboveg. These five equationsfEqs.s14d–s18dg are solved
together to calculate the five unknown valuessxe,v, xi1, xi2,
xe,b and Td. The Newton–Raphson method was applied
solve this strongly nonlinear system of equations.

D. Laser absorption in the plasma

Because of the formation of a plasma in front of

target, the laser beam will be partially absorbed before it
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reaches the target, i.e., so-called “plasma shielding.”35 The
three dominant mechanisms for absorption of visible or
laser light in the Cu vapor are electron-ion and elect
neutral inverse bremsstrahlung and photoionization of
cited atoms. The inverse bremsstrahlung absorption pr
involves the absorption of a photon by a free electron.
electron is raised to a higher state in the continuum.
process must occur within the field of a heavy particlesion or
neutrald, so that momentum is conserved.41 At the laser in
tensity typically used in visible and UV laser-ablation exp
ments with nanosecond laser pulsessI <1012–1013 W/m2d,
IB cross sections can reach values as high as 10−23 m2 during
the laser pulse. In visible and UV laser ablation of me
the photon energy is mostly comparable with the typical
ization energy of excited atoms, making the photoioniza
cross section of the order of 10−21 m2 in most cases. In th
paper, we have adopted 10−21 m2 as the PI cross sectionsPI

in the calculations. So, the absorption coefficientaPI may be
approximately estimated assPInv.

The two contributions to inverse bremsstrahlung
electron-neutral and electron-ion inverse bremsstrah
which are given by,42

ae,n = f1 − exps− hn/kBTdgQnen0, s19d

and

ae,i = F1 − expS−
hn

kBT
DG 4e6ne

3hcn3me
S 2p

3mekBT
D1/2

3snv1 + 4nv2 + nb1d, s20d

wheren is the laser frequency,n0 is the local neutral numb
density sCu+Hed, andQ is the cross section of the phot
absorption.42 The total absorption coefficientaIB is equal to
ae,n+ae,i. Assuming that the original laser irradiance isI0std,
the laser irradiance after plasma shieldingIsx,td can be ob
tained byIsx,td= I0stdexpfex

`saIB +aPIddxg.

E. Boundary conditions

The heat conduction equation, Eq.s1d, is accompanie
by one initial and two boundary conditions,24

Tst,zd = Ta, at t = 0, s21d

Tst,zd = Ta, at z→ `, s22d

vsnvDHlv + rU + rv2/2 + Pd − l
]Tst,zd

]z

= s1 − RfdIstd, at z= 0, s23d

whereTa is the ambient temperature andDHlv is the heat o
vaporization. Equations23d is the energy balance at the t
get surface, which couples the heat conduction and the
dynamic equations. The velocity of surface recessionustd is
defined by the mass balance,

Ncustd = nvv, at x = 0, s24d
whereNc is the Cu number density in solid state.
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The initial conditions for the gas-dynamic equatio
Eqs.s3d–s6d, are determined by the ambient pressurePa and
temperatureTa,

hT = Ta,P = Pa,nv = 0,v = 0j, at t = 0. s25d

To obtain the required boundary conditions, the characte
equations following from Eqs. s3d–s6d should be
considered.24 The number of boundary conditions is equa
the number of independent variables transferred along
characteristics incoming into the volume from the bound
surface under consideration.43 As was discussed in Ref. 4
for one-dimensional nonsteady flow, there are three se
characteristics:C+ fsdx/dtd+=v+Cg, C− fsdx/dtd−=v−Cg,
and C0 sdx/dt=vd, where C is the sound velocity. In th
two-component case under consideration there are four
pendent characteristic variables.24 They may be introduce
as two Riemann invariantssone transferred along theC+

characteristics and the other one transferred along thC−

characteristicsd, entropy, and relative vapor concentrat
sboth transferred along theC0 characteristicsd. At infinity
only the C− characteristics are incoming and therefore
condition is sufficient,

P → Pa, at x → `. s26d

At the evaporated target surface theC0 andC+ characteristic
are incoming and hence three boundary conditions are
specified. One of them is the inert gas flux,

nbv = 0, atx = 0, s27d

and the two others are to be determined by the vaporiz
kinetics, as described below.

At the target surface, the gas near the phase bound
not in translational equilibrium when the evaporation rat
large. To realistically represent the conditions at the ta
flow boundary, a Knudsen layer model is employed, w
treats that region as a gas-dynamic discontinuity ac
which certain jump conditions, expressing conservatio
mass, momentum, and energy, are applied. Transla
equilibrium is achieved within a few mean free paths
collisions between particles in the Knudsen layer reg
Changes in flow properties can be described as jump c
tions across the Knudsen layer, simplified for a monato
gassg=5/3d,44

STk

Ts
D1/2

= S1 +
ps2

64
D1/2

−
p1/2

8
s, s28d

Pk

Ps
= STk

Ts
D1/2FSs2 +

1

2
Derfcssdexpss2d −

s

p1/2G
+

1

2
f1 − p1/2 erfcssdexpss2dg, s29d

where Tk=Ts0,td and Pk=Ps0,td are the temperature a
pressure at the outer edge of the Knudsen layer, respec
the target surface temperatureTs equalsTst ,x=0d and the
saturation pressurePs is calculated by Eq. s2d. s
=uk/ s2kBTk/mvd1/2 is the speed ratio, whereuk is the velocity

at the outer edge of the Knudsen layer.
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The Cu vapor density atx=0, nvs0,td, is assumed to b
equal to the Cu vapor number density at the outer edge o
Knudsen layer,nk, which can be obtained fromTk andPk. At
the Chapman–Jouguet point where the vaporization s
approaches the sound speedfuk=Ck=sgkBTk/mvd1/2g, the
gas-dynamic disturbances cannot reach the target surfac
therefore influence the vaporization kinetics.24 Further in-
creasing the vapor velocity and reducing the pressure b
this point appear to be impossible.

When the surface temperatureTs decreases, the satu
tion pressurePs also drops down, thus it may become l
than the vapor pressure at the outer edge of the Knu
layer Pk, and back condensation may start to occur.
boundary value of the gas velocity for the case of back
densation is negative, only theC+ characteristics are incom
ing, and one boundary condition is required. The conde
tion flux is defined by the Hertz–Knudsen equation,24

nkuk =
Ps − Pk

s2pmvkBTsd1/2, s30d

which is applied when the saturation pressurePs become
lower than the gas pressurePk. It should be pointed out tha
when the ionization and laser absorption by the plasm
taken into account, the back condensation process may
before the laser pulse is terminated. Indeed, when the p
is formed, the plasma shielding plays a role so that the
irradiance impinging on the target surface is lower than
for the case of no plasma shielding, resulting in a fa
decrease of the surface temperature and saturation pre

F. Coupling of the different parts of the model

The different parts of the model are strongly coup
During the laser pulse, on one hand, the laser-target int
tion, which leads to the heating of the target and evapora
needs information from the plume part to fix its bound
condition fsee Eq.s23dg. On the other hand, the bound
condition for the plume part needs information from the
get surface as well, i.e., the evaporation flux. Moreover,
the laser pulse is finished or the evaporation stops, the
tribution of back condensation to the target heat condu
is also considered in this model, thus the plume affects
target again. Furthermore, the absorption of the laser be
the plasma represents an important coupling back, bo
the plume expansionsgain and loss terms in the equation
conservation of energyd, and to the laser-solid interactio
because the laser energy can be considerably atten
splasma shieldingd before it reaches the target, leading to
efficient target heating, melting, and vaporization.

Therefore, the different parts of the model need to
solved simultaneously as a function of time, in order to
tain an overall picture of the mechanism of laser ablatio
a Cu target, plume expansion in the background gas He
plasma formation.

III. NUMERICAL RESULTS AND DISCUSSIONS

The calculations are performed for a Gaussian-sh
laser pulse with wavelength of 266 nm, full width at h

maximum sFWHMd of 10 ns, and peak laser irradiance of
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731012 W/m2 ssee Fig. 1, solid lined. Integrated over th
entire pulse, this yields a fluence of 74.2 kJ/m2. In the cal-
culations, we follow only one laser pulse. The dashed lin
Fig. 1 shows the laser irradiance arriving at the target,
passing through the plume. It is clear that the laser irradi
at the target drops significantly after about 12 ns, as a r
of plasma shielding of the original laser pulse. After
plasma shielding, the laser irradiance impinging on the ta
is at maximum only about 4.231012 W/m2. This result is
quite similar to the case of laser ablation of Cu in vacuu30

A. Target heating, melting, and vaporization

The Cu target is initially at room temperatureTa. How-
ever, as a result of laser energy deposition on the targe
target is heated very quickly. The calculated temperature
tribution in the target is plotted as a function of time dur
and after the laser pulse in Fig. 2sad. The temperature is
maximum at the surface of the target, as expected. The m
mum temperature of about 8000 K is reached betwee
and 16 ns. When time evolves, the region with elevated
peraturesi.e., above room temperatured expands due to the
mal conduction. For the conditions under consideration
heating is more or less limited to the first 10mm of the
target. As far as melting is concerned, only a few micro
ters are influenced, as appears from Fig. 2sbd. Although the
surface temperature drops significantly when the lase
sorption is very strong, the first 2mm of the target still re
mains in a molten phase for quite a long time. Only a
approximately 70 ns, resolidification of the melt starts to
cur, and the melt depth starts to drop very slowly.

Figure 3 shows the surface recession rate and the e
ration depth as a function of time. It is clear that the eva
ration rate reaches a maximumsof about 6.8 m/sd at abou
15 ns, i.e., when the target surface temperature is a
maximum sabout 8000 Kd. One can see from the surfa

FIG. 1. Laser intensity-time profile assumed in the model. It is a Gaus
shaped pulse with 10-ns full width at half maximum and peak irradian
731012 W/m2. The solid line represents the original laser pulse and
dashed line represents the calculated laser irradiance arriving at the
after passing through the plumesplasmad.
recession rate that the evaporation process stops at abo
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25 ns. As was shown in Fig. 1, the laser absorption by
plume starts at about 10 ns, and during the following 15
the plume is ionized to form a plasma above the target
face. The huge pressure of the formed plasma may pr
the evaporation process from the target surfacefsee Eq
s30dg. As a consequence, the competition between the e
ration and the back condensation on the target su
reaches a more or less stable state from 25 to about 4
This means neither evaporation nor recondensation ha
during the time period. The similar phenomenon was
ported in Ref. 25. One could see that the surface rece
rate is zero during this time period although there is a
oscillation in the recession rate. Meanwhile, the dept
evaporation does not change either. After 40 ns, the satu
pressure becomes lower than the pressure of the p

-

t,
FIG. 2. Temporal evolution ofsad calculated temperature distribution in
target andsbd calculated solid/liquid regions in the target, for the condit
shown in Fig. 1. The original target surface is at 0mm.

FIG. 3. Calculated surface temperaturessolid line, left axisd and calculate
depth of evaporationsdashed line, right axisd as a function of time, for th

utconditions shown in Fig. 1.
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nearby the surface, due to the quick drop of the surface
perature. From this moment on, the true recondensation
the target surface starts. One may notice that the dep
evaporation is quite similar to that for the case of ablatio
vacuumssee Ref. 30 and the references thereind although in
the latter case a somewhat higher laser irradi
s1013 W/m2d was used. Comparing Figs. 2 and 3, one
see that the evaporation process affects only the su
layer, till a depth which is a factor of 30 smaller than
depth at which melting takes place.

B. Plume expansion and plasma formation

Figure 4 shows the calculated Cu vapor and backgr
gas number densities at different times. One can see th
an early stage of the ablation, for example, at 20 ns, th
vapor density is highest at the targetsalmost 431026 m−3d, it
drops gradually as a function of distance away from the
get surface in the plume, and very rapidly at the plume fr
When time evolves, the situation has changed, i.e., th
vapor density is highest in the plume instead of at the ta
For example, at 40 ns, the maximum value of the Cu v
densitynv drops down to about 2.131025 m−3, and is locate
at about 0.05 mm from the target. This is because the p
becomes longer as time evolves but the material evapor
from the target decreases quickly when the laser pul
finished. When the time evolves further, the plume size
creases. Accordingly, the maximum value of Cu vapor
sity decreases along with time since the vapor expands
bigger space but there is no material supply after the ev
ration process stops. For example, at 100 ns, the maxi
value of Cu vapor density drops to 831024 m−3 and its lo-
cation is about 0.72 mm away from the surface.

Meanwhile, in Fig. 4sbd one can see that the backgrou
gas He is gradually pushed away by the Cu vapor, formi
compression shock wave. The highest value of He num
densitynb can be as large as 1.2431026 m−3 at 20 ns. Note
that the value of He number density corresponding to 1

25 −3

FIG. 4. Spatial distribution ofsad calculated Cu number density andsbd
calculated He number density in the plume, at different times: 20s1d, 40 s2d,
60 s3d, 80 s4d, and 100 nss5d, for the conditions shown in Fig. 1.
at room temperature is only 2.45310 m . According to
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the so-called Sedov shock wave theoryse.g., see Ref. 45d,
the ratio of the number density just at the shock front to
in the undisturbed region issg+1d / sg−1d. When g=5/3,
this ratio equals 4. Our calculated number density ratio
ing the laser pulse-on period is about 5, which is some
larger than the predicted value of 4. This is because the
always an extra material and energy added to the plume
ing the pulse-on period, which is not accounted for in
Sedov shock wave theory. When the pulse has passe
number density ratio will gradually drop to the ideal value
4.

Figure 5sad presents the plume velocityv distribution a
different times. The plume expansion into 1-atm backgro
gas is expected to be slower than the expansion into vac
When the laser pulse is finishedsat approximately 30 nsd, the
maximum velocity is less than 10 000 m/s. At 40 ns,
velocity of the shock wave reaches 10 700 m/s. In the
periment of Harilalet al.,4 the laser ablation plume of Al in
ambient air with pressure ranging from 10−6 to 100 Torr was
studied, using a Nd:YAGsyttrium aluminum garnetd laser
s8-ns pulse width, maximum energy 700 mJd. For the case o
100 Torr ambient air, they measured a maximum plume
pansion velocity of about 10 000 m/s, which is very sim
to our simulated result. In the vacuum case, the corresp
ing value is calculated to be about 25 000 m/s.30 This shows
indeed that the existence of the background gas great
duces the plume velocity and thus the plume expansi
confined to a smaller region. On the other hand, the p
expansion with the presence of ionization is faster than
without ionization. This can be seen from Ref. 25, in wh
the maximum plume velocity is only about 3000 m/s,
though similar conditions were applied. Furthermore, if th
is no ionization, the maximum temperature always locat
the front of the shock wave, as was reported in Ref.
However, because of laser absorption in the plume due t
existence of electrons and ions, the peak of temperatu
shifted to the center part of the plume and its value ca

FIG. 5. Spatial distribution ofsad calculated plume velocity andsbd calcu-
lated plume temperature, at different times: 20s1d, 40 s2d, 60 s3d, 80 s4d, and
100 nss5d, for the conditions shown in Fig. 1.
much higher than that at the shock wave front.
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It should be pointed out that, even when the laser p
is not finished, because of strong plasma shielding, the
irradiance arriving at the target is so small that the sur
temperature drops down dramatically. In this case, one
see from Eq.s30d that the flux will be directed toward th
target and the plume velocity at the surface is negative.
sidering this recondensation on the target surface, the p
velocity at the surface can be represented by the local s
speed. However, most of the plume is still moving aw
from the target, to push the background gas, although
plume front velocity decreases along with timese.g., a
100 ns, the plume front velocity is only about 9000 m/sd.

The temperature distribution in the plume is presente
Fig. 5sbd. For the condition under consideration here, ion
tion is observed to occur after 9 ns, and photoionizatio
Cu may take a major role to start the ionization proc
Subsequently, the plume can absorb energy directly from
laser beam due to IB and PI processes, which cause
plume temperature to increase further, resulting in fast
ization of the plume. At 20 ns, the maximum temperatur
the plume can reach values as high as 42 000 K. As
pected, the plasma continues to absorb energy from the
beam during the pulse period. At 30 ns, the highest tem
ture in the plasma can be higher than 45 000 Kswhich is not
shown hered. After the laser extinguishes, the temperatur
the plasma drops gradually. This is because the plasma d
the shock wave moving forward to push the ambient
away and releases some energy into environment by b
strahlung radiation.

Figure 6 presents the calculated Cu vapor and b
ground gas number densities, the calculated plume vel
and the calculated plume temperature at different times,
9 to 11.4 ns, i.e., around the time when the plasm
formed. At 9 ns, the evaporation is so weak that the Cu v
number density is only about 1024 m−3, even close to th
target surface. The maximum temperature of the plum
this moment is only about 500 K. The background ga
pushed away slightly. As soon as the laser absorption

FIG. 6. Spatial distribution ofsad calculated plume velocity andsbd calcu-
lated plume temperature, at different times: 9s1d, 9.6 s2d, 10.2s3d, 10.8s4d,
and 11.4 nss5d, for the conditions shown in Fig. 1.
si.e., at 9.6 nsd, the plume is heated up to a temperature of
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about 10 000 K at 10.2 ns. Then the thermal ionization o
also occurs. At 11.6 ns, the plume is already converted i
plasma. Accordingly, the plume velocity is increased
matically to 4500 m/s. Figure 6scd shows how the compre
sion shock wave is developed from 9 to 11.6 ns.

Figure 7sad shows the spatial distribution of Cu and
number densities at 24 ns, i.e., just before the evapor
stops. One can see that the peak of Cu vapor number d
is still adjacent to the target surface. However, the b
ground gas He is pushed away to form a very distinct pe
the number densitysabout five times the number density
the undisturbed regiond. A layer of interpenetration or mixin
between Cu vapor and ambient gas is also clearly obse
For convenience to discuss the ionization of the plasma,
we would like to call this layer the mixing layer. At 24 n
the thickness of the mixing layer is about 20mm, which
corresponds to 200 spatial grids in our simulations.

Figure 7sbd shows the spatial distribution of the ioniz
tion degree of Cu and He at 24 ns. The plume beha
highly depends on space. Hence, to analyze the ionizati
the plume more clearly, we divide for convenience the w
region where Cu vapor mainly exists into three parts: re
C si.e., the central part of the plume, which will be refer
to below as the “core”d, region Ms or the mixing layer wher
the Cu vapor and the He gas exist togetherd, and region S

FIG. 7. Spatial distribution ofsad calculated Cu vapor densityssolid lined;
calculated He densitysdashed lined; sbd calculated ionization degreesxi1

ssolid lined, xi2 sdashed lined, andxe,b sdotted lined; scd calculated numbe
density of Cu+ ssolid lined; calculated number density of Cu2+ sdashed lined;
calculated number density of electronne sdashed-dotted lined; and sdd cal-
culated number density of He+ at 24 ns, for the conditions shown in Fig.
sclose to the target surfaced. Notice that the size of each
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region may vary with time. At 24 ns, region C is loca
from 20 to 90mm, region M is located from 90 to 130mm,
and region S from 0 to 20mm. First, in region C, the tem
perature is the highest among the three regions. More
half of the Cu vapor is ionized into Cu2+ ions, and the whol
ionization degree of Cusxi1+xi2d is greater than 0.99, whic
means a highly ionized plasma. Second, in region M,
first-order and the second-order ionization degrees of C
about 0.6 and 0.2, respectively; the ionization degree of H
about 0.1. Finally, in region S, it is clear that the first-or
ionization of Cu dominates and the maximum ofxi1 is 0.85.

It should be emphasized that it does not make sen
discuss the ionization degree of He in region C and regi
because there is almost no He observed in these two re
All He atoms are pushed to region M and the shock reg

Figure 7scd presents the spatial distribution of Cu+ snv1d,
Cu2+ snv2d, and electronsned number densities at 24 ns. T
maximum Cu+ ion number density is about 8.531025 m−3

and is located near the target surface. In region C, one
see that the number densities of Cu+ and Cu2+ are almos
equal. The electron number density is almost equal to
sum of these two because the contribution of He is neglig
here. Figure 7sdd shows the spatial distribution of He+ num-
ber density at 24 ns. In region M, the density of He+ ions
reaches a maximum of 1.631024 m−3. Just behind the shoc
wave front, the number density of He+ is about 2
31023 m−3 due to the shock heating effect. Compared to
7scd, one can see that the contribution of He ionization to
electron production is absolutely weak. In experiments,
der the condition of 1-atm He background gas, the ioniza
and the presence of electrons are indeed observed. F
ample, Detalleet al.11 studied a 6 ns laser pulse at 1064
on an Al target in He background gas, for a laser irradia
of about 3.73108 W/cm2. They measured an electron d
sity of about 731023 m−3 at 50 ns and a corresponding te
perature of around 10 000 K. This is lower than our ca
lated values, but this is as expected because of the
laser irradiance.

Figure 8sad presents the absorption coefficientsae,n and
ae,i as well asaPI at 12 nssad and 24 nssbd. At 12 ns, one
can clearly see that the PI and the electron-neutral IB ab
tion mechanisms are more important than electron-ion
absorption within the whole plume. This is because the
ization just starts and the electron number density is still
but the neutral atom number density is very high. Hence
electron-ion collision cross section is much lower than
other two cross sections. However, at later time, the diffe
absorption mechanisms may compete with one anothe
example, at 24 ns, as is shown in Fig. 8sbd, the absorptio
mechanism depends on the location in the plume. In
whole region, the electron-neutral IB absorption is the m
important. Besides, from the target surface to 0.045 mm
PI absorption is stronger than the electron-ion IB absorp
In the rest of the plume, the situation is reversed. This ca
explained as follows. When the plasma is initially form
the photoionization plays a major role. Subsequently w
the plasma is formed, no matter how high the ioniza
degree is, the electron-neutron IB absorption starts to pla

important role because the plasma is confined within a
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smaller region due to the plume expansion into a very d
ambient gas. In the region where the plasma is highly
ized, thus the electron-ion IB absorption becomes impo
but never dominates. This is the way of how the plume u
consideration evolves into a plasma.

To study the effect of laser irradiance on the laser a
tion of Cu into 1-atm ambient gas, we have varied the l
irradiance from 131012 to 931012 W/m2. Figure 9 pre
sents the maximum of the surface temperature as a fun
of laser irradiance. The surface temperature incre
smoothly with laser irradiance, but a small discontinuity
the slope is observed at about 1.931012 W/m2. When the
laser irradiance is lower than this value, the maximum o
surface temperature increases more quickly than whe
laser irradiance is higher than this value. From Fig. 9sbd it
appears that the depth of evaporation has a similar but o
site behavior. With laser irradiances below
31012 W/m2, the evaporation depth is very small and
creases only slowly with laser irradiance. Above the thr
old value, the evaporation depth increases more quickly
laser irradiance. Considering the laser pulse duration us
our simulations, it follows that 1.931012 W/m2 irradiance
corresponds to 20.6 kJ/m2 sor 2.06 J/cm2d laser fluence. Th
fraction of laser energy absorbed by the plume versus
irradiance is given in Fig. 9scd. Once again a different beha
ior is clearly observed before and after the irradianc
1.931012 W/m2. This threshold value for the plasma form
tion is surprisingly close to that in the vacuum case.
reported in Ref. 46 that in the nanosecond laser ablatio
metals in vacuum, for fluences higher than the flue
thresholdsFù2 J cm−2d, a plasma is always produced ab
the target surface.

Figure 10 shows the effect of the laser irradiance on
calculated ionization fraction of Cu and He in the core
of the plasmasad and in the mixing layersbd. Except for the
laser irradiance, the other laser parametersswavelength
pulse shape, and durationd are kept constant. The spatial a

FIG. 8. Spatial distribution of absorption coefficientsae,i ssolid lined, ae,n

sdashed lined, andaPI sdashed-dot lined. sad is at 12 ns andsbd is at 24 ns, fo
the conditions shown in Fig. 1.
temporal behaviors of the formed plasma will be somewhat
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different for different values of laser irradiance. However
order to make a comparison possible, we focus on the
ization of Cu and He at 30 ns, i.e., when the laser puls
finished. It is clear that in the core part of the plasma,
first-order ionization of Cu first increases with the laser i
diance. However, when the laser irradiance increases a
331012 W/m2, the second-order ionization of Cu also
comes important, and consequently the fraction of the
order ionization of Cu starts to decrease almost line
along with the irradiance. At the same time, the second-o
ionization of Cu in the core of the plasma increases mon
nously with laser irradiance. At about 731012 W/m2, both
fractions are more or less equal, and for higher laser ir
ance, the second-order ionization of Cu even dominates
the first-order ionization of Cu. In the mixing layer, the s
ation is a little different. The first-order ionization of C
again increases the irradiance of 331012 W/m2. Then it
stays almost constant when the irradiance rises up
31012 W/m2. Subsequently, it starts dropping gradu
with the increase of laser irradiance. From 7 t
31012 W/m2, the first-order ionization of Cu again d
creases with the laser irradiance slightly. The second-o
ionization of Cu always increases with the laser irradia
between 2 and 931012 W/m2. However, from 7 to 9
31012 W/m2, the second-order ionization of Cu increa

FIG. 9. Laser irradiance dependence ofsad calculated maximum surfa
temperature,sbd calculated evaporated depth, andscd calculated fraction o
the laser energy absorbed by plasmas. All laser pulses have the same
eters except for laser irradiance.
with the laser irradiance only slightly. The ionization of He
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reaches a maximum fraction of about 0.13 at
31012 W/m2. However, the contribution of He ionization
the total electron number density is very small becaus
He number density in the mixing layer is not largesaround
1025 m−3d and the mixing layer is very thin compared to
whole plume, as was shown in Fig. 7.

It is clear from Fig. 10, that even at a lower irradianc
231012 W/m2, the ionization degree of Cu is still more th
42% in the core of the plasma and 25% in the mixing la
For higher irradiances, the total ionization fraction of Cu
be more than 98%, which indicates that a highly ion
plasma is formed during the plume expansion.

IV. CONCLUSION

In summary, we have presented a one-dimens
model for the laser ablation of a Cu target into 1-atm b
ground gas He. The heat conduction of the target is stu
with the inclusion of the back flux. Binary diffusion, visco
ity, and thermal conduction including the electron ther
conduction are taken into account in the evaporated pl
The ionization of Cu and He in the plume and the la
absorption by the plume were also simulated. The ioniza
of Cu and He enables the recondensation at the target s
to happen even during the laser pulse. The simulations
shown that the ionization degrees of Cu and He may
greatly with the location in the plume. It was shown tha
the conditions under considerationsa laser pulse with
31012 W/m2 peak irradiance, 266-nm wavelength,
10-ns FWHMd, the first-order ionization of Cu dominates
the region close to the surface, and the second-order io
tion degree of Cu is a little bit higher than the first-or
ionization degree of Cu in the core part of the plume. B
ionization degrees are close to 0.5, which means that the
of the plume becomes a nearly fully ionized plasma. In

FIG. 10. Calculated ionization fractions of Cu+ scirclesd, Cu2+ sasterisksd,
and He+ sdiamondsd sad in the core part of the plasma andsbd in the mixing
layer, as a function of laser irradiance at 30 ns. All laser pulses hav
same parameters except for laser irradiance. The ionization of He is
considered in the mixing layer, as shown insbd.

m-
mixing layer, the first-order ionization of Cu is more impor-
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tant than the second-order ionization. The calculated io
tion of He in the mixing layer has an average fraction of 0
and its contribution to the electron density is of the orde
1024 m−3 only in the mixing layer. In the core part of t
plume, although the calculated ionization degree of He
high as 0.2, there are very few electrons arising from
ionization of He due to the very low number density of
atoms. Hence, the ionization degree of 0.2 does not hav
influence on the dynamics.

The plume expansion is greatly influenced by the p
ence of ionization and laser absorption in the plume. C
paring the simulated plume expansion velocity with
without considering ionization, we have found that the
ization and laser absorption indeed increase the plum
pansion velocity because a part of the absorbed energy
the laser can be transferred into expansion motion. In
simulations, a maximum velocity of 10 000 m/s at the sh
wave front is obtained. We have tried to make a compar
with experimental data, wherever it was possible. Howe
the experimental determination of the plasma param
during the early times of laser ablation and plume expan
appears to be difficult because of the high optical thick
of the spectral lines emitted from the initial dense plas
Due to the lack of available experimental data about the
perature and vapor number density at the early stages of
ablation and plume expansion into 1-atm background
we could not present here a direct comparison of our num
cal results with experiment. For the same reason, this
cates how valuable such modeling calculations can be
cause they can give insight in the plume dynamics
plasma behavior, which is sometimes difficult to obtain fr
experiments.

Several absorption mechanisms are distinguished a
ferent stages of plume expansion. The PI process an
electron-neutral IB process are important in the whole pl
starting from the moment when the plume just begins t
ionized. At later time, the electron-neutral IB process is g
erally the most important everywhere in the plume exce
the almost fully ionized plasma core. The PI is still m
important than the electron-ion IB process in the region c
to the target surface, but electron-ion IB becomes more
portant than PI further away from the surface. Furthermo
threshold laser irradiance for the ablation rate and the pl
formation is found to be in a good agreement with that
the case of nanosecond laser ablation of metals in vacu

The effect of laser irradiance on the plasma has
studied as well. The results showed that there is a com
tion between the first-order and the second-order ionizat
In the core part of the plasma, the first-order ionization o
is more important than the second-order ionization when
laser irradiance is lower than 731012 W/m2; whereas fo
higher irradiances, the situation is reversed, i.e., the se
order ionization dominates over the first-order ionization
the mixing layer, the first-order ionization of Cu is alwa
more important than the second-order ionization althoug
latter one increases monotonously with laser irradiance

ionization of He atoms is only important in the mixing layer
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because there are not much He atoms in the core o
plasma. A calculated maximum He ionization fraction
about 0.13 is obtained at 931012 W/m2.

This model is primarily intended to describe LA
chemical analysis applications, such as LIBS and as a sa
introduction method for ICPs, where the background g
generally at 1 atm. However, the results are also applic
to other applications, such as PLD, where the backgr
gas is at low pressure, and for obtaining more fundam
insight in the effect of a background gas. The model w
from the stage of a plume without any ionization to that
fully ionized plasma. This suggests that there may be s
other applications in laser ablation where the ionization
cess needs to be considered. In future work, we plan to r
our model by extending it to two dimensions for the la
stages of plume expansion.
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