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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 géde) 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<@l0'2 W/m?, 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 thdi9? W/m?. 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. @005 American Institute of PhysidDOI: 10.1063/1.1863419

I. INTRODUCTION duration of a few tens of nanoseconds, and for these appli-
_ . . cations the background gas is typically at 1 &tth.
Laser ablation(LA) is used for a growing number of The plume expansion can be investigated either by

applications, such as Qlulsed laser depositRnD),>? nano- Monte Carlo (MC) simulationst>™*® by hydrodynamic
particle manufacturiné’, cluster productioﬁ,for the analy- models>”?® or by a hybrid model (combination of

sis of solid material§;® etc. The study of material expanding both). 22" Among the hydrodynamic models the pressure is

into vacuum or in ambient background gas is an importanFnostly limited till maximum about 100 P&2-?*The plume

|Lssue n Igas dyngmlcﬁ_%ehRef. 1D_an<|j| for dlase_r abl?t'on' ?xpansion into 1-atm background gas was investigated only
aser puises usedn ave typically a duration o SEVEIq) Refs. 3, 17, 19, and 25. It should be mentioned that it

tens of nanoseconds and an energy fluence of severaf.J/cm o

: . . . would take much longer calculation time to study the plume

The quality of the deposited film depends critically on thee ansion into a high-oressure backaround aas with the MC
range and profile of the kinetic energy of the ablated plume. xpansion | 'gn-p . ground gas wi

imulations or hybrid models. Therefore, generally one

To reduce the plume kinetic energy, the technique of PLD i )
a buffer gas is used. In addition, the technique of PLD in gMakes use of hydrodynamic models to study the plume ex-

buffer gas also allows one to vary the film stoichiometry.Pansion into 1-atm background gas. The general effect of the
Hence, it is of great importance to know the dynamics of aback_ground gas is reported 'Fo be the spatial confinement and
plume of ablated material in a background gas in order t&lowing down of the expandmg plume. Moreover, the mate-
optimize the experimental parameters during the film prorial can even move backward® Detalleet al. have experi-
duction process. However, when LA is used for solid mate-mentally studied the influence of long wavelengths on LIBS
rial analysis, e.g., laser-induced breakdown spectroscopjieasurements under air or helium atmosphére.
(LIBS)," or LA as a sample introduction method for an in-  Gnedovetset al® have reported a hydrodynamic model
ductively coupled plasméCP), the laser pulses have typi- With two distinct speciegmaterial plume and background
cally a laser irradiance between®énd 18 W/cn? and a  gag and interactions between them. This model is applied to
expansion in a background gas at 1 atm, but for a long laser

JAuthor to whom correspondence should be addressed; electronic maiPulse (millisecond-range at very lOW_ laser irradiance
zhaoyang.chen@ua.ac.be (10°~10° W/cn), so that no plasma is formed. Very re-
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cently, Gusarov and Smurov reported the expansion into 1Ffhe different parts of the model will be described in detail
atm background gas for a short laser pu(sanosecond- below, and the coupling between the various parts will be
range at higher laser irradiancébout 16 W/cm?),?® but  discussed.
without taking into account the formation of plasma. How-

ever, at this high laser irradiance, the ionization of vapor

and/or the back_ground gas may become important anﬂ_ Target heating,
should be taken into account in the modeling.

There exist no models yet that describe the ionization of A large number of models for laser-solid interaction are
vapor and/or background gas for laser evaporation in 1-atrhased on thermal processes: heating of the solid, followed by
ambient gas. Such a modeling is, however, very importanmelting, and evaporation. They describe the laser-solid inter-
for the various applications mentioned above, where the lasgction on a macroscopic scale, i.e., by the thermal heat con-
irradiance is around £8-10° W/cn?, and where evaporation duction equation(e.g., Refs. 32-34 and the references
takes place in 1-atm nonreactive background gas. The iortherein. This assumption is justified for nanosecond-pulsed
ization of vapor during the laser ablation in vacuum has beetaser interaction, especially for metals. The theoretical de-
studied(see, e.g., Refs. 29 and)30n the present paper, we scription of laser-induced target heating and material re-
will extend and combine the methods explained in Refs. 25moval was based on the model proposed in Ref. 34. The
29, and 30 to describe the laser ablation of Cu and expansidime-dependent temperature distribution along the target
into 1-atm ambient ga@e), including the ionization of both  depthT(t,z) is governed by the heat conduction equation in a
Cu and He. It is well known that, compared to the expansiorpne-dimensional form, as appropriate to many experimental
into vacuum, the interaction of the plume with an ambientsituations,
gas is a far more complex gas-dynamic process due to the

melting, and vaporization

occurrence of several physical processes involved, such as c,p aTt,2) —u(t)aT(t’Z) :i)\m

deceleration, attenuation, thermalization of the ablated spe- dz gz oz

cies, diffusion, recombination, and formation of shock + (1 -Ry)al(t)exp- az).
waves’! Here we present a one-dimensiodD) model for (1)

the laser interaction with a copper target, yielding heating,

melting, and vaporization of the target material, followed byHerep is the mass density of the target mater@g|,\, anda
plume expansion into 1-atm He background gas, as well aare the heat capacity, the thermal conductivity, and the ab-
plasma formation and shielding of the laser irradiance. Basisorption coefficient of the targdif(t) is the laser irradiance at
cally, the model is applied to nanosecond UV excimer orz=0. u(t) is the velocity of surface recession aRd is the
visible laser pulses, metal targets such as Cu or Al, and norreflection coefficient of the target surface. The latter is gen-
reactive ambient gas such as He or Ar. If there is a chemicagrally close to 1 for metals, but it can drop to values as low
reaction between the target element and the ambient gas, the 0.1 during laser ablation, when the laser irradiance is high
model will fail. The irradiance ranges from #0to  enough. This is attributed to roughening due to the increase
10° W/cn?, which is typically used for laser ablation as a of the surface temperature, to removal of surface films, and
sample introduction method for ICP spectrometry. It canto melting. In our model, we use a constant value of §%a,
however, also be of interest to other applications, whichas indicated in Table | in order not to further complicate the
work under similar conditions. solution of the heat conduction equation.

It should be pointed out that the planar expansion of the ~ When the temperature at a certain depth in the target
plume in the early stagée.g., till 100 ns which is derived exceeds the melting point of Cu, the target starts melting, and
fromro/v,, Where the laser spot radiugis about 1 mm and the local temperature remains constant during the time that
the maximum shock wave velocity is about*ifi/s) is jus-  phase transition takes place. Further heating of the molten
tified. However, at later stages of the plume expansion, théarget is calculated in the same way, but using the data for
plume may exhibit radial expansion too. Besides, at the latemolten Cu. Melting normally starts at the surface, but the
stages of the plume or plasma expansion, the assumption afelt front (i.e., the interface between solid and molten
local thermodynamic equilibrium is no longer valid becausephase can extend inside the target when the temperature
three-body recombination comes into play, which means thatses further. The heat conduction equation is solved as a
the Saha equation is not valid anymore. To study the latefunction of time during and after the laser pulse, with an
stages of plume expansion, the present model should be inexplicit finite difference method.
proved to include the detailed description of ionization and ~ When the temperature at the surface becomes very high,
recombination mechanisms and the expansion along the raaporization becomes significant. The saturation presByre
dial direction. Hence, in the present paper, we only preseris calculated from the surface temperature, by integrating the

results up till 100 ns. Clausius—Clapeyron equati8?1,
AH,(Ts—-T
Il. MATHEMATICAL MODEL P<(T9 = Po eXp[ IIU?(TST b)] @
. s'b

The model presented in this paper describes severalhereTs and T, are the surface temperature and the normal
mechanisms, related to the laser-solid interaction and the béoiling point at pressur@y,=1 atm,AH,, is the heat of va-
havior of the evaporated material and the background gagorization, andR is the gas constant. The data for a Cu target
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TABLE I. Input data used in our model for Cu as a target material.

Parameters Values for Cu Ref.
Thermal conductivityh (W m K™ 380 (solid), 170 (liquid) 29
Specific heatC, (J kg*K™) 420 (solid), 494 (liquid) 29

Mass densityp (kg m3) 8960 (solid), 8000 (liquid) 1 and 29
Absorption coefficiente (m™) 7.44x 107 29
Reflectivity used in the modeR; 0.34 35
Melting point, T, (K) 1358 1
Boiling point, T, (K) 2836 1
Heat of fusion,AHg (J/mo) 1.3x10* 1
Heat of vaporizationAH,, (J/mo) 3.048x 10° 1
First ionization potentiallP; (eV) 7.73 36
Second ionization potentialP, (eV) 20.29 36
are also presented in Table |, as well as the references where aT dw,
a==(\+A)— =2 HipDay_ ", (7)

the data are taken from.

B. Expansion dynamics

where\ is the thermal conductivity of atoms and ions in the
binary mixture \. is the electron thermal conductivity which

is a function of electron number density and temperature and

The equations of continuity, vapor transport, momentumjon number densities as well as neutral atom number

and energy for a binary mixture are as follow's:

ap dpu

FRry &
ap dp,u  d J

s e @
dpv d J

;:——(pvhm—rxx), (®)

o] - tohon

J
- 07_X(q +UTy) + (g + ap)| — €ag-

(6)

Here p denotes the total mass density of Cu and He in the

plume, which is equal tp, +p,, Wwherep, andp, are the Cu

densities’® Even when the plume is weakly ionizel, is
typically larger than\. H; is the component enthalpy on a
mass basisD,, is the binary diffusivity for the vapor-
ambient system, defined B,

2<kB 3/2 1 1 1/2 T3/2

Dap= o[ 2) (v ] ——— 8

ab 3 7T) <2ma 2mb> P(da+db>2 ()
2

wherekg is the Boltzmann constant ama,;,, andd,, stand
for the mass and diameter of QHe) atoms, respectively.

The thermal conductivityn and the viscosityu for the
binary mixture are defined as follows:

A=2xN /X (X Pyj), 9
i=1 i=1
and

1= 2%k %(qu’ij)' (10
= =

and He vapor mass density, respectivelylenotes the plume \yhere N=NST/ M/ 02, wi=VmikeT/ / (md?), X; is the

velocity, pU is the local internal energy density, afdde-

number density fraction of thigh species, and;; is given as

notes the local pressure,=p,/p is the Cu vapor mass den- fg|ows:

sity fraction, andr,, is one component of momentum flux
tensor equal to (4/3)u(dv/dx). q represents the conductive
and diffusive energy flux relative to the mass average veloc-

ity of the mixture.D,, is the binary diffusivity of the mix-

ture. The diffusion caused by pressure gradient and number

1 m —1/2( d_)z
O == 1+—'> 1+ . 11
! \’%( m] di ( )

In this paper we consider the ionization of Cu into*Cu
d Cé* and the ionization of He into Helf the electrons

density gradient is neglected here because it is much weakaf! ) NI
than that due to the mass gradietik, t) is the laser irradi- have a Maxwellian velocity distribution, the tootal amount of
ance, andyg ands,.q are the linear light absorption coeffi- €N€rgy emitted per unit volume per unit timé&is

cient in the inverse bremsstrahluritB) and the radiation 2mkgT \ Y2 3277€®
power loss emitted in the bremsstrahlung process, respec- €rad™ 3m, 3hme?
tively. ap, is the light absorption coefficient due to the photo-

Ne(Ny1 + 4N+ Nyy), (12

ionization (PI) process.
The energy fluxg is given below,

wheree is the electron chargen, is the electron masg, is
the velocity of light, andh is the Planck constanty, is the
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local electron number density,; andn,, are the Ctiand reaches the target, i.e., so-called “plasma shieldfAg.he
Cuw* number densities, respectively, ang is the HE num-  three dominant mechanisms for absorption of visible or UV
ber density. laser light in the Cu vapor are electron-ion and electron-
Assuming that the evaporated material and the backneutral inverse bremsstrahlung and photoionization of ex-
ground gas follow the ideal gas law, the local pressure andited atoms. The inverse bremsstrahlung absorption process
internal energy density can be expressed as involves the absorption of a photon by a free electron. The
_ electron is raised to a higher state in the continuum. This
P= (1 +Xe0)NKeT + (1 +Xep)NoksT, (13 process must occur within the field of a heavy partica or
3 neutra), so that momentum is conservEdat the laser in-
pU = nv{—(l +Xep)KgT + 1Py + (IP + IPZ)Xi2:| tensity typically used in visible and UV laser-ablation experi-
2 ments with nanosecond laser pulgés: 1012—10° W/m?),
3 IB cross sections can reach values as high a&*16? during
+ ”b{é(l +Xep)KeT + 'Pblxe,b} (14 the laser pulse. In visible and UV laser ablation of metals,
the photon energy is mostly comparable with the typical ion-
Here,xe,, X1, andx;, denote the partial fraction of electrons, jzation energy of excited atoms, making the photoionization
singly charged iongCu’), and doubly charged ion&CUP*)  cross section of the order of 7 m? in most cases. In the
from Cu, they satisfyx, , =1+ 2X;,; X, denotes the partial paper, we have adopted 2®m? as the PI cross sectian,
fraction of electrons from He, which is equal to the partialin the calculations. So, the absorption coefficieptmay be
fraction of He ions from He. IR and IR are the first and  approximately estimated agn,.
second ionization potential of Cu, respectivelyylfs the The two contributions to inverse bremsstrahlung are
first ionization potential of Hen,=p,/m, andny,=p,/m, are  electron-neutral and electron-ion inverse bremsstrahlung,
the Cu number density and He number density, respectivelyhich are given by?
Numerically, the system of equations, which describe the
flow of mass, momentum, and energy, is solved using the @en=[1 ~exp—hv/kgT)]Qneng, (19)
first-order Godunov methodor the convective termsand a and
first-order central difference methdtbr the diffusion, vis-

cosity, and thermal conduction terms o = {1 ~ exp(— E)] 4¢n, < 27 )1/2
el kgT/ | 3hcr®mg\ 3mksT
C. Plasma formation
X(Ny1 +4n,, + Npy), (20)

When the first-order and second-order ionizations of Cu

and the first-order ionization of He are considered, the Sahaherev is the laser frequencyy, is the local neutral number
Eggert equations are as follows: density (Cu+Heg, andQ is the cross section of the photon

a2 absorptiorf? The total absorption coefficient is equal to
(NyXe + MpXep)Xia _ (277mekBT> XF(‘ ﬂ) (15)  @en*@e;- ASsuming that the original laser irradiancd jé),
1-X%1—X32 h? keT/’ the laser irradiance after plasma shieldlitg,t) can be ob-
tained byl (x,t)=Iq(t)exf [ (g + ap)dX].

(NyXeyp ':(nbxe,b)XiZ _ (277711sz-|_>3/2 Xl{ IP, ) (16)
i1

E. Boundary conditions

(NXe, + NpXep)Xep _ [ 2MeksT | ¥ IPpy
= = he exp - keT )" (17) The heat conduction equation, Ed), is accompanied
® by one initial and two boundary conditiofi%,
Here n X, +NpXep=Ne is the local electron number density
; ' T(t,2 =T, att=0, (21)

of the two-component mixture.
The three Saha—Eggert equations are combined with one

extra equation, i.e., for the conservation of charge for the CJ (1.2 =T, atz— o, (22)
component,
at(t,z
X1+ 2Xip = Xep - (18 wv(n,AH,, + pU + pv?2 + P) —)\%

Finally, the vapor temperaturd) in the Saha—Eggert equa-
tions )i/s adoptgd frompthe ir:(te)rnal energy der?$gi$§ee ng. =(1-R)l(®), atz=0, (23

(14) abovd. These five equatior{€gs.(14)—(18)] are solved  \yhereT, is the ambient temperature andH,, is the heat of
together to calculate the five unknown valu@s,, X1, Xi2,  vaporization. Equatiori23) is the energy balance at the tar-
Xep and T). The Newton-Raphson method was applied toget surface, which couples the heat conduction and the gas-
solve this strongly nonlinear system of equations. dynamic equations. The velocity of surface recessigh is

o defined by the mass balance,
D. Laser absorption in the plasma
) ) Ncu(t) =nv, atx=0, (24)
Because of the formation of a plasma in front of the

target, the laser beam will be partially absorbed before iwhereN, is the Cu number density in solid state.
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The initial conditions for the gas-dynamic equations, The Cu vapor density at=0, n,(0,t), is assumed to be
Egs.(3)—(6), are determined by the ambient pressBggand  equal to the Cu vapor number density at the outer edge of the
temperatureT, Knudsen layem,, which can be obtained froffy andP. At

the Chapman-Jouguet point where the vaporization speed

{T=TaP=Pyn,=00=0}, att=0. (25 approaches the sound spefdl=C,=(ykgT,/m,)Y2], the
To obtain the required boundary conditions, the characteristig@s-dynamic disturbances cannot reach the target surface and
equations following from Egs. (3)6) should be therefore influence the vaporization kinetfésEurther in-
considered”* The number of boundary conditions is equal to créasing the vapor velocity and reducing the pressure below
the number of independent variables transferred along thilis point appear to be impossible.
characteristics incoming into the volume from the boundary ~ When the surface temperatiifg decreases, the satura-
surface under consideratiéhAs was discussed in Ref. 43, tion pressurePs also drops down, thus it may become less
for one-dimensional nonsteady flow, there are three sets ¢han the vapor pressure at the outer edge of the Knudsen
characteristics:C, [(dx/dt),=v+C], C. [(dx/dt).=v-C], layer P,, and back condensation may start to occur. The
and C, (dx/dt=v), where C is the sound velocity. In the boundary value of the gas velocity for the case of back con-
two-component case under consideration there are four indélensation is negative, only th@, characteristics are incom-
pendent characteristic variab&sThey may be introduced Ng, and one boundary condition is required. The condensa-
as two Riemann invariantéone transferred along the,  tion flux is defined by the Hertz—Knudsen equation,
characteristics and the other one transferred alongCthe P.—-P

.. . R _ S k
characteristics entropy, and relative vapor concentration nkuk—Wv (30)
(both transferred along th€, characteristics At infinity B
only the C_ characteristics are incoming and therefore onewhich is applied when the saturation presséebecomes
condition is sufficient, lower than the gas pressurg. It should be pointed out that,
when the ionization and laser absorption by the plasma is
taken into account, the back condensation process may occur

At the evaporated target surface BgandC, characteristics before the laser pulse is terminated. Indeed, when the plasma

are incoming and hence three boundary conditions are to H& formed, the plasma shielding plays a role so that the laser
specified. One of them is the inert gas flux irradiance impinging on the target surface is lower than that

for the case of no plasma shielding, resulting in a faster
nw =0, atx=0, (27)  decrease of the surface temperature and saturation pressure.

P—P, atx— o, (26)

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

At the target surface, the gas near the phase boundary is The different parts of the model are strongly coupled.
not in translational equilibrium when the evaporation rate isDuring the laser pulse, on one hand, the laser-target interac-
large. To realistically represent the conditions at the targettion, which leads to the heating of the target and evaporation,
flow boundary, a Knudsen layer model is employed, whichneeds information from the plume part to fix its boundary
treats that region as a gas-dynamic discontinuity acrossondition[see Eq.(23)]. On the other hand, the boundary
which certain jump conditions, expressing conservation ofondition for the plume part needs information from the tar-
mass, momentum, and energy, are applied. Translationglet surface as well, i.e., the evaporation flux. Moreover, after
equilibrium is achieved within a few mean free paths bythe laser pulse is finished or the evaporation stops, the con-
collisions between particles in the Knudsen layer regiontribution of back condensation to the target heat conduction
Changes in flow properties can be described as jump condis also considered in this model, thus the plume affects the
tions across the Knudsen layer, simplified for a monatomidarget again. Furthermore, the absorption of the laser beam in

F Coupling of the different parts of the model

gas(y=5/3),* the plasma represents an important coupling back, both to
T\12 S2\12 112 the plume_ expansiofgain and loss terms in th_e gquatior_1 for
K)o+ =) 8 conservation of energy and to the laser-solid interaction,
( k) (1 ) s, (29) t f (0] d to the | lid int t
Ts 64 8 because the laser energy can be considerably attenuated
(plasma shieldingbefore it reaches the target, leading to less
Pe [ Ti\*? 1 s efficient target heating, melting, and vaporization.
P, (i) 32+§ erfo(s)exp(s’) - 2 Therefore, the different parts of the model need to be

solved simultaneously as a function of time, in order to ob-
+ l[l - 72 erfo(s)exp(s?)], (29) tain an overall picture of th_e mechanism of laser ablation of
2 a Cu target, plume expansion in the background gas He, and

where T,=T(0,t) and P,=P(0,t) are the temperature and plasma formation.

pressure at the outer edge of the Knudsen layer, respectlvelm' NUMERICAL RESULTS AND DISCUSSIONS
the target surface temperatufg equalsT(t,x=0) and the

saturation pressureP; is calculated by Eqg.(2). s The calculations are performed for a Gaussian-shaped
=u,/(2kgT,/m,)*?is the speed ratio, wherg is the velocity  laser pulse with wavelength of 266 nm, full width at half
at the outer edge of the Knudsen layer. maximum (FWHM) of 10 ns, and peak laser irradiance of
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FIG. 1. Laser intensity-time profile assumed in the model. It is a Gaussian- 0 20 40 60 80 100
shaped pulse with 10-ns full width at half maximum and peak irradiance of (b) t(ns)

7x 102 W/m?. The solid line represents the original laser pulse and the
dashed line represents the calculated laser irradiance arriving at the targ

after passing through the plunfelasma. T:th. 2. Temporal evolution ofa) calculated temperature distribution in the

target andb) calculated solid/liquid regions in the target, for the conditions
shown in Fig. 1. The original target surface is att.

7X 102 W/m? (see Fig. 1, solid ling Integrated over the

entire pulse, this yields a fluence of 74.2 k¥/rim the cal- - .
culations, we follow only one laser pulse. The dashed line in25 ns. As was shown in Fig. 1, the laser absorption by the

Fig. 1 shows the laser irradiance arriving at the target, aftePIurne starts at about 10 ns, and during the following 15 ns,

passing through the plume. It is clear that the laser irradianc%'Ie plume is ionized to form a plasma above the target sur-

at the target drops significantly after about 12 ns, as a resut ce. The hutge pressure ?cf the tfr? rmted p![asm? may grevent
of plasma shielding of the original laser pulse. After this € evaporation process from the target sur tsee Eq.
@0)]. As a consequence, the competition between the evapo-

plasma shielding, the laser irradiance impinging on the target” . ;
is at maximum only about 42102 W/m2 This result is ration and the back condensation on the target surface
quite similar to the case of laser ablation of Cu in vaculim. reqches a more or less stab!e state from 25 to gbout 40 ns.
This means neither evaporation nor recondensation happens
during the time period. The similar phenomenon was re-
ported in Ref. 25. One could see that the surface recession
The Cu target is initially at room temperatufg. How-  rate is zero during this time period although there is a little
ever, as a result of laser energy deposition on the target, thescillation in the recession rate. Meanwhile, the depth of
target is heated very quickly. The calculated temperature disevaporation does not change either. After 40 ns, the saturated
tribution in the target is plotted as a function of time during pressure becomes lower than the pressure of the plume
and after the laser pulse in Fig(a@ The temperature is at
maximum at the surface of the target, as expected. The maxi-
mum temperature of about 8000 K is reached between 1¢
and 16 ns. When time evolves, the region with elevated tem- s
perature(i.e., above room temperatyrexpands due to ther-
mal conduction. For the conditions under consideration, the
heating is more or less limited to the first 1n of the & ,
target. As far as melting is concerned, only a few microme- £

A. Target heating, melting, and vaporization

7 60

T 50
st
140

Evap. depth (nm)

ters are influenced, as appears from Fig) 2Although the *g 3 130
surface temperature drops significantly when the laser ab-g
sorption is very strong, the first 2m of the target still re- § 2 120

mains in a molten phase for quite a long time. Only after = |,
approximately 70 ns, resolidification of the melt starts to oc-
cur, and the melt depth starts to drop very slowly. 0
Figure 3 shows the surface recession rate and the evapc
ration depth as a function of time. It is clear that the evapo-
ration rate reaches a maximugof about 6.8 m/sat about t(ns)
15 n_s, Le., when the target surface temperature is at thﬁG. 3. Calculated surface temperatyselid line, left axig and calculated
maximum (about 8000 K. One can see from the surface gepth of evaporatiotdashed line, right axisas a function of time, for the
recession rate that the evaporation process stops at abatshditions shown in Fig. 1.

6IO 8‘0 1 O%
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FIG. 4. Spatial distribution ofa) calculated Cu number density arti) FIG. 5. Spatial distribution ofa) calculated plume velocity ant) calcu-
calculated He number density in the plume, at different timeg12(40(2), lated plume temperature, at different times:(20) 40(2), 60(3), 80(4), and
60 (3), 80 (4), and 100 niS), for the conditions shown in Flg 1. 100 ns(5)’ for the conditions shown in F|g 1.

nearby the surface, due to the quick drop of the surface tem-
perature. From this moment on, the true recondensation on € sol—called Sedov shock wave thedeyg., see Ref. 45
the target surface starts. One may notice that the depth e ratio of the number density just at the shock front to that

T A .~ . in the undisturbed region i¢y+1)/(y-1). When y=5/3,
evaporation is quite similar to that for the case of ablation in

vacuum(see Ref. 30 and the references theraithough in Fhis ratio equals 4. Our cglculgted number d.ens'ity ratio dur-
the latter case a somewhat higher laser irradianc g the laser pulse-on period is about 5, which is somewhat

(10" W/m?) was used. Comparing Figs. 2 and 3, one ca arger than the predicted value of 4. This is because there is

see that the evaporation process affects only the surfacaelwayS an extra material and energy added to the plume dur-

layer, till a depth which is a factor of 30 smaller than the'NY the pulse-on period, which is not accounted for in the
depth at which melting takes place. Sedov shock wave theory. When the pulse has passed, the

number density ratio will gradually drop to the ideal value of
. ) 4,
B. Plume expansion and plasma formation Figure Fa) presents the plume velocity distribution at
Figure 4 shows the calculated Cu vapor and backgroundifferent times. The plume expansion into 1-atm background
gas number densities at different times. One can see that, gas is expected to be slower than the expansion into vacuum.
an early stage of the ablation, for example, at 20 ns, the CMWhen the laser pulse is finishéat approximately 30 nsthe
vapor density is highest at the targatmost 4x 10?6 m3), it maximum velocity is less than 10 000 m/s. At 40 ns, the
drops gradually as a function of distance away from the tarvelocity of the shock wave reaches 10 700 m/s. In the ex-
get surface in the plume, and very rapidly at the plume frontperiment of Harilalet al,* the laser ablation plume of Al into
When time evolves, the situation has changed, i.e., the Cambient air with pressure ranging from=$£@o 100 Torr was
vapor density is highest in the plume instead of at the targestudied, using a Nd:YAGQyttrium aluminum garnetlaser
For example, at 40 ns, the maximum value of the Cu vapo(8-ns pulse width, maximum energy 700 ymBor the case of
densityn, drops down to about 24 10°° m™3, and is located 100 Torr ambient air, they measured a maximum plume ex-
at about 0.05 mm from the target. This is because the plumpansion velocity of about 10 000 m/s, which is very similar
becomes longer as time evolves but the material evaporatiaio our simulated result. In the vacuum case, the correspond-
from the target decreases quickly when the laser pulse img value is calculated to be about 25 000 m?%his shows
finished. When the time evolves further, the plume size inindeed that the existence of the background gas greatly re-
creases. Accordingly, the maximum value of Cu vapor denduces the plume velocity and thus the plume expansion is
sity decreases along with time since the vapor expands into @nfined to a smaller region. On the other hand, the plume
bigger space but there is no material supply after the evapa@xpansion with the presence of ionization is faster than that
ration process stops. For example, at 100 ns, the maximunvithout ionization. This can be seen from Ref. 25, in which
value of Cu vapor density drops tox8L0?* m™2 and its lo-  the maximum plume velocity is only about 3000 m/s, al-
cation is about 0.72 mm away from the surface. though similar conditions were applied. Furthermore, if there
Meanwhile, in Fig. 4b) one can see that the background is no ionization, the maximum temperature always locates at
gas He is gradually pushed away by the Cu vapor, forming ¢he front of the shock wave, as was reported in Ref. 25.
compression shock wave. The highest value of He numbeadowever, because of laser absorption in the plume due to the
densityn, can be as large as 1.2410°° m™3 at 20 ns. Note existence of electrons and ions, the peak of temperature is
that the value of He number density corresponding to 1 atnshifted to the center part of the plume and its value can be
at room temperature is only 2.4510°° m™3. According to  much higher than that at the shock wave front.
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It should be pointed out that, even when the laser pulse
is not finished, because of strong plasma shielding, the lase
irradiance arriving at the target is so small that the surface
temperature drops down dramatically. In this case, one car
see from Eq.30) that the flux will be directed toward the
target and the plume velocity at the surface is negative. Con-
sidering this recondensation on the target surface, the pluntG. 7. Spatial distribution ofa) calculated Cu vapor densitgolid line);
velocity at the surface can be represented by the local sourf@lculated He densitydashed ling (b) calculated ionization degrees;
spee. Hoiever, most of the plume s sill moving away ;14,1 (251ed Int i doted I, 0 calated e
from the target, to push the background gas, although thgaculated number density of electrop (dashed-dotted line and (d) cal-
plume front velocity decreases along with tinfe.g., at culated number density of Fiat 24 ns, for the conditions shown in Fig. 1.
100 ns, the plume front velocity is only about 9000 m/s

The temperature distribution in the plume is presented in S
Fig. 5(b). For the condition under consideration here, ioniza-200ut 10 000 K at 10.2 ns. Then the thermal ionization of Cu

tion is observed to occur after 9 ns, and photoionization of/SO occurs. At 11.6 ns, the plume is already converted into a
Cu may take a major role to start the ionization processPl@Sma. Accordingly, the plume velocity is increased dra-

Subsequently, the plume can absorb energy directly from th1atically to 4500 m/s. Figure(6) shows how the compres-

laser beam due to IB and Pl processes, which causes tfPn shock wave is developed from 9 to 11.6 ns.
plume temperature to increase further, resulting in fast ion-  Figure 1@ shows the spatial distribution of Cu and He

ization of the plume. At 20 ns, the maximum temperature innumber densities at 24 ns, i.e., just before the evaporatio_n
the plume can reach values as high as 42 000 K. As exStOpS. Ong can see that the peak of Cu vapor number density
pected, the plasma continues to absorb energy from the lasr Still adjacent to the target surface. However, the back-
beam during the pulse period. At 30 ns, the highest temperdgdround gas He is pushed away to form a very distinct peak in
ture in the plasma can be higher than 45 000aich is not the number densityabout five times the number density in
shown herg After the laser extinguishes, the temperature ofthe undisturbed regionA layer of interpenetration or mixing
the plasma drops gradually. This is because the plasma drivé&§tween Cu vapor and ambient gas is also clearly observed.
the shock wave moving forward to push the ambient gador convenience to discuss the ionization of the plasma, here
away and releases some energy into environment by brem#€ would like to call this layer the mixing layer. At 24 ns,
strahlung radiation. the thickness of the mixing layer is about 2@n, which
Figure 6 presents the calculated Cu vapor and backeorresponds to 200 spatial grids in our simulations.
ground gas number densities, the calculated plume velocity, Figure 7b) shows the spatial distribution of the ioniza-
and the calculated plume temperature at different times, frortion degree of Cu and He at 24 ns. The plume behavior
9to11.4 ns, i.e., around the time when the plasma irhighly depends on space. Hence, to analyze the ionization of
formed. At 9 ns, the evaporation is so weak that the Cu vapothe plume more clearly, we divide for convenience the whole
number density is only about 30m™3, even close to the region where Cu vapor mainly exists into three parts: region
target surface. The maximum temperature of the plume & (i.e., the central part of the plume, which will be referred
this moment is only about 500 K. The background gas ido below as the “corg; region M( or the mixing layer where
pushed away slightly. As soon as the laser absorption startee Cu vapor and the He gas exist togethand region S
(i.e., at 9.6 n the plume is heated up to a temperature of(close to the target surfaceNotice that the size of each

>

0 0.05 0.1 0.15 0 0.05 0.1 0.15
x (mm) x (mm)
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region may vary with time. At 24 ns, region C is located ~ 10

from 20 to 90um, region M is located from 90 to 13@0m, \F'E/ 182 Foel Tl - @
and region S from 0 to 2@um. First, in region C, the tem- g ]8; ' . "\,\ ]
perature is the highest among the three regions. More thar = 107} \‘

half of the Cu vapor is ionized into Gtiions, and the whole & 12! |

ionization degree of Clx;;+X;,) is greater than 0.99, which sa‘E 107k N ‘ N

means a highly ionized plasma. Second, in region M, the 0 1 2 3 4 5
first-order and the second-order ionization degrees of Cu are
about 0.6 and 0.2, respectively; the ionization degree of He is
about 0.1. Finally, in region S, it is clear that the first-order
ionization of Cu dominates and the maximumxgfis 0.85.
It should be emphasized that it does not make sense tc s
discuss the ionization degree of He in region C and region S 5
because there is almost no He observed in these two region: d.a_,
All He atoms are pushed to region M and the shock region. S
Figure 7c) presents the spatial distribution of T(n,),
CWw* (n,,), and electror(ng) number densities at 24 ns. The
maximum Cd ion number density is about 8510°° m™  FIG. 8. Spatial distribution of absorption coefficients; (solid line), ae,
and is located near the target surface. In region C, one caffshed ling andap, (dashed-dot line (3) is at 12 ns andb) is at 24 ns, for
he N + the conditions shown in Fig. 1.
see that the number densities of *Cand C#* are almost
equal. The electron number density is almost equal to the
sum of these two because the contribution of He is negligiblemaller region due to the plume expansion into a very dense
here. Figure ®)) shows the spatial distribution of H&um-  ambient gas. In the region where the plasma is highly ion-
ber density at 24 ns. In region M, the density of'Hens  ized, thus the electron-ion IB absorption becomes important
reaches a maximum of 1:610°* m3. Just behind the shock but never dominates. This is the way of how the plume under
wave front, the number density of Heis about 2 consideration evolves into a plasma.
X 107 m~3 due to the shock heating effect. Compared to Fig.  To study the effect of laser irradiance on the laser abla-
7(c), one can see that the contribution of He ionization to theiion of Cu into 1-atm ambient gas, we have varied the laser
electron production is absolutely weak. In experiments, unirradiance from 2x 10'2to 9x 102 W/m? Figure 9 pre-
der the condition of 1-atm He background gas, the ionizatiorsents the maximum of the surface temperature as a function
and the presence of electrons are indeed observed. For exf laser irradiance. The surface temperature increases
ample, Detalleet al* studied a 6 ns laser pulse at 1064 nm smoothly with laser irradiance, but a small discontinuity in
on an Al target in He background gas, for a laser irradiancehe slope is observed at about X202 W/m?. When the
of about 3.7< 10° W/cm?. They measured an electron den- laser irradiance is lower than this value, the maximum of the
sity of about 7< 107 m=3 at 50 ns and a corresponding tem- surface temperature increases more quickly than when the
perature of around 10 000 K. This is lower than our calcu-laser irradiance is higher than this value. From Figp) 9t
lated values, but this is as expected because of the loweppears that the depth of evaporation has a similar but oppo-
laser irradiance. site  behavior. With laser irradiances below 1.9
Figure 8a) presents the absorption coefficiemis, and ~ x 10'2 W/m?, the evaporation depth is very small and in-
ae; as well asap at 12 ns(a) and 24 ng(b). At 12 ns, one creases only slowly with laser irradiance. Above the thresh-
can clearly see that the Pl and the electron-neutral IB absormld value, the evaporation depth increases more quickly with
tion mechanisms are more important than electron-ion I|Baser irradiance. Considering the laser pulse duration used in
absorption within the whole plume. This is because the ionour simulations, it follows that 1.8 102 W/m? irradiance
ization just starts and the electron number density is still lowgcorresponds to 20.6 kJAor 2.06 J/crd) laser fluence. The
but the neutral atom number density is very high. Hence, théaction of laser energy absorbed by the plume versus laser
electron-ion collision cross section is much lower than therradiance is given in Fig.(@). Once again a different behav-
other two cross sections. However, at later time, the differenior is clearly observed before and after the irradiance of
absorption mechanisms may compete with one another. Fdr.9x 102 W/m?2. This threshold value for the plasma forma-
example, at 24 ns, as is shown in FigbB the absorption tion is surprisingly close to that in the vacuum case. It is
mechanism depends on the location in the plume. In theeported in Ref. 46 that in the nanosecond laser ablation of
whole region, the electron-neutral IB absorption is the mosmetals in vacuum, for fluences higher than the fluence
important. Besides, from the target surface to 0.045 mm, théhreshold(F =2 J cn?), a plasma is always produced above
PI absorption is stronger than the electron-ion IB absorptionthe target surface.
In the rest of the plume, the situation is reversed. This can be Figure 10 shows the effect of the laser irradiance on the
explained as follows. When the plasma is initially formed, calculated ionization fraction of Cu and He in the core part
the photoionization plays a major role. Subsequently whemf the plasmga) and in the mixing layetb). Except for the
the plasma is formed, no matter how high the ionizationlaser irradiance, the other laser parametésavelength,
degree is, the electron-neutron IB absorption starts to play apulse shape, and duratijoare kept constant. The spatial and
important role because the plasma is confined within aemporal behaviors of the formed plasma will be somewhat

 (m
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50 and Hé (diamonds (a) in the core part of the plasma afi) in the mixing
) ' ' ' ' ' L - layer, as a function of laser irradiance at 30 ns. All laser pulses have the
= 40f e 4 same parameters except for laser irradiance. The ionization of He is only
& a7 considered in the mixing layer, as shown(b.
o 30 ke ]
fog _»
_e -
§ 20 Jrae 7 reaches a maximum fraction of about 0.13 at 9
< 1o} o7 1 X 10Y2 W/m?. However, the contribution of He ionization to
e o
N LS . . . . . the total electron number density is very small because the
! 2 3 4 5 ° 7 &8 8 He number density in the mixing layer is not lar@ound
1 (W/m~) x 10

10?° m3) and the mixing layer is very thin compared to the
FIG. 9. Laser irradiance dependence (af calculated maximum surface Whole plume, as was shown in Fig. 7.
temperature(b) calculated evaporated depth, afwil calculated fraction of It is clear from Fig. 10, that even at a lower irradiance of
the laser energy absor_bed py plasmas. All laser pulses have the same parapx 1 (L2 W/mZ, the ionization degree of Cu is still more than
eters except for laser irradiance. 42% in the core of the plasma and 25% in the mixing layer.
For higher irradiances, the total ionization fraction of Cu can
different for different values of laser irradiance. However, inbe more than 98%, which indicates that a highly ionized
order to make a comparison possible, we focus on the ionPlasma is formed during the plume expansion.
ization of Cu and He at 30 ns, i.e., when the laser pulse is
f?nished. It_ is_cle_ar that in t_he core part of_ the plasma,_ thqv_ CONCLUSION
first-order ionization of Cu first increases with the laser irra-
diance. However, when the laser irradiance increases above In summary, we have presented a one-dimensional
3x 10 W/m?, the second-order ionization of Cu also be- model for the laser ablation of a Cu target into 1-atm back-
comes important, and consequently the fraction of the firstground gas He. The heat conduction of the target is studied
order ionization of Cu starts to decrease almost linearlyith the inclusion of the back flux. Binary diffusion, viscos-
along with the irradiance. At the same time, the second-ordety, and thermal conduction including the electron thermal
ionization of Cu in the core of the plasma increases monotoeonduction are taken into account in the evaporated plume.
nously with laser irradiance. At about710'2 W/m?, both ~ The ionization of Cu and He in the plume and the laser
fractions are more or less equal, and for higher laser irradiabsorption by the plume were also simulated. The ionization
ance, the second-order ionization of Cu even dominates ovef Cu and He enables the recondensation at the target surface
the first-order ionization of Cu. In the mixing layer, the situ- to happen even during the laser pulse. The simulations have
ation is a little different. The first-order ionization of Cu shown that the ionization degrees of Cu and He may vary
again increases the irradiance o302 W/m?. Then it  greatly with the location in the plume. It was shown that at
stays almost constant when the irradiance rises up to &e conditions under consideratida laser pulse with 7
X 102 W/m?. Subsequently, it starts dropping gradually X 10> W/m? peak irradiance, 266-nm wavelength, and
with the increase of laser irradiance. From 7 to 910-ns FWHM), the first-order ionization of Cu dominates in
X 10 W/m?, the first-order ionization of Cu again de- the region close to the surface, and the second-order ioniza-
creases with the laser irradiance slightly. The second-orddion degree of Cu is a little bit higher than the first-order
ionization of Cu always increases with the laser irradiancdonization degree of Cu in the core part of the plume. Both
between 2 and 9102 W/m? However, from 7 to9 ionization degrees are close to 0.5, which means that the core
X 10 W/m?, the second-order ionization of Cu increasesof the plume becomes a nearly fully ionized plasma. In the
with the laser irradiance only slightly. The ionization of He mixing layer, the first-order ionization of Cu is more impor-
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tant than the second-order ionization. The calculated ionizabecause there are not much He atoms in the core of the
tion of He in the mixing layer has an average fraction of 0.08plasma. A calculated maximum He ionization fraction of
and its contribution to the electron density is of the order ofabout 0.13 is obtained at010'2 W/m?.

10?* m™3 only in the mixing layer. In the core part of the This model is primarily intended to describe LA for
plume, although the calculated ionization degree of He is ashemical analysis applications, such as LIBS and as a sample
high as 0.2, there are very few electrons arising from thdntroduction method for ICPs, where the background gas is
ionization of He due to the very low number density of He generally at 1 atm. However, the results are also applicable

atoms. Hence, the ionization degree of 0.2 does not have trj@ Other applications, such as PLD, where the background
influence on the dynamics. gas is at low pressure, and for obtaining more fundamental

The plume expansion is greatly influenced by the pres1nsight in the effect of a bagkground gas. Thg model works
ence of ionization and laser absorption in the plume. ComIrom .the. stage of a plum_e without any ionization to that of a
paring the simulated plume expansion velocity with thatfuIIy ionized plasma. This suggests that there may be some

. R . other applications in laser ablation where the ionization pro-
without considering ionization, we have found that the 'ON" 655 needs to be considered. In future work, we plan to refine
ization and laser absorption indeed increase the plume &Sur model by extending it té WO dimensio,ns for the later
pansion velocity because a part of the absorbed energy fror;qages of plume expansion
the laser can be transferred into expansion motion. In our '
simulations, a maximum velocity of 10 000 m/s at the shocky ck NOWLEDGMENTS
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