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With the aim of reducing the dimensions of a laser-induced breakdown spectroscopy (LIBS)

apparatus for building a portable instrument, a diode-pumped Nd:YAG mini-laser at high

repetition rate was tested as an excitation source for the quantitative analysis of aluminium alloy

samples. Moreover, LIBS spectra acquired by using an ICCD-echelle spectrometer detection

system were compared with those obtained by a traditional spectrometer coupled to a non-

intensified linear array detector. Calibration curves were built and limits of detections were

calculated using both detection systems for magnesium, silicon, copper, titanium, manganese,

nickel and iron. The results were compared with those obtained by recently proposed LIBS

systems based on the use of microchip lasers.

Introduction

In recent years, the laser-induced breakdown spectroscopy

(LIBS) technique has been established as a popular analytical

tool for the determination of the elemental composition of

materials1 because of its intrinsic simplicity, its applicability to

all phases of materials without sample preparation and the

relative low-cost of instrumentation. Moreover, the quickness

of the LIBS method together with the requirement of a mere

optical contact of the probe (the laser beam) with the target,

make it appropriate for in situ analysis, ranging from online

monitoring of industrial processes,2,3 environmental protec-

tion,4,5 cultural heritage conservation6,7 and even measure-

ments in hostile environments.8–11 In particular, LIBS

performs best for low-Z elements than other hand held units

such as X-ray fluorescence (XRF).12 For these reasons, re-

cently, a large effort has been made by the scientific commu-

nity to reduce the dimensions of the LIBS apparatus toward

the realization of portable instruments.

A step forward in this direction is the use of passively

Q-switched microchips13,14 as laser sources; in fact, since they

do not require any switching electronics, these lasers are more

compact and less complex than traditional systems, allowing

the reduction of encumbrance of experimental apparatus to

possible miniaturized setups. Though the pulse energy is

usually in the range of tens of mJ, the high quality of the beam

in microchip lasers allows one to produce an irradiance on the

target similar to that obtained with other laser systems typi-

cally used in LIBS (in the range of 109–1011 W cm�2). In the

microchip lasers, the extremely short cavity length of several

hundred micrometers produces pulse widths well below 1 ns

and the passive Q-switch results in a repetition rate in the KHz

range. The short laser duration results also in a plasma

emission lifetime shorter than 1 ns, as found by Gornushkin

et al.,15 who used a 550 ps pulse of 7 mJ energy on several

matrices and found a B0.8 ns plasma luminous lifetime and a

continuum level markedly lower than in traditional ns pulses

in the mJ range. A few papers have been published on the

applications of passively Q-switched microchips in laser-in-

duced breakdown spectroscopy.15–18 Freedman et al.18 and

Lopez-Moreno et al.17 investigated the applicability of micro-

chip lasers in quantitative LIBS analyses of aluminium alloys

and low-alloy steel respectively. While in the first case the

limits of detection (in the 0.05–0.14% range) were found to be

poorer than required for a proper alloy classification, in the

latter the limits of detection were lower than 100 ppm for most

of the chemical elements studied and therefore competitive

with traditional LIBS systems.

In this paper we probed the potentialities of the LIBS analysis

using an electronically Q-switched Nd:YAGmini-laser emitting

pulses of 9 ns FWHM at the fundamental wavelength of 1064

nm at a repetition rate in the kHz range. Though it is not strictly

a microchip, the laser is still compact and thus competitive for

portable LIBS instruments, since it is diode-pumped and air-

cooled. Moreover, the combination of nanosecond pulse dura-

tion and kHz repetition rate makes the investigation of such a

laser source for LIBS analysis interesting. In fact, Klimentov et

al.19 found that using a ns laser, for repetition rates higher than

4 kHz (and laser fluences of 100 J cm�2) the ablation rates on a

steel target are higher and similar to those obtained in vacuum.

The authors attribute this effect to a reduced laser shielding of

the subsequent pulses produced by the hot rarefied gas plume,

thus resulting in a condition very similar to that obtained in

double pulse LIBS configurations.20,21

In our experiment, the laser-ablation characteristics ex-

pected for this source are close to those found by Geertsen
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et al.22 and Cravetchi et al.,23 who used traditional nanose-

cond laser sources with pulse energies in the mJ range. On the

other hand, the high repetition rate and the laser fluence on the

surface, are comparable to those of sub-nanosecond microchip

lasers: this suggests to the experimentalist the possibility of

testing non-intensified detectors as successfully adopted in

microchip laser experiments.

In the present paper, an echelle spectrometer coupled to an

intensified CCD and a Czerny–Turner spectrometer coupled

to a non-intensified linear array detector were also tested and

compared as detection systems in the LIBS portable proto-

type. The measurements were made on 10 certified aluminium

alloys and calibration curves were built for several chemical

elements ranging from the ppm to the percent concentration.

Experimental

Laser and focusing

The laser source is a diode pumped Nd:YAG prototype from

Quanta System emitting at the fundamental wavelength (1064

nm). The diode-pumping and the air-cooling are effective in

reducing the size of the laser source to dimensions comparable

to the ones of commercial microchip lasers. The laser is

triggered by a pulse generator (SRS, model DS345). The laser

pulse energy can be varied by changing the diode–pump

energy. The pulse energy and FWHM depend on the repetition

rate as shown in Fig. 1, where the maximum diode–pump

energy was used. For optimizing both the parameters, a

frequency of 8 kHz was chosen, which allowed one to obtain

a maximum laser power of B9 kW per pulse, with a pulse

energy of B80 mJ and a FWHM of B9 ns. The laser stability

was monitored by sending a small fraction of the laser beam to

a fast photodiode coupled to a digital oscilloscope, resulting in

a RSD for the pulse energy of about 4%.

The beam was focused on the target surface by means of a

microscope objective of 1.5 cm focal length, obtaining a laser

spot on the target of diameter B15 mm and an irradiance of

about 5 � 109 W cm�2.

The target was positioned on a rotating disk placed on a

computer controlled X–Z micrometric translation stage. Simi-

larly to that found in microchip ablation experiments,16 the

rotation of the target was necessary to sustain the plasma

formation. In fact, focussing repeatedly the laser beam on the

same spot leads to the disappearance of the plasma after less

than 1 s of ablation (which corresponds to less than 8000 laser

pulses).

The craters drilled by laser ablation on the aluminium target

were observed by video confocal microscopy. In Fig. 2a the

image of a crater obtained by focusing the 8 kHz laser beam in

the same point for 1 s is shown. In Fig. 2b the craters obtained

by rotating the target at an angular velocity (B4 Hz) (for

which the single holes are clearly separated) are shown.

It is evident that the crater obtained by focusing thousands

of pulses on the same spot is much larger (B2–3 times in

diameter) and much deeper than that obtained by a single

pulse; moreover in the craters in Fig. 2b, the typical rim

around the craters, generated by melt flushing in the drilling

process, is visible by video confocal microscopy observation.

The rim is, on the contrary, absent in Fig. 2a, suggesting that

successive laser pulses vaporize the material previously solidi-

fied on the crater edge and enlarge the crater size.

Fig. 1 Laser pulse width (squares, left axis) and energy (hollow

circles, right axis) versus the laser repetition rate.

Fig. 2 Video confocal microscopy images of (a) a crater obtained by

irradiating B8000 laser shots on the same spot and (b) a series of

single shot craters obtained by rotating the target during irradiation.

698 | J. Anal. At. Spectrom., 2006, 21, 697–702 This journal is �c The Royal Society of Chemistry 2006



The disappearance of plasma after less than 1 s of con-

secutive ablation on the same spot is not related to thermic

effects since the ablation does not occur again in the same

crater after stopping and re-starting the laser after several

seconds. On the other hand, it is not related to reflectivity

changes of the surface since it would imply a disappearance of

plasma after a single shot. Finally, it cannot be caused by the

presence of aerosol in the air in front of the target, since the

effect does not disappear by blowing a gas jet during the

ablation process.

Thus, probably the cause of plasma disappearance is in the

progressive de-focusing of the laser pulse at the lowering of the

crater bottom during the consecutive ablations and in the

optical masking of the beam by the sides of the crater. This

problem is also shared by conventional LIBS system using

microscope objectives but in this case it is made worst by the

fact that the high repetition rate of the laser leads to the

disappearance of the plasma in fractions of seconds.

The rotation velocity of the target was chosen with the

purpose to obtain single shot craters well separated in space

from each other; moreover a lateral movement was added to

avoid the repeated ablation of the same circular path.

Acquisition and detector

The LIBS signal was collected through a quartz optical system

of 10 cm focal length, placed at 451 with respect to the beam

axis, and sent to the spectrometer through an optical quartz

fibre (diameter = 600 mm, numerical aperture = 0.22).

In order to choose the optimal acquisition timing, the

plasma lifetime was studied using a monochromator (Jobin-

Yvon THR1000) coupled to a phototube (Hamamatsu R928).

The phototube signal was observed with a digital oscilloscope.

In Fig. 3 the temporal evolution of the continuum emission

(B340 nm) of a neutral (Al I 396.1 nm) and of a ionic (Al II

358.6 nm) aluminium line after a laser pulse is reported. As in

typical LIBS measurements, the lifetime of continuum emis-

sion (Dt B13 ns) and of ionic lines (Dt B 24 ns) is much

shorter than that of neutral lines (Dt B 80 ns). With respect to

LIBS experiments where more energetic pulses are used,

however, the plasma lifetime is 2–3 orders of magnitude

shorter. Another interesting feature evident from Fig. 3 is

the much smaller emission of continuum with respect to that

obtained with traditional lasers in the mJ energy range (i.e. see

ref. 23), according to what was found in microchip laser

ablation experiments by Gornushkin et al.15

This last observation suggests the feasibility of using non-

gated acquisition mode, with clear advantages in terms of cost

and robustness of the apparatus.

It is interesting to note that the plasma emission lifetime,

although much shorter than in classical LIBS, is nevertheless

much longer than that usually obtained with microchip lasers.

From the results published in the literature it is not clear how

the time-integrated emission obtained with a ns laser compares

with that produced with a ps laser at a constant fluence in the

10–100 J cm�2 range. In fact, although several papers reported

that a much longer emission lifetime, a higher removal of

material and higher plasma temperature are obtained by using

ns lasers with respect to sub-nanosecond ones,24–27 very few

works compared the time integrated emission intensity in the

two cases.26,28

As mentioned above, two different detection systems were

used and compared for the quantitative analysis: an echelle

spectrometer (Mechelle Instruments, l/Dl = 7500) coupled to

an intensified CCD camera (range 200–900 nm) and a portable

spectrometer (AvaSpec 2048FT-SPU, Dl = 0.3 nm, range

170–439 nm) coupled to a non-intensified linear array.

In the first case, for each sample we averaged 4000 exposi-

tions of 10 ms for a total acquisition gate of 40 s, while in the

latter we averaged 500 expositions of 40 ms for a total

acquisition gate of 20 s. However, it is important to remark

that the total time spent in the spectra acquisition in the case of

the ICCD-echelle system is more than 10 times longer than the

exposition time, due to the read out time of the two-dimen-

sional CCD which is typically of the order of fractions of a

second.

Moreover, it should be noticed that a longer measurement

time leads also to a higher deterioration of the target due to a

larger number of laser craters.

Results and discussion

In order to probe the potentiality of such experimental appa-

ratus for quantitative LIBS analysis, we used 10 certified

aluminium alloys containing also magnesium, nickel, iron,

silicon, manganese, copper and titanium at different concen-

trations ranging from some ppm up to some percent.

In Fig. 4 an example of spectra obtained with both the

spectrometers is shown. It is evident that the ICCD-echelle

system allows one to resolve more clearly the adjacent line

peaks since it has a higher spectral resolution (compare for

example the Si I lines at 251.6 nm).

On the other hand, an advantage of using the portable

spectrometer is its fastness and compactness. Moreover,

although the signal to background ratio obtained with the

two apparatus is similar, the lower noise level of the portable

spectrometer provides a correspondingly higher signal to noise

ratio for equal acquisition gates.

Fig. 3 Temporal profile of continuum emission (B340 nm) and

neutral (Al I 396.1 nm) and ionic (Al II 358.6 nm) aluminium lines.

The zero of the x-axis indicates the firing of the laser pulse.
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The calibration curves were built for magnesium, nickel,

iron, silicon, manganese, copper and titanium using the lines

listed in Table 1. Because of the different efficiency curves of

the two detectors, different lines were used for the determina-

tion of Fe concentration in the two cases while the Ni was

observed only by using the echelle spectrometer.

For all the trace elements analysed, the peak intensity of the

lines was normalized to the peak intensity of the Al I 256.8 nm

line, thereby forming a ratio less sensitive to the shot-to-shot

variations in the amount of ablated mass and in the plasma

conditions. In the method of internal standard, it is preferable

to normalize the line of the element studied with a line

characterized by a similar upper energy level, resulting in a

ratio less sensitive to the plasma temperature variations.

Unfortunately, in the case of aluminium alloy, the range of

available lines for the normalization is quite small. The Al I

256.8 line was chosen because it was the least intense among

the highly visible Al lines, suggesting a reduced effect of self

absorption. In fact, the 394.4/396.1 nm Al I doublet, although

characterized by an upper energy level closer to that of Ni I,

Cu I and Ti II lines, was rejected for its tendency to become

self-absorbed.

In Fig. 5 and 6 the calibration curves of Cu, Mg and Mn

obtained with the echelle and the portable spectrometer are

reported, respectively. In all the cases, the points correspond-

ing to self-absorbed lines, identified from an evident saturation

of the intensity, were not plotted in the graph and not

considered in the linear regression. The accuracy of the

calibration can be estimated from the correlation coefficients

R2 of the linear regression, reported in Table 2. The accuracy

of the calibration curves of Mn, Mg and Si are very high,

probably because of the similarity of the upper level energies

of their lines to that of the aluminium line, thereby compen-

sating the emission variations due to the matrix effect. The

same criterion can explain the poorer accuracy obtained for

Cu and Ti, using the intensified and non-intensified spectro-

meter respectively, since the upper level energies of these lines

are the most far from that of the aluminium line.

The limits of detection were calculated with the standard

IUPAC method LOD = 3sB/s where sB is the noise level at

the wavelength considered and s is the slope of the calibration

curve at the lowest concentration of the analyte detected.

Here, since a proper blank aluminium sample was unavailable,

the noise level was calculated as the standard deviation of the

background signal at a wavelength close to the measured line

(and normalized to the same Al line used for building the

calibration curves). The slope was calculated by fitting the

data with a straight line, eventually after getting rid of the data

in the saturation regime.

The LODs calculated for the two experimental setups are

tabulated in Table 2. It is evident that the linear non-intensi-

fied detector provides better LODs (by a factor ranging from 2

to 7) compared to the ICCD-echelle system. Moreover, the

LODs found with this apparatus are similar or just slightly

poorer than those found in aluminium matrices with tradi-

tional LIBS setups (compare for example with refs. 29–31). On

the contrary, they are much better (by a factor 10–100) than

those obtained in aluminium alloys with microchip systems,17

thus suggesting that the longer duration of the laser pulse in

our apparatus could play a determining role in obtaining a

stronger LIBS signal.

Fig. 4 A portion of LIBS spectra obtained with the two detection

system.

Table 1 Spectral parameters of the lines used in the calibration curves for the different elements

Species Wavelength/nm A21/10
8 s�1 E1/cm

�1 g1 E2/cm
�1 g2 Detector

Mg II 280.3 2.6 0 2 35 669 2 Both
Fe I 373.5 0.902 6928 11 33 695 11 Echelle sp.
Fe I 302.0 0.402 0 9 33 096 9 Portable sp.
Mn II 259.4 2.68 0 7 38 543 7 Both
Ni I 352.5 1.0 205 7 28 569 5 Echelle sp.
Cu I 324.7 1.37 0 2 30 784 4 Both
Ti II 334.9 1.33 393 10 30 241 12 Both
Si I 288.1 1.89 630 5 40 992 3 Both
Al I 256.8 0.23 0 2 38 929 4 Both

Table 2 Limits of detection and correlation coefficients calculated for
all the trace elements in both the experimental setups

Intensified spectrometer Non-intensified spectrometer

Species R2 LOD (ppm) R2 LOD (ppm)

Cu 0.859 122 0.970 17
Fe 0.945 405 0.950 137
Mn 0.990 180 0.990 67
Ni 0.958 490 — —
Si 0.970 240 0.980 135
Ti 0.935 222 0.869 140
Mg 0.987 8 0.994 2
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The results suggest that such a LIBS setup, built by using a

diode-pumped mini-laser at high repetition rate and a compact

low-cost non-intensified spectrometer, realizes an effective

compromise between the system miniaturization characteriz-

ing the microchip-using LIBS apparatus and the better analy-

tical performance of traditional LIBS systems using ns-lasers.

It is also worth mentioning that higher resolving power non-

intensified spectrometers can be utilized (evidently at the

expense of the spectral band observed), which is necessary

for analysing spectra with many emission lines such as those

obtained by iron-based matrices.

Such a compact LIBS apparatus would be therefore of

considerable smaller dimensions and weight with respect to

the presently available mobile LIBS instruments, while main-

taining similar analytical figures of merit.

Conclusions

In this work, a diode-pumped mini-laser at high repetition rate

has been tested as laser source in a laser-induced breakdown

spectroscopy setup. The attempt was motivated by the neces-

sity of reducing the dimensions of the experimental apparatus

Fig. 5 Calibration curves of Cu, Mg and Mn obtained with the

ICCD-echelle spectrometer system.

Fig. 6 Calibration curves of Cu, Mg and Mn obtained with the non-

intensified linear array mini-spectrometer. In the Mg curve the points

corresponding to the higher concentrations were not plotted since the

intensities saturated the detector.
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in view of building a portable LIBS prototype for in situ

measurements. Moreover, since the high repetition of the laser

source, in the range of kHz, involved non-gated acquisition of

the signal , the performance of an ICCD-echelle detection

system was compared with that of a portable non-intensified

mini spectrometer, much smaller, faster and less expensive

than the echelle.

Quantitative analysis was performed on ten certified alumi-

nium samples, containing magnesium, manganese, iron, sili-

con, nickel, titanium and copper in traces; calibration curves

were built and limits of detection were calculated for all the

trace elements in both the experimental configurations. The

limits of detection obtained by using the intensified detector,

because of the higher level of the noise present in the spectra,

are a factor 2 to 7 poorer than those obtained with the non-

intensified detector. In this latter case the LODs were in the

range of tens of ppm, comparable with typical values obtained

with traditional LIBS setups.

The results therefore indicated that it is possible to build a

truly portable LIBS setup, of considerable smaller dimensions

and weight with respect to the presently available mobile LIBS

instruments, while maintaining analytical figures of merit

similar to those of traditional LIBS laboratory systems.
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