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Abstract

Ž .Laser-induced breakdown spectroscopy LIBS is applied to detect trace metals contained in liquids. The sample in
the form of liquid droplets is generated with an electrospray ionization needle. The microdroplets are interacted with
an impinging laser pulse approximately 2 mm downstream from the needle tip. A sequence of single-shot
time-resolved LIB emission signals of Na, K and Al is detected, respectively. The LIB signal intensity integrated
within a gate linearly correlates with the plasma current obtained simultaneously on a single-shot basis. The
correlation plot exhibits a straight line, of which the slope increases with the sample concentration. Given the
calibration curves and the focused cross-sections of the incident laser beam, the detection limits may be determined

Ž . Ž . Ž .to be 0.63�0.02 0.3 pg , 1.2�0.1 0.5 pg , and 43�5 mg�l 21 pg for Na, K, and Al, respectively. As compared to
the correlation methods applied, our treatment is more straightforward to yield concentration information and the
resulting detection limits are comparable to those reported previously. The dependence of the correlation plot on the
adopted laser energy and wavelength is also characterized. The detection limits tend to be improved by applying a
laser with larger pulse energy but shorter wavelengths. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Laser-induced breakdown spectroscopy LIBS
is a potential technique for rapid analysis of envi-
ronmental samples present in solids, gases, and

� �liquids 1�10 . The merits of high sensitivity, non-
invasive analysis, suitability to remote measure-
ment, and minimal sample preparation have made
this technique become increasingly attractive.

Various approaches of LIBS have been devel-
oped to monitor metal elements contained in

� �liquid solutions 7,9,11�17 . Aside from the com-
Ž .mon interest in the limit of detection LOD ,

factors affecting analytical sensitivity are often
investigated too, such as dependence of pulse

� �energy and wavelength 7,17 , comparison of sur-
� �face, bulk, or droplet excitation 7,11,13,14 , and

� �application of dual-laser techniques 16 . Bulk
liquid and liquid jet are commonly used as sam-
pling methods to minimize the signal fluctuation.
But the detection limits for most metal elements

Ž .stay in the range of mg�l ppm . The poor signal
quality is partly caused by the laser-pulse fluctua-
tion, inconsistency of the sampled amount of
medium, and instability of the plasma position. It
is also attributed to bremsstrahlung radiation un-
der which the discrete emission lines of the sam-
ple may be buried in a strong continuum back-

� �ground 3�5 .
One drawback of the laser-induced breakdown

Ž .LIB technique lies in the fact that the LOD for
a liquid analyte is substantially reduced by large
shot-to-shot signal variation. The conventional
method to overcome the fluctuation problem is by
averaging the spectral signals over a number of
laser shots. Nevertheless, the improvement of the

Ž .signal-to-noise S�N is offset by the non-linear
optical ablation effect and the enhanced S�N

1�2 Žratio may fail to reach the prediction by N N
. � �is the number of laser shots 7,9 . The internal

standard method is another popular solution via
the measurement of the intensity ratio of the
analyte and the reference element to compensate
for the signal fluctuation. The reference element
is assumed to have a constant concentration and
the same fluctuation pattern as that of the ana-

� �lyzed sample 6,18�20 .
The treatment in terms of LIB emission nor-

malization has been similarly applied elsewhere.
� �For instance, Cheung and Young 7 have demon-

strated single-shot elemental analysis in the liquid
detection based on pulsed laser vaporization at
sub-breakdown fluences, together with the acous-
tic normalization for improved precision. The in-
tensity of normalized LIB signal shows a linear
proportion to the laser pulse energy. The result-

Ž .ing limits of detection LOD of Na, K and Ba
reach 0.23, 1.5 and 130 ppm, respectively. In
detecting trace metals in soil and aerosols,

� �Schechter and co-workers 9 have measured a
sequence of spectra from single breakdown events.
The line peak of the analyte is found to correlate
well with the baseline, which has the same multi-
plicative fluctuation as the sample signal. The
correlation plot of analyte signal vs. background
may determine the sample concentration. This
method, as it is pointed out, does not depend on a
constant constituent of a reference element in-

� �volved 6,18,19 .
The electrospray ionization technique has been

popularly used as a desorption ion source in
molecular mass spectrometry for analyzing non-
volatile biomolecules with large molecular weight.
A solution of the sample is pumped through a
high voltage-biased capillary needle. The result-
ing charged spray of tiny droplets then passes the
desolvating capillary, where evaporation of sol-
vent and attachment of charge to the analyte take
place. In this work, the electrospray ionization
technique is employed for the first time to gener-
ate microdroplets for the elemental analysis by
LIBS. The generation of microdroplets may facili-
tate sample vaporization, atomization and excita-
tion�ionization efficiency. In addition, as the mi-
crodroplets are ionized by LIBS, the current in-
duced by the high voltage biased on the ioniza-
tion needle may be feasibly collected. In the LIB
emission of the analyte, we observed the charac-
teristics correlating with the corresponding cur-
rent, which lead the plot of LIB emission together
with the current normalization to a great reduc-
tion of the signal fluctuation.

By the electrospray ionization technique, we
successfully demonstrate in this work the single-
shot LIB analysis for Na, K and Al elements.
Given constant laser energy, we find that the
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intensities of single-shot time-resolved LIB emis-
sion linearly correlates with the currents collected
from the corresponding pulse-induced plasma.
The correlation plot yields a slope, which in-
creases in proportion to the sample concentra-
tion. The calibration curves of the concentrations

Ž .and the subsequent limits of detection LOD for
Na, K and Al are determined. The correlation
method is also characterized by studies of laser
pulse energy and wavelength dependence.

2. Experimental setup

A schematic diagram for the LIBS system is
Ž .displayed in Fig. 1. It contains three parts: 1

Ž . Ž .laser source; 2 detection system; and 3 electro-
spray assembly.

2.1. Laser source

Ž .An Nd:YAG laser GCR-3, Spectra-Physics

Ž . Ž .Fig. 1. a Schematic diagram for the setup of laser-induced breakdown spectroscopy. b Design of the current collector. The
irradiated spot by laser pulse indicated is close to the Taylor cone generated by the electrospray ionization needle.
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performed at the second, third, and fourth har-
monic generation emitting at 532, 355, and 266
nm, respectively, was used as the breakdown
wavelengths. The laser, Q-switched through a
Pockel cell, was operated at 10 Hz with a pulse
duration of 5�8 ns. The incident pulse was fo-
cused through a 10-cm focal length quartz lens
onto the microdroplets generated by an electro-
spray ionization needle. The laser pulse energy
prior to the quartz lens was controlled in the
range from 10 to 45 mJ. The pulse-to-pulse fluc-
tuation was expected to be �5%.

2.2. Detection system

Upon laser-pulse interaction with the liquid
droplets, the produced luminous plume was
imaged with a set of 15- and 20-cm focal length
lenses onto a 0.35-m Czerney-Turner monochro-

Ž .mator Model 270, McPherson behind which a
Ž .photomultiplier tube PMT, R955, Hamamatsu

was mounted. The LIBS emission was collected in
perpendicular direction relative to the impinging
laser beam. The monochromator equipped with a
1200-groove�mm grating possessed a reciprocal
linear dispersion of 2 nm�mm. The grating was
centered at 589, 766 and 396 nm for the detection
of the Na, K and Al atoms in the emission transi-
tions of 32 P�32 S, 42 P�42 S and 42 S�32 P,
respectively. The slits were open to 500 �m in
width, to transmit the total plasma plume which
was magnified by a factor of 1.3 as imaged onto
the entrance slit. The use of the monochromator
has two advantages. First, its grating can be feasi-
bly tuned to a particular wavelength for the ele-
ments studied and thus most spectral interference
may be effectively reduced. Second, the width of
the slits could be adjusted to reduce the transmit-
ted continuum background emission at this par-
ticular wavelength. Thus the PMT detector needs
no protection of a shutter and can be exposed
safely below optical saturation.

The obtained time-resolved LIB emission was
Žfed into either a transient digitizer Model 9450A,

.LeCroy for single-shot profile recording or a
Žboxcar integrator Model SR250, Stanford Re-

.search System for signal processing. For elimi-
nating the interference of the continuum back-

ground emission, the time-resolved spectra were
integrated within a gate on a single-shot basis.
The gate width and position over the time-re-
solved spectra must be optimized to achieve a
linear correlation between the emission intensity
and the plasma-related current obtained simulta-
neously. In this work, the gate width optimized
for the Na analysis was 14 �s; the delay time was
900 ns relative to the trigger of the laser pulse.
The same conditions were also valid for the K
and Al analyses.

2.3. Electrospray

A homemade electrospray ionization device was
employed to generate a stream of microdroplets.
The analyte solution was supplied by a PTFE
tube, which was connected to a 200-�m i.d. stain-
less-steel spray needle. The needle served as the
anode, biased at 3 kV, through which the analyte
solution was sprayed toward the other metal base
used as the cathode. The bias voltage was sup-
plied by a Glassman EH-series high-voltage sup-

Ž .ply 0�10 kV . As carrier solvent evaporated, the
electrostatic charge density on the surface of the
sprayed droplets increased. When the surface
charge density increased to a critical point, the
resultant electrostatic repulsion broke the

� �droplets into smaller ones 21,22 . This process
was repeated to form a mist of very fine droplets.
Their size and density decreased as the distance
to the needle tip increased. The laser pulse inter-
acted with the sprayed droplets at �2 mm down-
stream from the needle tip. The irradiated spot
was close to the tip of Taylor cone to have a
higher density of microdroplets.

2.4. Current collection

The current resulting from laser-induced
plasma was collected from the cathode via a
high-pass filter to enter a second channel of ei-
ther a transient digitizer or a boxcar integrator.
The current profile oscillated rapidly in a
nanosecond scale, as displayed on the transient
digitizer. Its maximum peak was then integrated
within a 20-ns gate provided by the boxcar inte-
grator. The current was monitored simultaneously
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with the LIB emission on a single-shot event up
to 200 pulses.

2.5. Sample preparation

The Na, K and Al samples were made from
their chloride solutions. A 1000-mg�l NaCl, KCl,

Ž .and AlCl Reagent grade, Merck aqueous solu-3
tions were first prepared and then diluted to the
desired concentrations by appropriate volume of

Ž .methanol HPLC grade, Baker . For gaining a
better electrospray efficiency, we used a

Ž .water�methanol v�v � 1:1 mixed solvent
throughout this work. Since water and methanol
had different densities, the concentration was in-
dicated by the unit of mg�l rather than ppm.

3. Results and discussion

3.1. LIB signal �s. current background

3.1.1. Single-shot LIB emission
Fig. 2a shows an example of single-shot time-

dependence of the LIB emission intensity of Na
detected from the sample microdroplets sprayed
by the electrospray tip. The spectrum is inte-
grated within a 14-�s gate in a 900-ns delay
relative to the laser pulse. A sequence of the
corresponding intensity of the LIB emission is
given in Fig. 2b. The severity of the shot-to-shot
signal variation in Fig. 2b obviously hampers the
improvement of the S�N ratio of the spectral
intensity averaged over 200 pulses. As shown in
Fig. 3, 50 mg�l is the approximate upper limit of
the linear dynamic range for the average LIB
emissions of Na at different concentrations. Each
data point carries a large error bar, which repre-
sents one standard deviation for the average over
200 laser pulses. The poor quality of the detection
may be attributed to the following factors. First,
the microdroplets change positions with time. As
a result, the total amount interacted by the laser
pulses varies from shot to shot. Second, the mi-
crodroplet interaction by the laser pulse is ex-
posed to the air, and the laser-induced air break-
down in turn contributes to the background emis-
sion. Third, output energies of the laser source

vary from pulse to pulse. Furthermore, the shapes
and densities of the droplets generated by the
electrospray tip change with the salt concentra-
tion. Increase of the salt concentration may in-
crease the ion solvation strength, and thereby the

� �electrospray efficiency is reduced 21,22 . This
might be an important factor for the deviation of
the calibration curve at �50 mg�l in Fig. 3 from
a linearity. Another important factor is self-
absorption of the atomic emission at high atom
number density.

3.1.2. Correlation between LIB and current
Fig. 4a gives an example for the single-shot

oscillating waveforms of the plasma-related cur-
rent, which makes a clear distinction of the
breakdown between air and a 100-mg�l Na solu-
tion. The corresponding current intensities are
obtained from integration of the maximum peak
within a constant gate. Fig. 4b shows a sequence
of such current intensities on single-shot basis
from the laser-induced breakdown of the Na-sam-
ple droplets.

As shown in Fig. 4a, the oscillating character of
the current signal, similar to that of the acoustic

� �signal reported 7 , might be caused by the elec-
tronic circuit involved. It might not be caused by
the RF pickup from the laser flashlamp, since the
rapid oscillation of the air disappears when the
laser energy is reduced to the threshold of the air
breakdown. But its physical significance is yet to
be known. The current oscillation from the air
breakdown contributes to the magnitude of back-
ground. Since the slope of the correlation plot is
concerned, there is no need for background con-
tribution to be subtracted from the signal mea-
surements. Like the behavior of LIB emission,
the current signal in Fig. 4b fluctuates seriously.
However, each current shot appears to correlate
well with the LIB emission response. As shown in
Fig. 5, the plot of Na LIB emission intensity
against the current intensity yields a straight line,
of which the slope depends on the concentrations
of the analyte solution. The slope increases as the
concentrations increase. The obtained regression
coefficients of the correlation plots, each derived
from 200 data points, are larger than 0.95. The
upper limit in the linear dynamic range of the
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Ž . Ž . Ž .Fig. 2. a Single-shot time dependence of LIB spectra for a 100-mg�l Na solution � and air --- . The gate is set at 14 �s in
width and delayed by 900 ns relative to the trigger of the laser pulse. The spectrum within the gate is integrated to obtain the

Ž .intensity of LIB emission. b Intensities of single-shot Na LIB emission for 200 data points. The laser pulse is at 355 nm with
energy of approximately 13 mJ.

calibration curves, represented by the plots of the
obtained slopes vs. the corresponding sample con-
centrations, can be extended at least to 200, 250
and 900 mg�l for K, Na, and Al, respectively. Fig.
3a,b gives a comparison for the calibration curves
of Na with and without the treatment with the
slopes of the current correlation plots. A much
better precision found in Fig. 3b is apparently due
to the data treatment with the current correla-

tion. Fig. 6 shows another calibration curve of the
Al case with the correlation treatment. As shown
in Fig. 3b and Fig. 6, the calibration curves do not
pass through the origin. It is caused by the fact
that the slope of the correlation plot for the blank
solution is not zero. The same magnitude of back-
ground is contributed to all other measurements
for different concentrations of the sample. There-
fore, the non-zero background does not affect the
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Ž .Fig. 3. a Calibration curve of Na at different concentrations without correlation treatment. Each data point of LIB emission
Ž .intensity is averaged over 200 pulses with an error bar of 1 S.D. Laser pulse is at 355 nm with energy of approximately 13 mJ. b

Calibration curve of Na at different concentrations with correlation treatment. The E�C slope is obtained from the correlation plot
Ž .of each single-shot LIB emission intensity in a vs. the corresponding current.
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Ž . Ž . Ž .Fig. 4. a Current waveforms detected from a 100-mg�l Na solution � and air --- , respectively. The maximum peak is
Ž .integrated within a gate to obtain the current intensity. b Single-shot current intensities collected from the laser-induced plasma

for 200 data points. The laser pulse is at 355 nm with energy of approximately 13 mJ.

determination of the sensitivity in the calibration
curve.

The detection limit is defined as 2��s, in which
� is the standard deviation of the blank measure-
ment and s is the slope of the calibration curve.
The detection limits for the Na, K and Al samples
are accordingly estimated to be 0.63�0.02, 1.2�
0.1, and 43�5 mg�l, respectively. As listed on
Table 1, the obtained detection limits are compa-
rable to most results reported previously, al-

though our measurements are under the condi-
tions of plasma instability and thin microdroplet
density. With regard to the conversion of absolute
quantities detected, the size distribution and the
number density of the microdroplets in the probe
region should be taken into account. However, it
is not trivial to gain these results. We assume that
the droplet amounts interacted by the laser pulse
remain constant like in a bulk solution. Then the
conversion of absolute quantities needs only to
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Ž . Ž . Ž . Ž .Fig. 5. a Correlation plot of the Na LIB emission signal vs. the current signal. a A 40-mg�l Na solution, slope�3.04; b a 60-mg�l Na solution, slope�3.62; c a
Ž .80-mg�l Na solution, slope�4.42; and d a 140-mg�l Na solution, slope�6.46. The laser pulse is at 355 nm with energy of approximately 13 mJ.
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Fig. 6. Calibration curve of Al concentration. The E�C slope, indicative of the LIB emission with current normalization, is obtained
from the correlation plots at various concentrations, as given similarly in Fig. 5.

consider the interactive volume, which is de-
termined by the beam waist of the focused spot.
Accordingly, a magnitude of 0.3, 0.5 and 21 pg for
the Na, K and Al elements may be evaluated in a
single-pulse measurement, assuming the focused

�4 � �beam waist is 10 m 7 .

3.2. Characterization of current response and
correlation plot

3.2.1. Current characterization
The current induced by the plasma generation

is composed of three sources. First, as the irradi-
ated droplets are ionized sufficiently, the droplet
plasma is formed from the ionization of water,
methanol and sample salt. Second, the air ioniza-
tion partly contributes to the background plasma.
Third, the charged droplets, induced initially in
the electric field prior to the laser irradiation,

Ž .contribute to the direct current DC signal. How-
ever, this DC contribution may be eliminated by a
high-pass filter installed in the current collector.

When the pulse energy is large enough to ion-
ize the droplets, the current is collected substan-

tially from the electrons, which move more rapidly
than the ions and are in a much shorter distance

� �toward one end of the collector 23,24 . The elec-
trons result mainly from the ionized water�
methanol droplets and their fragments, while lit-
tle from the contained sample salt. Such polya-
tomic molecules as the solvent may lead to the
electron multiplication as fragmented and ion-
ized. This makes the estimation of the efficiency
with which the LIB technique ionizes the sample
become highly complicated, although the total ion
pairs per single laser pulse may be estimated by
integrating the current waveform. Unlike the LIB
technique, a laser-enhanced ionization spec-
trometer has been successfully applied to de-
termine the total atom density of the sample and
the subsequent atomization efficiency in flames
� �25,26 .

The current response induced by LIB simply
reflects the droplet size and density, irrespective
of the salt concentration contained. Considering
that the total quantity of the sample salt depends
on the droplet size and density, a strong�weak
current intensity is accompanied by a strong�weak
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Table 1
Ž .Comparison of detection limits mg�l for Na, K and Al in LIBS

Na K AI Method Ref.

a a c0.6�0.1 2.7�0.1 43�5 Electrospray This work
Ž . Ž .0.3 pg 1.2 pg

b Ž .1.2�0.1 21 pg
Ž .0.5 pg

� �0.23 1.5 � Liquid jet 7
Ž . Ž .0.4 pg 2.6 pg

� �0.014 1.2 20 Bulk liquid 11
4Ž . Ž . Ž .14 pg 1200 pg 2�10 pg

� �2.2 � 5.2 Isolated droplet 13
5 6Ž . Ž .4.4�10 pg 1�10 pg

aA 355-nm laser pulse used at 12.6 mJ.
bA 266-nm laser pulse used at 12.6 mJ.
cA 355-nm laser pulse used at 38 mJ.

response of the LIB emission. In addition, in-
crease of the sample concentration may increase
the LIB emission intensity, but does not change
the current response significantly. The slope in
the correlation plot may therefore sensitively re-
flect the sample concentration.

3.2.2. Comparison among correlation methods
Our work is similar to the studies made by

� �Young and co-workers 7 , Schechter and co-
� � � �workers 9 , and Winefordner and co-workers 20

in the treatment of correlation analysis adopted,
but differ in the related sampling processes and
data treatments. First, when the irradiated spot
area is assumed similar, in our work the detected
sample amount from a mist of microdroplets is
less than that with the liquid jet or bulk liquid.
Nevertheless, the resulting detection limits are
comparable to most results reported with the

� �latter sampling method 7,11,13 . Second, the cor-
relation slopes obtained at fixed pulse energy in
this work can be used directly to set up a calibra-
tion curve without any algebraic model involved.
In contrast, in the correlation treatment reported

� �by Schechter and co-workers 9 , the correlation
slope has to subtract a unity for the removal of
background emission before adoption in the cali-

� �bration curve. Winefordner and co-workers 20
have recently examined applicability of the alge-

braic model proposed in this method. Cheung and
� �Young 7 , by applying LIBS in a liquid jet, have

found that the single-shot LIB signal with the
corresponding acoustic normalization shows a lin-
ear relationship with the impinging pulse energy.
The slope obtained by the plot of normalized LIB
emission vs. pulse energy may yield information
of the sample concentration. The correlated sig-
nals need to be treated differently, since the data
points are clustered in a small region.

3.3. Dependence of laser energy and wa�elength

The detection limits in the elemental analysis
are affected by laser pulse energy and wave-
length. As shown in Fig. 7, the slope in the
calibration curve for the K solution increases as
the pulse energy increases from 20 to 40 mJ. The
corresponding detection limits are therefore im-
proved from 3.5 to 2.9 mg�l. The pulse energy is
increased twofold, but the detection limit is low-
ered by only 17%. The little improvement may be
caused by at least two factors. First, the popula-
tion in the excited state is reduced as a result of
competition of the ionization process, which is
substantially enhanced with an increase of the
laser energy. Thus the LIB emission intensity of
K at 766 nm cannot be enhanced as expected.
Second, the conditions adopted for integration of
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Ž . Ž .Fig. 7. Laser energy dependence of a calibration sensitivity for the K-sample solutions, and b limit of detection. Calibration
sensitivity is defined as the slope in the calibration curve of concentration. The laser pulse is at 355 nm.

the time-resolved LIB spectrum were not op-
timized. The gate width and delay time were
simply based on the parameters optimized in the
Na analysis.

As the laser at different wavelengths of 266,

355, and 532 nm is applied with the energy fixed
at approximately 13 mJ, the slopes of the correla-
tion plots for K appear to increase with a de-

Ž .crease of the laser wavelength Fig. 8 . Thus the
corresponding detection limits are determined to
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Ž .Fig. 8. Calibration curves of concentrations for the K sample at different pulse wavelengths and energies. a Laser pulse at 266 nm
Ž . Ž .and 12.6 mJ, LOD�1.1 mg�l; b 355 nm and 12.6 mJ, LOD�2.5 mg�l; and c 532 nm and 13.5 mJ, LOD�4.1 mg�l.

be 1.1�0.2, 2.5�1.0, 4.1�1.5 mg�l for the 266,
355 and 532 nm, respectively.

4. Conclusion

We have applied the single-shot time-resolved
LIB technique to the elemental analysis in the
liquid droplets. An electrospay ionization device
is employed to generate the microdroplets. The
obtained LIB emission signals fluctuate seriously,
but such scattered data are advantageous to set
up a correlation plot.

By taking advantage of the biased voltage on
the electrospray ionization needle, we have col-
lected the produced electrons upon laser-irradia-
tion of the droplets. The resulting current linearly
correlates with the corresponding LIB emission
of the droplet on single breakdown events. The
slope thus obtained is indicative of the sample
concentration and can be used to construct a
calibration curve for the determination of the
analytical sensitivity and the limit of detection. In

this manner, we have demonstrated the elemental
analysis of Na, K and Al. The detection limits
tend to be improved by applying a laser with
larger pulse energy but shorter wavelengths.

The microdroplet generation facilitates the
sample evaporation, atomization, excitation, and
ionization efficiency in LIBS. Therefore, the pulse
energy used for the sample breakdown is greatly
reduced, such that the radiation sources may be
extendible to tunable lasers with weak output
energies. It should be worthwhile to apply a laser
radiation with resonance wavelength to the ele-
mental analysis, particularly for the detection of
trace metal binding in biochemical compounds. In
comparison with other correlation methods, our
presentation in this work is more straightforward
to yield concentration information and finds po-
tential applications for biomolecules.
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