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Laser Ablation of Titanium Metallic Targets:
Comparison Between Theory and Experiment

A. Casavola,¤ G. Colonna,† A. De Giacomo,‡ and M. Capitelli§

University of Bari, 70126 Bari, Italy

A model of plasma expansion with chemical kinetics has been developed and compared with the free-� ow model
describing the laser ablation plume of metallic titanium target. Optical emission spectroscopy has been used to
obtain time of � ight (TOF) spectra. The measured shift between Ti and Ti+ TOF has been theoretically explained
on the basis of the recombination process. Particular attention has been also focused on the dependence of TOF
on some plume parameters such as initial speed, temperature, pressure, and plume extension.

Nomenclature
a0 = Bohr radius
E = total energy per unit mass
Fk ."/ = energy of the photon emitted in the radiative

recombination process
f ."/ = electron energy distribution function
H f = formation enthalpy
h = Plank constant
Keq = ionization equilibrium constant
K ion = total ionization rate
K ion;k = state selected ionization rate
KRR = total radiative recombination rate
KRR;k = state selected radiative recombination rate
K3rec = tribody recombination rate coef� cient
NM = mean molar mass

Ns = number of species
n = principal quantum number
nk = population of the kth atomic energy level
P = pressure
P0 = initial pressure of the plume
Qe = total energy emission velocity

by radiative recombination
R = gas constant
RRR = total radiative recombination energy emission rate
RRR;k = state selected radiative recombination energy

emission rate
Ry = Rydberg constant
T = gas temperature
T0 = initial gas temperature
t = time from the laser pulse
tmax = time corresponding to the maximum of the time

of � ight peak
U = internal energy
u = � ow speed
v."/ = electron speed
v0 = initial velocity of the plume
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[X ] = particle concentrationof the x species
[X ]max = maximum particle concentrationof the x species
x = distance from the target
x0 = initial width of the plume pro� le
Z = ion charge
" = electron energy
µ = dispersion angle with respect to the normal

at the surface
½ = total density
½i = density of the i th species
¾ion;k .") = electron impact ionization cross section

from the atomic state k
¾RR;k."/ = radiative recombination cross section

in the atomic state k

Introduction

T HE study of laser-induced plasma (LIP) plays a fundamental
role for diagnostic purposes in many applications,concerning

laser–matter interaction: pulsed-laser deposition (PLD), laser in-
duced breakdown spectroscopy,laser welding, laser cutting, and so
on.1¡7 The � exibility of the experimental setup and the large quan-
tity of condensed matter material that can be treated by laser make
PLD a very promising technique for thin-� lm production. For ex-
ample, plasma-assistedPLD has been successfullyused for growing
TiO2 thin � lms.1

Recently, laser ablation has been studied as an interestingmicro-
propulsion technique.8¡13 The advantages of laser thrusters are the
simplicity of the apparatus, the high-energyef� ciency, and the pre-
cise thrust control.These characteristicsmake ablative laser propul-
sion a good tool for satellite applications.8¡13

In the last10years,a largenumberof experimentaland theoretical
works14¡16 were devoted to LIP generationand evolution;neverthe-
less, theseprocessesare still not well understood.The interpretation
of experimental results can be improved by theoreticalmodeling of
the plume expansion. Many models have been developed based on
the solution of the one-dimensional Euler equation (see Refs. 17
and 18) in the frozen-�ow approximation. The validity of the one-
dimensional approach has been proved in Refs. 17 and 18, where
angular dispersion is of the order of cos30 µ , whereas the frozen-
� ow assumption could be open to question. The model has been
improved for a TiO plume by including chemical reactions in the
local thermodynamic equilibrium (LTE) approximation. Neverthe-
less, the comparison between theoretical and experimental results
is only qualitative. The discrepancies are due to many factors such
as chemical model and initial conditions that are strictly coupled to
each other, due to the strong nonlinearity in the equations.

Similarities with high-enthalpy nozzle expansion19 lead to the
conclusion that strong nonequilibriumcan be present,mainly in the
expansionzone. Therefore, a kinetic model is necessary to describe
properly the � ow properties.
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226 CASAVOLA ET AL.

In this paper we will investigatehow the chemical models as well
as the initial conditions of the plume affect the plume expansion.
In particular our attention is focused on the time of � ight (TOF)
diagram that can be directly related to experimental measurements
in vacuum.

Theoretical Model
Euler Equations

The theoretical model basically describes the plume expansion
using � uid dynamic equations along the plume axis in the one-
dimensional approximation, based on the observation that the an-
gular dispersion of the plume is small.17;18 Euler equations consist
of mass, momentum, and energy continuity equations:
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completed with an equation to calculate the total density ½ ,

½ D
N sX

i D 1

½i (4)

and the ideal gas state equation,

P D .P= NM/RT (5)

The general expression of total energy per unit mass, E , is

E D 3
2 .RT= NM/ C U= NM C H f = NM (6)

For an ideal gas without internal structure and chemical reactions,
Eq. (5) is simpli� ed as

P D 2
3
½ E (7)

Solution of the system of equations (1–6) allows calculating the
time-dependent pro� les of different macroscopic quantities, such
as mass density, temperature, and Mach number along the distance
between the target and the substrate.

The laser evaporationmechanisms are very complex and depend
on the surfacecharacteristics.For nanosecondlaserpulses,theuseof
analytical models is reasonable because the high pressure reached
in the plume at a very short time thermalizes the plasma and the
memory of the evaporation mechanism is lost. We have considered
two analytical approximated models for the target evaporation17;18:
1) The plume is evaporatedin a very short time [instantaneousevap-
oration approximation (IEA)] and expands after this production.
2) The plume is produced in a given time interval simulating the
evaporation [continuous evaporation approximation (CEA)]. The
evaporation models are determined by � xing some parameters that
de� ne the initial conditions. Such parameters depend on the ana-
lytical model considered, and for the two cases can be summarized
as follows: 1) for IEA, the initial pro� le of pressure, temperature,
speed, and plume extension and 2) for CEA the � ux of mass, mo-
mentum and energy from the surface, and the composition of the
evaporated matter.

These values cannot be determined experimentally due to the
strong continuum emission and, therefore, must be guessed to have
a good agreement with experimental data available at longer times.
To study the effectsof the initialparameterson the plumeexpansion,
we have performed a sensitivity analysis of the � ow properties to
parameter variations.20 In the present paper we discuss only the
results obtained by the IEA model.

Chemical Kinetics Model

We have considered two different models to include reactions in
the � uid dynamic code. In the LTE approximation, we couple the
� uid dynamic equations with the chemical equilibrium model.21;22

In this case, the gas composition and all of the thermodynamic
functions depend on the local temperature and pressure only or,
equivalently, on total density and energy. This approach has been
recently applied to the plume formed when a titanium monoxide
(TiO) target is ablated.22

Some experimental23 and theoretical24 results lead to the con-
clusion that the LTE approximation cannot be applied during the
plume expansionat low pressureand that a kinetic approach should
be used. To investigate the effects of � nite rate coef� cients on the
plume expansion, the following processes25 have been considered:
1) ionization by electron impact (direct process), 2) three-body re-
combination (inverse process)

Tik C e¡."/ $ TiC C 2e¡ (8)

and 3) radiative recombination

TiC C e¡."/ $ Tik C hº (9)

where the index k refers to the internal energy level of the atom
involved in the processes (8) and (9).

The cross sections ¾ion;k."/ of the ionization process [Eq. (8)]
have been calculatedusing the classical Grizinskii approach26 from
each internal level and for a wide range of the electron energy.
The ionization rate coef� cients K ion;k from a given level k have
been calculated by integrating the relevant cross sections over a
Maxwellian electron energy distribution function f (Ref. 27)

K ion;k D
Z 1

0

f ."/v."/¾ion;k."/ d" (10)

The total ionizationrate coef� cients K ion have been calculatedsum-
ming the state selected rate coef� cient [Eq. (10)] over a Boltzmann
internal level distribution nk at the same temperature as the free
electrons27

K ion D
X

k

K ion;k nk (11)

The rate coef� cients obtained in this way depend only on one tem-
perature, and the results have been � tted by the followinganalytical
expression and have been reported in Fig. 1:

K ion D exp

³
27:809 ¡

T
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¡

80102
T C 1

´
(12)

Fig. 1 Ionization rates as a function of temperature.
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The three-body recombination rates K3rec have been calculated by
detailed balance principle:

K3rec D K ion=Keq (13)

In turn, the ionization equilibrium constant, calculated according
to statistical thermodynamics,28 has been � tted as a function of
temperature with the following law:

Keq D 1:11¢10¡16 ¡8:41¢10¡20T C4:38¢10¡24T 2 C1:93¢10¡29T 3

(14)

The radiative recombinationcross section ¾RR;k ."/ on level k has
been calculated in the hydrogenlikeatom approximation29:

¾RR;k ."/ D ¼a2
0

32Z 4 Ry2

3
p

3.137/3 Fk."/n3"
(15)

The radiative recombinationrate on level k is calculatedby integrat-
ing the cross section [Eq. (15)] over the electronenergy distribution
f ."/:

KRR;k D
Z 1

0

f ."/v."/¾RR;k ."/ d" (16)

approximated with a Maxwellian. To obtain the total radiative re-
combination rate, we have summed over all of the atomic levels,

KRR D
X

k

KRR;k (17)

The results have been interpolated by the function (Fig. 2)

KRR D exp
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(18)

The radiative recombination converts electron translational energy
in electromagnetic energy (continuous emission light). The energy
emission rate for ions recombining on atomic level k is given by

RRR;k D
Z 1

0

f ."/v."/¾RR;k."/Fk."/ d" (19)

and the total emission rate is given by the sum over all of the atomic
levels

RRR D
X

k

RRR;k (20)

Fig. 2 Radiative recombination rates as a function of temperature.

Fig. 3 Rate of energy emission due to radiative recombination as a
function of temperature.

and the total irradiated energy per time unit and volume unit ( joules
per cubic meter per second) is given by

Qe D [e¡] ¢ [TiC] ¢ RRR (21)

The rate of emission energy (in joules cubic meters per mol squared
per second) due to radiative recombination can be � tted by the an-
alytical expression (Fig. 3)

RRR D exp

»
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¡
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¶¼

(22)

To take into account the loss of energy due to the radiative recom-
bination, Eq. (3) has been modi� ed as

@½E
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C @½u E
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C P

@u

@x
D ¡Qe (23)

We can calculate the time evolution concentrations of different
species by means of the following equations derived by classical
chemical kinetics theory:

d[Ti]

dt
D ¡K ion[Ti][e¡] C K3rec[TiC][e¡][e¡] C KRR[TiC][e¡]

(24)

d[TiC]
dt

D K ion[Ti][e¡] ¡ K3rec[TiC][e¡][e¡] ¡ KRR[TiC][e¡]

(25)

d[e¡]

dt
D K ion[Ti][e¡] ¡ K3rec[TiC][e¡][e¡] ¡ KRR[TiC][e¡]

(26)

The coupling between � uid dynamic and kinetic equations in-
volves an “operator splitting” technique: As a � rst step, we solve
the Euler equations in the free-� ow approximation,22 and then in the
same time interval, we solve the kinetic equations locally to update
the concentrationand total energy values.20;30 This approachis valid
for small temperature variations.

Experimental Approach
TOF measurements allow studying the dynamic aspects of LIP

and give important informationon the temporal evolutionof species
in theplume.Differentexperimentaltechniquescanbe employedfor
this propose, among them the most widely used are optical emission
spectroscopy(OES),31;32 laser-induced� uorescence,33 laserabsorp-
tion, probing,34 and mass spectrometry.35 Charged particles detec-
tion and laser excitation techniques give the best results for what
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concerns the investigationof LIP far from the target, but OES is the
simplest way to do TOF measurements in the high brightness zone
of LIP (0–3 mm).

For this reason, we perform the study of evolution of LIP species
by temporallyand spatially resolvedOES at differentdistance from
the target. Two nonresonance lines have been selected, 399.86 and
401.23 nm, corresponding to the species Ti and TiC , respectively.
These lines have been chosen because the corresponding emission
time is shorter than the plasma expansion time. Moreover, the se-
lected lines have closed spectral positions and similar energy.

The experimental setup has been described in details in previous
work31 and consists of a vacuum chamber with rotating holder for
targetandquartzwindowsfor laser inputand for theemissionspectra
detection, a spectroscopic system and a vacuum system. The laser
source is a KrF excimer laser at 248 nm (Lambda Physic LPX350)
with a pulse width of 30 ns and an adjustablerepetitionrate between
1 and 150 Hz. By the use of a mirror and lens, the laser beam is
directed through a quartz window into the vacuum chamber and
focused onto the target at 45 deg from the surface normal. In these
experiments, the energy density of the laser beam has been � xed at
5 J/cm2 with a rectangular spot 2:00 £ 2:42 mm2 and a repetition
rate of 5 Hz.

The spectroscopicsystem is made by an optical � ber (diameterof
0.6 mm) connectedto the input slit of an high-resolutionmonochro-
mator (HR 640, Instruments, S.A., division Jobin Yvon) and an in-
tensi� ed charge-coupled device (ICCD) (Jobin Yvon cv3000) for
the detection of spectra. The plume image is focused on a virtual
plane by a short focus quartz lens (6 cm). The optical � ber is placed
on a micrometric XYZ table so that it is possible to move the en-
trance of the optical � ber in the virtual plane, where is focused
the plume image with a 1:1 magnitude. This con� guration allows
detecting a portion of plume with a spatial resolution that has the
same dimension of the optical � ber entrance. The signal of a fast
photodiode, detecting the laser re� ection of the diaphragm, is the
main trigger for the ICCD. To avoid the intrinsic delay of the elec-
tronic system (80 ns) a 25-m-long optical � ber is used so that the
transmission of emission light to the detection system is delayed of
83 ns as measured by a fast oscilloscope.A gate width of 40 ns has
been chosen in the experiment to maximize the spectral line inten-
sity while maintaining a good temporal resolution.To optimize the
signal-to-noiseratio and the spectra reproducibility,the detectionof
spectra is carried out averaging 5 sets of 10 signal accumulations.
By this acquisition mode, the � uctuations of spectra are under 7%
at the experimental conditions applied in this work.

The spectroscopic investigation of the LIP has been carried on
in the visible range at the maximum vacuum allowed by our vac-
uum system 10¡6 torr. To neglect the angular dispersion of LIP, the
measurements have been performed along the propagation axis at
distances from the target surface shorter or comparable to the spot
dimension.36

Results and Discussion
To compare systematically theoretical and experimental results,

it is necessary to de� ne accurately the initial conditions.In this way,
when v0; P0; T0 , and x0 are changed alternatively, it is possible to
� nd the initial conditions that are the best � t for experimental data
(see also Ref. 20).

Let us discuss the role of the different parameters in affecting
the plume properties. Figure 4 shows the dependence of TOF on
v0 variations. Inspection of Fig. 4 shows that times at which Ti
concentrations reach their maximum decrease with increasing v0.
At the same time, the broadeningof thepeaksfollowsa similar trend.

Figures5 and 6 show the effect of the pressure.In particularFig. 5
shows the time evolution of titanium concentration for different
pressure values. Notice that the concentrationof titanium increases
with increasingthe pressuredue to the correspondingincreasein the
recombination rates. After normalizing the TOF to their maximum
(Fig. 6), we can appreciate the shift and the broadeningof the peaks
to pressure variations.

More relevant is the effect of changing the initial tempera-
ture, as shown in the plots of normalized titanium atom and ion

Fig. 4 Normalized atomic concentrations as a function of time at
x = 0.6 mm from the target at different initial velocities v0, for
P0 = 20 atm, T0 = 20,000 K, and x0 = 0.05 mm.

Fig. 5 Atomic concentrations as a function of time at x = 0.6 mm from
the target at different initial pressures P0 , for v0 = 104 m/s, T0 = 20,000K,
and x0 = 0.05 mm.

Fig. 6 Normalized atomic concentrations as a function of time at
x = 0.6 mm from the target at different initial pressures P0, for
v0 = 104 m/s, T0 = 20,000 K, and x0 = 0.05 mm.
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Fig. 7 Normalized atomic concentrations as a function of time at
x = 0.6 mm from the target at different initial temperatures, for
v0 = 10,000 m/s, P0 = 20 atm, and x0 = 0.05 mm.

Fig. 8 Normalized ion concentrations as a function of time at
x = 0.6 mm from the target atdifferent temperatures, for v0 = 10,000m/s,
P0 = 20 atm, and x0 = 0.05 mm.

Fig. 9 Atomic normalized concentrations as a function of time at
x = 0.6 mm from the target at different initial plume extension x0 , for
v0 = 10,000 m/s, P0 = 20 atm, and T0 = 20,000 K.

Fig. 10 Ion normalized concentrations as a function of time at
x = 0.6 mm from the target at different initial plume extension x0 , for
v0 = 10,000 m/s, P0 = 20 atm, and T0 = 20,000 K.

a)

b)

Fig. 11 Experimental TOF of Ti and Ti+ species at a) 0.5 mm and
b) 1 mm.

concentration(Figs. 7 and 8): In both cases there is a broadeningof
the peaks as the temperature increases.Whereas in Fig. 8 the maxi-
mum is � xed at about50 ns, in the caseof atomconcentrationthere is
a shiftof thepeak at a longertime.This shift is due to recombination.
In fact, when the initial temperature is high, the initial concentra-
tion of Ti is very low and the recombination effect is much more
evident.

Figures 9 and 10 show the dependence of Ti and TiC TOF for
both Ti and TiIt on the initial extension of the plume x0 . Again note
that the TOF pro� les strongly depend on the x0 value.
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Fig. 12 Experimental temporal evolution of electron number density.

a)

b)

Fig. 13 Examplesof the comparison between experimental and calcu-
lated TOF with theoretical initial conditions v0 = 7000 m/s, P0 = 20 atm,
T0 = 20,000 K, and x0 = 0.15 mm for a) 1 mm and b) 2 mm.

Let us now compare the results of the model with the correspond-
ing experimental ones. Figures 11a and 11b show the normalized
TOF for Ti and TiC at 0.5 and 1 mm from the target obtained
experimentally by OES. We can see that in both cases the peaks
corresponding to the Ti TOF present a delay in respect to the corre-
sponding one for the TiC. This delay can be attributed to the three-
body recombination mechanism. The plasma under study is in fact
in the recombination phase, that is, in the kinetic expression

Table 1 Time corresponding to the maximum of experimental
and calculated TOF. The error is determined as the temporal

difference between following points

tmax Ti (ns) tmax TiC (ns)

x (mm) exp calc exp calc

0.5 60 § 10 45 § 0.5 30 § 10 42 § 0.5
1.0 100§ 10 100§ 10 90 § 10 90 § 10
2.0 200§ 10 200§ 10 170§ 10 170§ 10
3.0 360§ 30 300§ 50 280§ 30 250§ 50

d[e¡]

dt
D K ion[e¡][Ti] ¡ K3rec[e

¡]3 (26)

the recombination term is predominant.This point is also supported
by the experimental trend of electron number density vs time (see
Fig. 12)determinedbyStarkbroadeningfrom theemissionspectrum
correspondingto the maximum of TOF signal at differentdistances.
Inspection of Fig. 12 shows that d[e¡]=dt < 0, thus, indicating the
prevalenceof the recombination mechansm.37

Figures 13a and 13b show a comparison between experimental
and theoretical results for Ti and TiC TOF at 1 and 2 mm. We can
observe a satisfactory agreement at all of the distances examined
in this work. Some differences arise after 2 mm as a consequence
of the radial component of velocity and the experimental curves
are broader than the theoretical ones. Table 1 lists the time corre-
sponding to the maximum of TOF curves obtained by experiments
and by calculation for Ti and TiC species at different distances.The
quantitative agreement of Table 1 is a con� rmation of the effect of
the three-body recombination on temporal evolution of LIP and it
proves the validity of theoretical method adopted in this work.

Conclusions
A theoretical investigation of the plume expansion using differ-

ent chemical models has been presented. We have investigated a
wide range of initial conditions by changing alternatively different
initial parameters. A systematic study of the effect of all of these
parameters on the plume expansion has been done. A good agree-
ment between theoretical and experimental results has been found.

Future improvement of the model will be directed in two direc-
tions. The � rst one is the insertion of a collisional-radiativemodel
for the internal states of Ti and TiC species. The second direction
will try to develop an authomatic tool for predicting the best ini-
tial conditonsfor reproducing the experimentalTOF. Work is under
study in both directions.
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