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Abstract

Spectral emission intensity in the inductively coupled plasma (ICP) was measured versus height above the load coil during
laser ablation solid-sample introduction. The laser-beam pulse width, power density, and wavelength, and the sample composi-
tion are know to effect the particle size distribution of the ablated mass. Ceramic and metal samples were ablated using
nanosecond and picosecond pulses, and provided similar emission intensity profiles for common elements, indicating that
changes in the particle size distribution are not manifested in the vertical spatial emission profile. The gas environment in the
ablation chamber also influences the particle size distribution as well as the ablation interaction. Gas composition will influence
the spatial emission intensity profile because of changes in the excitation characteristics of the ICP. A preliminary study using
noble gases in the ablation interaction was conducted by keeping the spatial profile constant, maintaining a constant total gas
composition to the ICP.

Keywords: Atomic emission spectroscopy; Inductively coupled plasma; Laser ablation; Noble gases; Solid sampling; Vertical
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1. Introduction

Laser ablation (LA) with inductively-coupled
plasma atomic emission spectroscopy (ICP-AES)
offers numerous advantages for direct solid-sample
chemical analysis [1-9]. ICP-AES is also a viable
technology for studying laser ablation processes at
atmospheric pressure [1,9-13]. Spectral emission
intensity in the ICP is related to the quantity of mass
ablated, which exhibits a non-linear dependence on
laser power density [1,9,10,12,14]. A potential cause
of this non-linear dependence could be a change in the
ablated particle size distribution. The ablated particle

* Corresponding author.

size distribution depends on the laser-beam para-
meters (pulse duration, wavelength, and fluence),
ambient gas and pressure, and physical properties of
the solid sample [15-19]. A wide range of power
densities are employed in laser ablation solid sam-
pling, depending on the laser and its operating proper-
ties (Q-switch versus normal) with higher values
generally accepted to minimize preferential vaporiza-
tion [9,11,14,20,21]. The vertical spatial distribution
of the analyte in the ICP may be influenced by particle
size changes. Although the spatial emission profile
will be governed primarily by the ICP power and
gas flow characteristics, different sized particles can
influence the temperature characteristics of the
plasma spatially. Analytical accuracy and sensitivity

0584-8547/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved

PIT S0584-8547(96)01539-X



1474 M. Caetano et al. | Spectrochimica Acta Part B 51 (1996) 1473-1485

would be compromised because of a change in the
optimum observation height above the load coil for
atomic emission spectroscopy, or sampling location
of the orifice for mass spectrometry.

The sample chamber gas environment can influence
the particle size distribution, as well as fundamental
processes such as plasma shielding [10,15,16]. Gas
composition will influence the spatial emission inten-
sity profile because of changes in the excitation char-
acteristics of the ICP. To study fundamental ablation
processes versus gases using ICP-AES, it is necessary
to maintain a constant spatial emission intensity
profile.

Of course, spatial emission profile behavior for dif-
ferent laser conditions or sample properties does not
directly describe ablation sampling processes,
because transport will bias these data [18,19,22,23].
Transport allows only a fixed particle size distribution
to reach the ICP, so that even if the distribution
changes, the ICP primarily responds to the change
in the number of particles within that distribution. In
Arrowsmith’s model, transport efficiency dropped
significantly for particles greater than approximately
3 um [18]. Particle collection studies showed that only
a small number of larger particles (5-12 pm) were
produced by laser ablation, although they contained
a significant fraction of the ablated mass [18,19,22].
van Heuzen showed that particles were produced from
glass beads up to 30 pm in diameter although only
those less than about 10 um were entrained, and only
the 0.5-3 um particles were transported into the ICP
[22,23]. In addition, large particles may not be com-
pletely vaporized in the ICP. From slurry ICP studies,
only particles < 3 um reside sufficiently long in the
ICP [24-28] for vaporization and atomization. It is
important to point out that the particle size distribu-
tion generated and transported to the ICP is governed
by the design of the particular experimental system.
All published results are for specific lasers, chambers,
and flow configurations; particle size distribution and
transport are not expected to be the same for every
laboratory.

The goal of this work was to induce a significant
change in the particle size distribution and determine
any influence on the spatial emission intensity profile
in the ICP. Ablation was performed using diverse
laser parameters (power density, pulse width, and
wavelength), metal and ceramic samples, and noble

gases in the ablation chamber. A CCD spectrometer
was used to monitor several wavelengths simulta-
neously, and to monitor the vertical spatial emission
profile in the ICP during laser ablation solid-sample
introduction under these various conditions.

2. Experimental

A diagram of the experimental system is shown in
Fig. 1. Two different lasers were used for ablation: a
KrF excimer laser with A = 248 nm, and a Nd:YAG
with A =266 nm and 1064 nm. The pulse duration of
the excimer and Nd:YAG were 30 ns and 35 ps,
respectively. Each laser was pulsed at a repetition
rate of 10 Hz. Both laser beams were apertured
using a 6 mm diameter iris, and focused into the sam-
ple chamber using a plano-convex UV grade quartz
lens (f = 200 nm). The lens was mounted on a micro-
meter translation stage in order to accurately adjust
the laser-beam spot size at the sample surface. A
quartz sample chamber was fixed on an xyz micro-
meter translation stage so the ablated area could be
changed after each measurement. The quartz chamber
was 30 mm in diameter and 80 mm in length with 6
mm diameter gas ports. The gas inlet and outlet ports
were 2 mm and 10 mm beyond the sample, respec-
tively. The laser power density was controlled by fix-
ing the laser energy and varying the lens to target
distance; the spot size of the laser beam on the target
surface was changed. Power density at the sample
surface was calculated from the energy of the laser
beam, the pulse width, and the spot area. The spot area
was estimated using geometric optical principles and
compared to burn pattern measurements.

The samples consisted of small discs (2 cm dia-
meter and 1 mm thickness) of metallic brass, Cu,
Al, and the ceramic Al,Os. The flow of gases to the
ablation chamber and ICP was regulated using mass
flow controllers (Matheson; 8274). The exit port of the
ablation chamber was connected to a steel T-coupler
(Swagelock), so that the carrier gas could be com-
bined with an auxiliary gas and the resultant mixture
introduced to the central channel of the ICP torch.
Both flows were 0.50 1 min™’; the flow in the central
channel of the ICP was 1.0 1 min, This mixing pro-
cedure ensures that the ICP conditions are constant
when studying laser ablation versus different gas
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Fig. 1. Diagram of the experimental laser ablation sampling ICP-AES system with CCD detector for measuring emission spatial profiles.

environments. The ICP (Plasma Therm; 2500D,
27 MHz) was operated at 1.25 kW forward power
and 14.0 | min™ outer Ar gas flow. The reflected
power was maintained below 1 W. The ICP conditions
affect the observed emission intensities [29]; for these
studies, the RF power and the gas flow rates are kept
constant. A separate investigation of ICP power and
gas flow conditions for laser ablation sampling has
been conducted [30].

Spectral emission from the ICP was imaged using a
quartz lens (5 cm focal length) onto a 0.27 m mono-
chromator (Spex industries; 270M) with a 1200
grooves mm~' holographic grating and a slit width
of 25 um. The detector was a Peltier cooled CCD
with 512 x 512 pixels (EG and G PAR; OMA
VISION). This spectrometer system simultaneously

measures a 30 nm wavelength range, with a spectral
resolution of 0.059 nm defined by the pixels of the
CCD. The imaged region was centered on the analyte
channel of the ICP from below the load coil to
approximately 40 mm above. Data from the CCD
were digitized and transferred to a microcomputer.
Spectral emission intensities are integrated during
repetitive ablation/sampling, after a 120 s pre-abla-
tion. Pre-ablation and repetitive pulsing at the same
sample location stabilize the laser ablation process
and improve precision [1,9,11,14,31,32]. The emis-
sion intensity was corrected by subtracting the ICP
background emission, measured in the absence of
ablation sampling. The wavelength range monitored
for brass and copper samples was 200—230 nm. For
brass, Cu(Il) emission lines at 224 nm and the Zn(I)
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Fig. 2. Zinc emission intensity in the ICP using picosecond laser ablation sampling of brass. (a) emission intensity versus height above the load

coil at each power density; (b) normalized emission intensity for all
showing the roll-off.

emission line 213 nm could be monitored simulta-
neously. For aluminum and the insulator Al,O;, the
CCD spectrometer range was 295—325 nm.

3. Results and discussion
3.1. Spatial emission profiles versus laser properties

The plateau and roll-off in ICP emission intensity
with increasing laser power density has been hypothe-
sized as a decrease in the laser—sample interaction
efficiency and/or as a significant change in the particle
size distribution [1,9,11,13,14,33]. The particle size
distribution may influence the vertical spatial distribu-
tion of analyte vapor in the ICP, which would be
manifested as a shift in the spatial emission intensity

power densities; (c) integrated emission intensity versus power density

profile. To address this possibility, the vertical spatial
emission intensity profile in the ICP was measured
using diverse laser and sample properties. Zn emis-
sion in the ICP as a function of height above the load
coil during laser ablation sampling of brass using the
picosecond pulsed Nd:YAG laser with power density
from approximately 5 to 173 GW cm™ is shown in
Fig. 2. Fig. 2a shows the individual intensity profiles
for each power density; Fig. 2b shows a constant
spatial profile when these data are normalized; and
Fig. 2c shows the integrated peak intensity normalized
to beam area versus power density, demonstrating the
roll-off. The intensity changes as the laser power den-
sity is increased, but the position of the peak and the
profile shape remain the same. The emission spatial
profiles of Cu exhibited behavior similar to those of
Zn. In agreement with previous measurements, the
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change in the emission intensity (integrated or peak)
normalized to beam area, I/A, follows a power-law
dependence, I /A =CP", where [ is the ICP emission
intensity, A is the laser-beam area, C is constant, P is
the power density, and m is the slope indicating the
change in log of mass removal versus log of power
density (Fig. 2c). The mass removal rate follows two
distinct rate behaviors, indicating a change in the laser
ablation sampling processes. However, over this wide
power density range, the ICP emission spatial profile
does not change. Therefore, if the particle size distri-
bution changes significantly, as expected over this
broad power density range, either transport selectively
filters that portion capable of entrainment, the ICP
properties (temperature, ionization) govern the emis-
sion profile for the particle size distribution excited in
the ICP, or time integration washes out any particle
influence on the spatial profile.

Previously, we demonstrated that spectral emission
in the ICP consisted of a large number of spikes
imposed on a lower continuous level, using repeti-
tively pulsed laser ablation sampling [9]. Liu and Hor-
lick also observed this emission behavior, and
proposed monitoring spike emission for enhanced
sensitivity [34]. Spike emission is observed when
using a photomultiplier tube with fast detection elec-
tronics and data acquisition. With time integration,
this spike emission is averaged into a slightly higher
continuous level. We proposed that the spikes repre-
sented larger particles undergoing atomization and
excitation during their transport through the ICP.
The number of emission spikes was found to be
dependent on the laser power density, an indication
that the particle size distribution is changing with
power density. The number of emission spikes
decreased as the laser power density increased. In
this work, the CCD detector was used to record the
emission spatial profiles. There was no measurable
difference in the profile when using either 5 ms or 5
s integration time. 5 ms was the lower limit estab-
lished by the sensitivity for the elements investigated.

A nanosecond pulsed interaction is expected to pro-
vide a different particle distribution than that using
picosecond pulses [15-17]. Therefore, the excimer
laser was used to ablate the same brass sample using
power densities from approximately 0.1 to 6.5 GW
cm™ (Fig. 3). Again, the spatial profile remains the
same (Fig. 3a), even through the roll-off region

(Fig. 3b). The profiles in Figs 2 and 3 cannot be com-
pared because these data were measured several
weeks apart using different imaging systems. Data
recorded using exact conditions (imaging, gas flow,
and ICP conditions) on the same day are shown in
Fig. 4. The effect of laser pulse width on the emission
spatial profile was studied using the excimer laser (30
ns, A = 248 nm) versus the fourth harmonic of the
Nd:YAG laser (35 ps, A = 266 nm) (Fig. 4a). Although
the laser energy and spot area were very similar, the
ICP emission intensity using the 35 ps pulse duration
was approximately 10 times greater than that for the
30 ns pulses. The normalized data in Fig. 4b confirm
that the ICP spatial emission profile remains constant
for these diverse laser ablation conditions. From thin
film pulsed laser deposition and other studies, particle
size distribution is found to shift to smaller values at
lower wavelengths [35-37]. The spatial emission
profile remained constant for both UV and IR laser
ablation sampling (Fig. 4b). These experimental data,
obtained using diverse laser parameters (pulse width,
power density, and wavelength), demonstrate that
changes in the particle size distribution do not influ-
ence the spatial excitation characteristics within the
ICP.

3.2. Spatial emission profiles versus sample properties

The thermo-optical properties of the sample mate-
rial will influence the ablated particle morphology and
size distribution [14-17,19,22,23]. Ablation from
metals and alloys regularly produces smooth molten
spherical particles whereas ablation from ceramics
and glasses can produce rough, broken, irregularly
shaped particles. Such variation in the particle size
and morphology might be expected to influence the
spatial emission profile in the ICP. However, the mea-
sured spatial emission intensity profile was similar for
common elements from different samples. The data in
Fig. 5 show Al emission versus height above the load
coil from ablation of aluminum metal and aluminum
oxide ceramic, over a wide power density range using
the nanosecond excimer laser. Constant profiles were
measured for Cu during ablation of copper and brass
targets. As expected, the Al emission profile is differ-
ent than that from Cu and other elements, owing to
temperature and excitation characteristics of the ICP
[29]. The spatial distribution remained constant for
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Fig. 6. Spatial Zn emission intensity profile in the ICP for picosecond Nd:YAG laser ablation of brass: Ar gas introduced into the ablation
chamber and auxiliary port of the T-connector; Ar or He gas introduced into the ablation chamber or auxiliary port.

similar elements from diverse sample materials
(metals versus insulators).

3.3. Spatial emission profiles versus gases

The gas environment has fundamental importance
on laser ablation processes. To increase the quantity
of ablated material or reduce the influence of plasma
shielding, it may be beneficial to use a different gas in
the ablation chamber. The coupling efficiency of laser
energy to the sample may be influenced by a surface
plasma [1,10,13,16,17,21]. The plasma may be
responsible for shielding the laser energy from the
sample and/or contributing to fractional vaporization
because of its high temperature, close proximity to the
sample surface, and long duration compared to the
laser pulse. Plasma shielding, due to electrons and
ions in the laser induced vapor, can be studied by
varying the gas environment, i.e. changing the ioniza-
tion potential of the ambient medium. To utilize ICP-
AES for studying laser ablation processes such as

plasma shielding, it is necessary to know how the
spatial emission profile changes with gas composition,
because the ICP temperature and excitation character-
istics will change with total gas composition.

In the above studies, argon was used in the sample
chamber and in the auxiliary port of the T-connector
(Fig. 1). An initial experiment was to establish the
error in the spatial profile when the same gas was
introduced into the different inputs of the system (dif-
ferent mass flow controllers are used for each gas
line). Four Zn spatial emission intensity profiles are
shown in Fig. 6: Ar introduced into each input of the
system, and He versus Ar in the chamber and auxiliary
port, for picosecond laser ablation of brass. The emis-
sion spatial profiles demonstrate that slight differ-
ences in the gas flows (controllers) are not
manifested in the ICP excitation characteristics (Ar//
Ar), and that as expected, gas composition affects the
profile (Ar//He versus Ar//Ar). Fundamental studies
of laser ablation using different gases can be con-
ducted if the total gas environment is constant, i.e.

Fig. 5. Spatial emission intensity profile in the ICP for nanosecond excimer laser ablation. (a) normalized power density curves from ablation of
Al metal; (b) normalized power density curves from ablation of Al,O; ceramic.
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constant spatial emission profile. Previously, we Ar in the chamber [10]. Combinations of Ar with He,
showed that laser ablation using He in the sample Ne, Kr, Xe, and N, have been performed by alternat-
chamber increased ICP spectral emission intensity ing their path through the chamber or directly into the

compared to an ICP with the same mixture but with auxiliary connector [38]. The ratios of ICP intensity
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for ablation in a specific gas to that in Ar, for nano-
second and picosecond pulses, are shown in Fig. 7a
and Fig. 7b, respectively. A complete discussion of
these gas effects is beyond the scope of this manu-
script and will be discussed in a subsequent paper. The
noble gases in the sample chamber either enhance or
decrease the quantity of mass ablated (emission inten-
sity in the ICP), with the degree of influence depen-
dent on the laser power density. In all cases, the ICP
spatial emission profile was measured to be constant,
indicating that these intensity data accurately repre-
sent changes in the laser ablation processes.

4. Conclusion

This work demonstrated that the spatial emission
intensity profile in the ICP for a particular element
does not change under diverse laser conditions
(power density, pulse duration, and wavelength),
and when the element originates from diverse sample
targets. Therefore, accuracy can be maintained as the
power density or sample material changes. The roll-
off in mass ablation versus power density is not a
manifestation of changing spatial emission profile; it
remained constant throughout the roll-off power den-
sity region for both nanosecond and picosecond laser
ablation sampling. Complementary experiments that
do not rely on transport or emission show roll-off with
power density, with the deflection point occurring at
the same power density as measured by the ICP
[39,40]. Preferential vaporization which is as a func-
tion of power density, also is not a manifestation of a
shifting spatial profile; the profile remains constant
through the power density range in which the mass
ablation rate ratio changes. It is possible that the range
of power densities used in these studies did not change
the particle size distribution by a significant amount to
affect vaporization and excitation in the ICP; the tem-
perature and excitation characteristics of the ICP
appear to dominate the emission spatial profile for
the majority of particles reaching the plasma. The
laser parameters studied in this work represent diverse
conditions that probably would not exist in conven-
tional analytical laser ablation sampling systems,
guaranteeing that under less severe conditions, the
spatial emission profile will remain constant for
fixed ICP operating conditions. Finally, fundamental

studies of laser ablation processes based on gas envir-
onments can be performed using ICP-AES as long as
the total gas composition to the ICP remains constant.
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