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ABSTRACT Characterization of the plasma plume produced by
laser ablation from Al and Al2O3 targets was carried out on the
basis of the line profile analysis of Al(I) ( 2P◦– 2S) emission.
The spatial distribution and density parameters of electrons and
Al atoms in the plume were obtained by comparing observed
spectral line profiles with a theoretical calculation. The results
showed different behavior for the Al and Al2O3 targets. The Al
atoms from the Al2O3 target were populated in a smaller region
than those from the Al target.

PACS 52.38.MF; 52.70.Kz; 52.25.Os

1 Introduction

Laser ablation has attracted much interest in mate-
rial processing, such as thin film fabrication and fine particle
formation [1–4]. Furthermore, highly active species obtained
by the laser ablation process can be used for various chem-
ical reactions. Many studies on the characterization of ablated
species have been performed [3–8]. The spatial distribution
of ablated species is an important parameter for the investi-
gation of the above applications. In addition, the density of
electrons and chemically reactive species affects the kinetics
of the chemical reactions in the plume.

So far, we have performed the studies on laser ablation
under atmospheric pressure conditions, which has the advan-
tage of confining highly energetic ablated species by ambient
gases, leading to an increase in the collision frequency be-
tween ablated and ambient species [9–11]. We have been
studying the ablated species by emission spectroscopy. The
density of the plasma plume produced under a high pressure
ambient gas is very high, and strong self-absorption is evi-
dent in emission spectra. This strong self-absorption must be
understood minutely for analysis based on spectroscopy. The
feature of a spectral line profile is very sensitive to the spatial
population distribution of the atoms involved in the emission
and absorption. We have developed a model based on the an-
alysis of radiative transfer, and have shown that the density of
electrons and the ablated species, and their spatial distribution
can be obtained by fitting to experimental line profiles [11].
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In the present work, ablated species from Al2O3 is com-
pared to those from Al, and the difference is discussed.
Two emission lines of Al (I) originating from the fine struc-
ture doublet, 2P◦

1/2– 2S1/2 (394.401 nm) and 2P◦
3/2– 2S1/2

(396.152 nm), were measured. The time-resolved analysis
was carried out by reproducing the spectral line profile ob-
served at each delay time. The results enabled us to conclude
that the behavior of Al atoms in the plume depends on a target,
Al or Al2O3.

2 Experimental

The target chamber was equipped with a rotary
pump for evacuation, a line for gas introduction, and a quartz
window for laser irradiation. Nitrogen gas was used as an
ambient gas. The chamber was filled with N2 gas up to a pres-
sure of 760 Torr after evacuation. The pressure was meas-
ured by a capacitance type pressure gauge. The laser abla-
tion was performed using a 30 mJ pulse of a Nd:YAG laser
with a pulse duration of 20 ns. The laser beam was focused
by a lens with a focal length f = 10 cm, and irradiated onto
an aluminum target (99.9999%, Nilaco Co.) or a sintered
α-alumina target (99.99%, Nilaco Co.) placed in the chamber.

For the measurement of the spectral line profile, the emis-
sion from the plume was introduced to the entrance slit of
the spectrogragh. A one meter focal-length double dispersion
spectrograph (Ritsu Oyo Kogaku, MC100N) equipped with
two 1800 grooves/mm diffraction gratings was used. The slit
with 20 µm in width was arranged perpendicular to the tar-
get surface. An intensified charge coupled device (ICCD)
(Princeton Instrument, ICCD-1024MTDGE/1) was used as
a detector. The spectral resolution of this system was 0.04 nm.
Duration of the time gate to operate the ICCD detector was
20 ns and the time delay from the laser pulse was varied from
100 to 5000 ns.

Because the information about the plume size is required
for the model calculation, the lateral imaging experiment on
the plume was carried out by using the ICCD with a camera
lens installed. The size of the plume was obtained by fitting the
intensity profile of the image to Gaussian function.

3 Analysis

The model is based on a one-dimensional radiative
transfer calculation. The details of the calculation are given
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in [11]. In the calculation, we assumed that the density dis-
tribution of plasma electrons and the population distributions
of Al atoms are independent from each other. The spectral
profiles were reproduced by adjusting the parameters appear-
ing in the distribution functions. By following our previous
work [11], we assumed a Gaussian distribution for the plasma
free electrons and the populations along the axis parallel to the
target, i.e.,
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where ne(x), n1(x), and n2(x) are the electron density and
the population densities at the lower and upper levels, re-
spectively. The width parameters σe, σ1, and σ2 are for the
electrons and the atoms at the lower and upper levels, respec-
tively, and Ne0, N10, and N20 are their maximum densities at
x = 0. By applying the same assumptions as in our previous
paper [11], Ne0, N10, and σ1 were selected to be adjustable
parameters.

An intuitive understanding of the self-reversed pro-
file [11, 12] can be made by considering the absorption of the
emitted light near the center of the plume by a relatively-cold
peripheral region. If the peripheral region is not cold enough,
or the spatial population distribution is extinguished without
experiencing the cold periphery, the self-reversed profile is
not expected.

4 Results

In Fig. 1, examples of the emission line profiles are
shown. Regardless of the target, the profiles with clear emis-
sion lines were not observed until 100 ns after the irradiation
because of a strong continuous spectrum. The intensity ratio
of the two emission lines assigned to the fine-structure doublet
of Al was far from unity until 400 ns. However, the intensity
ratio later became almost unity in the case of theAl target, but
not in the case of the Al2O3 target. The self-reversed structure
was observed in the profiles when the ratio was nearly unity in
the case of the Al target. On the other hand, the self-reversed
structure was hardly observed in the case of the Al2O3 target
throughout the observation time.

The model calculation successfully reproduced the spec-
tral line profiles. The parameters obtained by the fitting pro-
cess are shown in Fig. 2. The electron density parameter Ne0
decreased with time, and showed the same behavior for the Al
and Al2O3 target (Fig. 2a). The dependence of the target ma-
terial appeared in the parameters for Al population, namely,
N10 and σ1. The population density parameter N10 obtained in
the case of Al ablation was almost constant, ca. 2 ×1022 m−3,
throughout the observation time range. On the other hand, for
the Al2O3 ablation, it was the same value as that for the Al ab-
lation until 400 ns, but gave higher values of ca. 6 ×1022 m−3

in the later time range (Fig. 2b). The spatial distribution pa-
rameter σ1 was larger for the Al ablation than that of the Al2O3

FIGURE 1 Emission line profiles of 2P◦
1/2– 2S1/2 (394.401 nm) and

2P◦
3/2– 2S1/2 (396.152 nm) from a,b, Al, and c,d, Al2O3, ablation in N2

atmosphere observed at a,c, 200 ns, and b,d, 600 ns

ablation (Fig. 2c). In both cases, it was almost independent of
time within the scattering of the data points.

5 Discussion

The spectral line profiles given in Fig. 1 clearly
suggest the target effects on the behavior of the ablated species
in the plume. The ratio of the peak intensity of the 394 nm line
to that of the 396 nm line can be an indicator of the population
density. A high population density causes a high optical thick-
ness of the plume, resulting in the ratio approaching unity,
regardless of the original ratio of 0.5. For the Al ablation, the
population density was sufficient to give the ratio of unity after
400 ns, while it was rather small for self-absorption to ap-
parently occur in the Al2O3 ablation plume. In addition, the
self-reversed structure suggests self-absorption at a cold pe-
riphery, or strong absorption in the peripheral region of the
plume. For the plume produced by Al ablation, strong self-
absorption seemed to occur in the peripheral region, while it
was not effective in the plume produced by Al2O3 ablation.

In addition to the qualitative discussion of the spectral line
profiles, quantitative information about the ablated species
was obtained by the model calculation. As for the electron
density parameter Ne0, the difference between the targets was
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FIGURE 2 The best-fit parameters obtained by fitting the spectral line pro-
files observed for the (•) Al and the (◦) Al2O3 ablation in N2 atmosphere to
the theoretical ones. The parameters Ne0 (a), N10 (b), and σ1 (c) are shown.
The ratio of the spatial distribution widths of the populations involved in the
transition, σ1/σ2, is given in d

not seen. However, population density and its widths of spatial
distribution differed for the two targets. For the Al2O3 abla-
tion, N10 was higher, and σ1 was smaller than that for the Al
ablation. This is not inconsistent with the results discussed
above that the plume from the Al target shows a higher opti-
cal density than for Al2O3 ablation, since the optical density
is a function not only of the density but also of the geometri-

cal thickness. Figure 2c indicates that the Al atoms from the
Al2O3 target are present in a region smaller than the Al target.
This indicates that in the present specific case the contribution
of the spatial distribution is very important in determining the
optical thickness.

The ratio σ1/σ2 is shown in Fig. 2d. It represents the ratio
of the spatial distribution widths of the populations at the up-
per and the lower levels. For the Al2O3 ablation, the ratio
was almost constantly unity throughout the observation time
range. For the Al ablation, it ranged from 1.3 to 2.6, while
a clear time dependence was not observed. In the plume pro-
duced by the Al2O3 ablation, the populations at the upper
and lower levels existed in almost the same region, resulting
in weak self-absorption in the plume periphery. This is con-
sistent with the spectral line profiles which did not have the
self-reversed structure. On the other hand, the population at
the lower level spread more widely than that at the upper level
in the plume of the Al ablation. This resulted in the strong
self-absorption in the peripheral region, and hence the self-
reversed structure in the spectral line profiles.

Generally, the characteristics of the laser ablation plume
are sensitive to the irradiation condition, especially to the
pulse energy given to the target surface. Although our irradi-
ation condition is the same for both targets, it does not guar-
antee the same amount of energy deposited on the surface,
due to the difference in the laser surface interaction. However,
the difference in the absorbed energy cannot fully explain the
present results, since a large amount of energy is expected
to give a high electron density, a high atomic density, and
also a large distribution of the ablated species. The present
results, especially the difference in the width of the spatial
distribution, are consistently explained by the melting point
of the target. In the Al ablation, thermal evaporation strongly
contributed to the ablation process due to the lower melting
point of Al. Many more Al atoms at the ground state were
evaporated in a longer time duration than in the Al2O3 abla-
tion, and distributed widely. Since the melting point of Al2O3
is high, the thermal evaporation of Al2O3 would not be so en-
hanced as for Al.

6 Conclusion

The difference in the ablation behavior of the Al
and Al2O3 target was clarified by the analysis of the Al(I)
2P◦– 2S emission line profiles on the basis of the radiative
transfer calculation. The results clearly showed that the dis-
tribution of the population was larger in the Al ablation than
in the Al2O3 ablation. This is explained by the lower melt-
ing point of Al metal, which results in an intense thermal
evaporation.
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