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Abstract. The femtosecond laser ablation process and induced breakdown spectroscopy
of transition metal Ti in air background has been investigated systematically. The ab-
lation process is simulated by means of a three-dimensional two temperature model
(3D-TTM). The time-resolved spectroscopy is employed to determine the character-
istics of plasma during its evolution. The time-of-flight spectroscopy (TOFS) is also
used to characterize the plasma expansion. The evolution behaviors of the plasma and
its spectral characteristics have been analyzed as a function of pressure. It is shown
that the component, expansion behavior and characteristics of the plasma have strong
pressure dependences. The results are discussed in terms of the interaction mecha-
nisms between ambient air and plasma species.

PACS: 32.30.Jc, 32.70.]z

Key words: Femtosecond laser ablation; Two temperature model; Laser induced breakdown
spectroscopy.

1 Introduction

Laser ablation is one of the basic physical phenomena when intense and ultrashort laser
pulses interact with solid material. Meanwhile it is an important application of the laser-
material interaction [1-2]. Due to the extremely high power density and ultrafast in-
teraction with material, the femtosecond pulses are able to ablate the material without
evident thermal effect and therefore act as a useful tool for micro-machining [3-4]. Mean-
while, the fs-laser ablation process is always companied by spectral emissions which was
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called fs-laser induced breakdown spectroscopy (FLIBS) [5-6]. The laser induced break-
down spectroscopy (LIBS) can act as a potentially useful tool for numerous applications
in material surface microanalysis and provide the information about the component of
the sample surface [5]. Moreover, the FLIBS improves the spatial resolution and spectral
sensitivity of the traditional LIBS analysis and can be applied in more delicate and com-
plicate works [7-9], such as chemical mapping and depth profiling of complex biological
systems [10-13].

With the evolutions of fs-laser induced plasma being generally understood, a more
detailed and comprehensive understanding of Ti particles in fs-laser plasma is desired
[14-16]. A sufficient understanding should include the component and evolution of the
plasma. Particularly, the ambient gas plays an indispensable role in the behavior of the
plasma characteristics. The collisions of the plasma species with the ambient gas will
seriously impact the kinetic and optical properties of the laser plasma. Until now the
phenomena due to the existence of ambient gas have been investigated widely, such as
shielding effect, expanding velocity and laser supported detonation wave (LSDW) [8, 16].
However, there are few reports about the pressure effect on the dynamics of the fs-laser
induced Ti plasma as far as we know.

In addition, investigation on the fs-laser ablation can serve to evaluate the early stage
of the plasma formation [17-19]. This non-equilibrium heating process is generally de-
scribed by the two temperature heat-conduction model (TTM) [20-21]. The theoretical
simulations based on TTM are able to provide the temporal temperature behavior of the
target and therefore give the information about the timescale of material removal and the
early formation of plasma.

In present work, the fs-laser ablation of Ti target and the induced plasma have been
investigated systematically. The ablation process is simulated by a three-dimensional
two temperature model (3D-TTM) and the onset point of the material removal from the
Ti surface is evaluated. The particular attention has been paid on the pressure effect on
plasma evolution. The detailed informations about the plume species and expanding ve-
locities are achieved and analyzed by time-resolved spectra and time-of-flight profiles.
The pressure dependences of these properties are discussed in detail. The theoretical and
experimental studies shown in this article will contribute to an insight into the character-
istics of fs-laser plasma.

2 Experimental method

The experimental investigation of the plasma emission spectrum is implemented in the
systems as shown in Fig. 1. An optical amplifier system (Hidra 25) generating 1000 fs
laser pulses is used as the excitation source. The wavelength of the laser pulse is 800nm.
A titanium plate (20 mm x 20 mm X 2 mm) with the purity of 99.999% is adopted as
the sample. The laser beam is focused on the sample surface with the diameter of ~200
pm in a vacuum chamber. The pressure is changed from 10Pa to latm. The peak power
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Figure 1: Experimental setup.

density on the titanium surface reaches as high as 2.17 x 10W /cm. The sample is fixed
on a mobile platform in order to make sure that each laser shot ablates different spot on
the sample surface.

The plume spectrum is coupled into an optical fiber probe which is connected to a
grating spectrometer (Spectra Pro500i). As the means of detection, the spectrometer has
been equipped with an intensified charge coupled device (PI MAXII ICCD). The pulses
are operated at a 1 kHz repetition rate and a Q-switch signal is delivered to the ICCD to
trigger the data acquisition gate when each pulse is generated. The spectra are acquired
with a 10 ns gate width. The time delay between the laser pulse and acquisition gate
is controlled by a pulse trigger generator (PTG). The spectral resolution of the system is
0.05 nm.

3 Formation of plasma

3.1 Theoretical methods

In order to describe the ultrafast material removal under fs-laser treatment, a three di-
mensional two temperature model (3D-TTM) is employed to simulate the evolution of
the temperatures of electron and lattice near the target surface. The model is composed
of two coupled nonlinear differential equations.
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Table 1: The major physical properties of Ti, including atomic mass m 4, optical absorption coefficient at 800nm
«, specific mass p, specific heat C;, thermal conductivity kg, and thermodynamic equilibrium critical temperature
Ttec.

ma(amu) | a(10%/m) p(103kg/m3) Ci(J/kgK) | ko(W/m-K) | T;(K)
Ti 47.9 0.6 451 523 22 4623

The Gaussian laser source item is written as follow:
S(r,2,0,t)=Ip(1—R)aexp[—2r* /wi — (t—T)* /27> —az]. (3)

Where T, and T; are electron and lattice temperatures, respectively; C, and C; are the
electronic and lattice heat capacities. K, is the electron thermal conductivity which varies
with the electron temperature in the form of K, = Ko T,/ T; [20-22]; g is electron-phonon
coupling coefficient. The laser parameter T denotes the pulse length, Iy indicates the
peak power density and wy represents the radius of the laser spot. In addition, R de-
notes the optical reflectivity of the material surface and « indicates the optical absorption
coefficient of Ti at the wavelength of 800nm. The TTM equation set is established in a
cylindrical coordinate system with the radius r, the included angle 6 between r and the
x-axis, and the ablating depth z.

The thermodynamic parameters C, and g are strongly temperature dependent for Ti.
Here, we evaluate the two parameters with the method in Ref. [22,23]. Other physical
parameters of Ti are presented in Table 1 [19, 24-27].

Considering the initial target temperature being set to be 300 K, the initial conditions
and the boundary conditions can be described as:

Te(7,2,0,0) =T;(r,2,0,0) =Ty 4)

oT,(r,z,0,t) N oT,(r,z,0,t) _ [9Te(r,2,6,t) n 0T (r,2,0,t) —0 (5)
or 0z =Ry or 0z 2=0,dy

aT;(r,z,0,t) n aT(r,z,6,t) _ aT;(r,z,0,t) n aT;(r,z,0,t) _0 ©)
or 0z R or 0z =0,

where Tj denotes the room temperature. Ry and dy denote the maximum simulated ra-
dius and depthArespectively. The equations are solved by the high resolution finite dif-

ference time-domain method (HR-FDTD) in FORTRAN 4.0 compiler. Thus the evolution
of electron and lattice temperatures with the time will be achieved.

3.2 Ablation of target

Generally, the mechanisms of the laser ablation include intensive thermal evaporation,
phase explosion, hydrodynamic sputtering, spallation, laser-induced charging and Coulomb
explosion. The ablations based on different mechanisms take place simultaneously and
are closely intertwined with each other [28]. The material removal is believed to be
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Figure 2: The variation of Ty and 7,_,;, (2) and the equilibrium temperature (b) as a function of laser power
density.

mainly caused by phase explosion (PE) for the fs-ablation of metal at very high fluences
as the report of Grojo and Hermann [19] .This can be also proved by the weak depen-
dence of the plasma expanding velocity on laser power density, which will be discussed
in the next section . A surface region ejects atoms or molecules and liquid droplets explo-
sively when the target is superheated beyond the limit of thermodynamic stability of the
target material. This process is named as phase explosion (PE). It is commonly assumed
that the temperature threshold of PE is about 90% of the material critical temperature T},
[15, 17, 28]. Therefore, the onset point of material removal can be defined as the time
when the lattice temperature reaches Ty.

It is convenient to define 7y, as the onset time of the material removal, and 7, as
electron-lattice relaxation time. The variation of the 7, and 7,_,;, with laser power den-
sity is illustrated in Fig. 2(a). The equilibrium temperature as a function of laser intensity
is given in Fig. 2(b) which demonstrates a near linear dependence of the equilibrium
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Figure 3: The evolution of spectral lines of different plasma species under different air pressures. (a)l0 Pa,
(b)100 Pa, (c)1000 Pa, (d)10000 Pa.

temperature on laser intensity. The material removal takes place in less than 1ps after
the laser pulse with the laser power densities in the range of 0.3 x 10"W/cm? to 2.6
x 10W/cm? as indicated by the solid curve in Fig 2(a). On the other hand, the ther-
mal equilibrium between electron and lattice sub-systems has been attained in several
picoseconds, as denoted by the dot curve.

For the power density 2.17 x 10"*W /cm? in the present experiment, the onset of ma-
terial removal for Ti target is about 100fs. The result can be deduced that the excitation
and ionization of N would take place less than 100 fs. The reason is that the primary
mechanism of Ti removal is PE mentioned above which takes place only when the tar-
get surface is superheated to near 0.9 T}, while the nitrogen atoms are ionized directly
by multiphoton-ionization (MI) under fs-laser pulse, which must be much faster. The
ambient gas will absorb energy from the trailing edge of laser pulse. Consequently, the
fs-ablation induced the shielding effect of air, which can be proved by the emission be-
havior of plasma as shown in Fig. 3. The effect will be discussed in detail in the next
section.
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Figure 4: The line kinetics of the neutral and ionized species of metal and ambient air plasma under different
pressures. (a) N Il 505.5nm, (b) Ti Il 375.9nm and (c) Ti | 498.1nm.

4 Analysis of spectrum

4.1 Plasma component and evolution

Spectral emissions from different species are radiated during the expansion of the plasma.
The spectra are acquired at different ambient pressures (donated by p¢) ranging from 10
Pa to 1 atm. Fig. 3 shows the evolution of spectral lines from 495 nm to 510 nm where the
emission spectra are dominated by spectral lines of Ti atoms and multicharged NIII ions
with the laser power density [y=2.17x 10" W /cm. It is revealed that the continuum emis-
sion is weak under all pressures and almost absent under pressure of 10 Pa. The mean
free path of vapor species within 10 Pa is larger than higher pressure [19]. Thus the colli-
sion probability of electrons with Ti atoms and ambient gas are smaller than that at higher
pressure, which results in a weaker Bremsstrahlung emission, the primary mechanism of
the continuum emission. Therefore, the continuum emission is suppressed, and a very
high intensity ratio of characteristic lines and background emissions is demonstrated.

The atomic lines of Ti begin to rise over the continuum at the delay time of 50 ns.
The inelastic collisions of electrons with Ti atoms and recombination of Ti ions result in
a growing population of Ti atoms in excited levels (3d°4p(°G?), 3d°4p(°G?), 3d*4p(°GY),
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3d?4s4p(®DY) and 3d*4s4p(3DY)). The transitions from these levels to lower levels (3d°4s
(°Fs), 3d%4s(°Fy), 3d°4s(°F,), 3d%4s*(®F,) and 3d%4s?(3F,)) are enhanced, which leads to a
rise of corresponding lines (Ti I 498.1 nm, Ti I 499.1 nm, Ti I 500.7 nm, Ti I 501.4 nm and
Ti 1506.4 nm). The atomic lines reach the peak intensities at the delay time more or less
100ns. After that, the plasma expansion and the heat diffusion from the plasma species
to ambient air lead to the reduction of the emission intensities of spectral lines.

The emission evolutions of different plasma species indicated in Fig. 4 illustrate the
line kinetics of the neutral and ionized species of metal and ambient gas (air) plasma (Ti I
498.1 nm, Ti I 375.9 nm and N III 505.5 nm lines) at different pressures. The upper levels
of Ti I1 375.9 nm (3d24p(2F9/2)) and Ti 1498.1 nm (3d4%4p(°GY)) lines are very close.

Fig. 4 shows that the emission of high ionized nitrogen ions (N II1 505.5nm) is detected
at about, and quickly reaches its maximum intensity. Then fast recombination of N ions
because the high ionization potential leads to a rapid decay of N III line. The ionic line
of Ti (Ti II 375.9 nm) starts to rise rapidly at the delay about 50 nsand approaches its
maximum at 70 ns. The neutral emission (Ti I 498.1 nm) also appears at almost the same
time. But the intensity of atomic line is much lower than that of ionic line due to the high
ionization rate of Ti atoms in this time gap. After that, the recombination process of ions
results in a fast decline of the ionic line. The process supplements the excited Ti atoms
simultaneously and therefore leads to a slower decay of the Ti I line [29].

On the other hand, the evolution of Ti I line is much faster under py=10 Pa compared
with higher pressure due to the fast expanding velocity of plasma. The weakness of N
III line implies the air ionization is not significant for such a low pressure. However,
the N III line is enhanced greatly while the intensity of Ti I line is seriously suppressed
as pressure increases from 100 Pa to 10000 Pa. Moreover, the appearance of N III line
suggests a very high ionization rate of the air. The intense air plasma will shield the Ti
surface from the laser irradiation and therefore suppresses the excitation of Ti atoms.

It is worth noticed that the peak intensity ratio between Ti II 375.9 nm and Ti I 498.1
nm lines approaches 2.3 with pp=10Pa, while the value increases to more than 10 with
po=100Pa and to 14 with pp=10000Pa, which is obtained in the Fig. 4. It indicates that in
a higher pressure, the more excited atoms are ionized in the initial region.

Finally, the decay of all plasma species spectral intensities is slower at a higher pres-
sure. The confinement effect of ambient air reduces the energy loss of the Ti plasma
from expansion and therefore sustains the high intensity of the spectral lines for a longer
time. Actually, the expanding velocity of the plasma is much slower at higher pressure
as discussed in the following section, which can confirm the existence of the confinement
effect.

4.2 Plasma expansion

The plasma expansion is analyzed by time-of-flight spectroscopy (TOFS) of neutral atoms.
We define Z axis and R axis which represent axial direction and radial directions of the
plume, respectively. The TOFS of Ti I499.1 nm line along the two directions at the pres-
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Figure 5: TOFS of Ti | 499.1nm line along Z (a) and R (b) directions of the plume. The variation of the
expanding velocity along each axis is illustrated in top right corner.

sure po=10 Pa and laser intensity Iy = 2.17 x 10W/cm? is given in Fig. 5 (a) and (b),
respectively. The variation of the expanding velocity along each axis is illustrated in top
right corner of Fig. 5 (a). The TOFS indicates that the expanding velocity along Z axis u,
decreases with increasing Z. The velocity along R axis u, also diminishes as a function of
R. The internal pressure of the plasma vapor will drop with its expansion. So the expand-
ing velocity will reduce owing to the combined action of the lowing pressure and the air
confinement [30-32].

The two expanding velocities are measured as a function of pressure based on TOFS
as illustrated in Fig. 6(a). The plasma expanding is slowed by higher pressure due to
the more pronounced confinement effect. The significant air shielding effect under high
pressure which leads to a attenuation of the laser intensity arriving at the target surface
should also contribute to the reduction of the expanding velocity.

Fig. 6(b) illustrates the two velocities of Ti atoms at different laser intensity under
po=10Pa. The weak dependence of the velocity on laser intensity allows to exclude the
ablation mechanisms related to electrostatic phenomenon including space charge accel-
eration [33] and Coulomb explosion [34]. Because in that case, the change of the electric
field associated with the laser intensity will alter the acceleration of the charged particles
and vary the kinetic energies and therefore the expanding velocity.

5 Conclusion

The ablation process and the generated plasma of Ti led by 800 nm fs-laser have been in-
vestigated systematically by means of 3D-TTM theoretical method, time- resolved spec-
trum and time-of-flight profiles of plasma species. The ambient pressure dependence of
the plasma evolution has been paid special attentions.

The results of 3D-TTM simulation show that the material removal of Ti target starts at
a hundred femtoseconds after the laser pulse, while the MI of N should take place earlier
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Figure 6: Expanding velocities of the plume in axial and radial directions as a function of pressure (a) and laser
power density (b).

and result in an absorption of the laser trailing edge. The time-resolved spectroscopy
demonstrates that the N lines increases rapidly as a function of pressure while the Ti
lines drops remarkably. Both of the above results have proved the existence of shielding
effect of air for fs-laser ablation.

The time-resolved spectrum reveals that peak intensity ratio between TiI lines and Ti
II lines grows with pressure, which should be attributed to the increased ionization rate
of Ti atoms. Moreover, the spectral lines of all plasma species evolve longer at a higher
pressure due to the more pronounced confinement effect.

TOFS analysis of the Ti atomic line has been performed to determine the expanding
velocity of the plume. The internal pressure of the plasma vapor will drop with its ex-
pansion. So the expanding velocity will reduce as a function of Z and R owing to the
combined action of the lowing internal pressure and the air confinement. The expanding
velocity also diminishes as a function of pressure, which should be caused by a more ob-
vious confinement effect. A weak dependence of the expanding velocity on laser power
density excludes the ablation mechanisms related to electrostatic phenomenon including
space charge acceleration and Coulomb explosion.

The investigation contributes to an insight into the dynamics of evolution of fs-laser
induced Ti plasma and should be meaningful for the analysis and applications of FLIBS.
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