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Abstract: To enhance the sensitivity of detecting Cu and Zn
in aluminum alloys, we incorporated a spark discharge
unit into the femtosecond laser-induced breakdown spec-
troscopy (fs-LIBS) system, forming a femtosecond laser
ablation spark-induced breakdown spectroscopy (fs-LA-
SIBS) system. We utilized both fs-LA-SIBS and fs-LIBS tech-
niques to detect Cu and Zn in various aluminum alloy
samples with different contents. Our results reveal that
the spark discharge extends the duration of laser-induced
plasma atomic radiation and amplifies the peak intensity
of atomic radiation, thereby significantly increasing the
time-integrated signal intensity of laser-induced plasma.
Under the present experimental conditions, the limits of
detection (LoDs) of Cu and Zn in aluminum alloy by fs-LA-
SIBS are 16 and 12 ppm, respectively. In contrast, the LoDs
of Cu and Zn by fs-LIBS technique under the same laser
pulse energy are 96 and 84 ppm, respectively. Hence, for
Cu, the LoDs by the fs-LA-SIBS technique are 1/6 of those by
the fs-LIBS technique, and for Zn, the LoDs by the fs-LA-
SIBS technique are 1/7 of those by the fs-LIBS technique.
Our findings demonstrate that the fs-LA-SIBS technique is
more sensitive than the fs-LIBS technique in the quantita-
tive analysis of elements and may be a practical approach
for elemental analysis in alloys.

Keywords: laser-induced breakdown spectroscopy, laser-
ablation spark-induced breakdown spectroscopy, aluminum
alloy, detection technology

1 Introduction

Laser ablation (LA) technology uses pulsed lasers to rapidly
heat a localized area on a sample surface, creating a tran-
sient plasma that provides a good basis for spectroscopic
analysis [1,2]. Laser-induced breakdown spectroscopy (LIBS)
has made significant progress in element analysis in various
fields over the past few decades [3–5]. Los Alamos National
Laboratory et al. have developed the ChemCam LIBS instru-
ment onboard Curiosity which can be used to both identify
and analyze rock surface alteration features [6–8], and the
Chinese-developed Mars rover “Zhurong” successfully landed
on the Martian surface carrying a surface composition
detector which uses LIBS technology in 2021 [9]. The most
commonly used laser in the LIBS system is a Q-switched
Nd:YAG laser with pulse widths ranging from a few nano-
seconds to over a hundred nanoseconds. The wide pulse
range makes the interaction between laser and matter
very complex. In contrast, ultrashort pulse lasers such as
femtosecond (fs) lasers exhibit a series of advantages in
their interaction with matter [10]. Therefore, LIBS with fs
laser, that is, femtosecond laser-induced breakdown spec-
troscopy (fs-LIBS), has gradually become the mainstream of
LIBS [11]. fs-LIBS is especially suitable for 2D surface analysis
with high lateral resolution, 3D element mapping analysis,
depth profile study with high depth resolution, and biolo-
gical sample analysis with less damage [12–14]. Early studies
of fs-LIBS showed that the intensity of line emission and
continuous background spectrum and the temperature of
plasma decrease rapidly after laser excitation. Since the
duration of line emission is usually less than 1 μs [15],
time-resolved signal detection is required to improve ana-
lysis sensitivity [16]. Although intensified charge-coupled
device detectors have the advantages of fast gating and
high detection sensitivity, the cost of these detectors is
usually high.

To improve the signal intensity of laser-induced plasma,
dual-pulse LIBS (DP-LIBS) technology has developed [17].
There are usually two types of DP-LIBS: one is based on
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two fs laser pulses, namely fs-fs DP-LIBS, and the other is
based on the combination of fs and nanosecond laser pulses,
namely fs-ns DP-LIBS. In fs-ns DP-LIBS, the fs laser pulse is
used as the ablation laser, and the nanosecond laser pulse is
used as the reheating laser, and they are arranged ortho-
gonally. The signal is enhanced and can reach hundreds of
times [18].

Although fs-ns DP-LIBS can achieve high signal
enhancement factors, in some cases, there is a need to
operate LIBS at a high repetition rate due to requirements
for data acquisition speed or size limitations of the spectro-
meter. Nanosecond lasers that operate at high repetition
rates have very low pulse energy, resulting in a lower prac-
tical signal enhancement factor in fs-ns DP-LIBS under such
conditions. Therefore, it is necessary to find a suitable
method to enhance the plasma emission signal of high-repe-
tition-rate fs-LIBS. Spark discharge can effectively enhance
laser-induced plasma emission. This discharge can be trig-
gered by laser-induced plasma [19] or external discharge
methods [20]. The start time of spark discharge is controlled
by a quick switch, or the start time and pulse width are
controlled by a gated high-voltage power supply. Spark dis-
charge can operate at a high repetition rate and obtain a
strong elemental spectrum signal. This mechanism of spark
discharge-assisted signal enhancement is also known as
spark-induced breakdown; hence, the LIBS enhanced by fs
LA and spark-induced breakdown spectroscopy (fs-LA-SIBS)
are referred to as fs-LA-SIBS.

Aluminum alloys are widely used in daily life and
industrial production. Many aluminum alloys contain ele-
ments Cu and Zn [21]. The physical properties of aluminum
alloys with different compositions vary greatly, such as
ADC12 being suitable for making die castings [22] and

A356 having high corrosion resistance [23]. There are clear
regulations on the content of Cu and Zn in aluminum alloys
of different grades. Therefore, by accurately measuring the
content of Cu and Zn in aluminum alloys, it is possible to
determine the type and quality of aluminum alloy mate-
rial. In this article, the spark discharge is applied as a
signal enhancement method in fs-LIBS with a pulse repeti-
tion frequency of 1 kHz, and the limits of detection (LoDs)
and other analytical performance parameters of copper and
zinc in several aluminum alloy samples are evaluated and
discussed.

2 Experimental methods

The experimental setup for fs-LA-SIBS is shown in Figure 1.
A Ti:Sapphire laser (Astrella, Coherent Inc., USA) was used
as the ablation laser source, with a pulse width of 35 fs, a
maximum output pulse energy of 6 mJ, and a repetition
rate of 1 kHz. The laser wavelength used in the experiment
was 800 nm, and the output laser beam diameter was
10mm. The laser beam was tightly focused on the sample
surface (numerical aperture: 0.25, working distance: 15mm)
through 10 high-power focusing lenses (LMU-10X-266, Thorlabs
Inc., USA) to ablate the sample and generate the laser-induced
plasma. In the experiment, a polarizer and an aperture were
used to attenuate the pulse energy to less than 1.0mJ.

As shown in Figure 1, the energy of the laser pulse was
adjusted by rotating the angle between two Glan-Taylor
polarizers. The residual laser was received by a fast photo-
diode after passing through a beamsplitter (BS) and con-
verted into a corresponding electrical signal, which served

Figure 1: Setup of fs-LA-SIBS.
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as a synchronous trigger signal for monitoring ion emis-
sion by using an oscilloscope. The percentage of the residual
laser signal after passing through the BS is about 20%. The
aluminum alloy sample was fixed on a two-dimensional X–Y
moving platform. During the experiment, the platform main-
tained amovement speed of 2mm/s to ensure that the surface
hit by each laser pulse was new. A ceramic plate was placed
between the sample and the platform to keep the sample
electrically insulated from the platform.

Figure 1 also shows the spark discharge device used for
spark-induced breakdown. A DC power supply (4 kV, 50mA)
charges the high voltage capacitor C (5 nF) through the cur-
rent limiting resistor R2 (80 kΩ). The anode of the spark dis-
charge is a tungsten needle with a diameter of 2mm, while
the cathode is the tested aluminum alloy sample plate. The tip
of the anode tungsten wire is polished into a cone shape and
installed on the sample surface at a 45° angle. Once the fs
laser pulse generates plasma, the gap resistance between the
tip of the tungsten wire and the sample surface will immedi-
ately decrease, thus producing a spark discharge at the same
repetition frequency as the laser pulse. The electric energy
stored in the capacitor is released into the laser-induced
plasma through the current limiting resistor R1 (4 Ω), further
decomposing the ablated sample and enhancing the atomic
emission spectrum intensity of the plasma.

The plasma radiation was collected by a lens system
and focused onto the input port of a fiber optic spectrometer
for spectral analysis. A monochromator (Omni-λ3017i, Zolix
Inc., CN) was used to select the emission line for analysis,
and a 500MHz digital storage oscilloscope (GDS3502, GW
Inc., CN) was used to record the output signal of the photo-
multiplier tube. The data stored in the oscilloscope were
transferred to a personal computer for further processing. A
multi-channel fiber optic spectrometer (1202156U3, 1202157U3,

and 1202158U3, Avantes Inc., NLD) was used to record the
spectrum in the wavelength range of 200–500 nm. The fiber
optic spectrometer includes three channels, which cover the
wavelength ranges of 200–317, 317–415, and 415–500 nm,
respectively. Each channel’s linear charge-coupled device
(CCD) detector has 2,048 pixels, and the spectral resolution
of these channels is less than 0.1 nm.

Before applying fs-LA-SIBS technology to analyze the
content of Cu and Zn in aluminum alloys, it is necessary
to establish a standard curve using standard samples. In
this study, five different standard samples (being purchased
from Fushun Aluminum Factory Standard Sample Research
Institute, China) with varying Cu and Zn contents (as shown
in Table 1) were used to establish the standard curves for
different trace elements, and the LoDs were also evaluated.

3 Results and discussion

3.1 Signal enhancement observation

The emission spectra of Al exhibit peaks at 390.1, 394.4,
396.2, and 466.3 nm [24]. To compare the enhancement
effect of spark-induced breakdown on the spectra, plasma
radiation at 394.4 and 393.0 nm was monitored under two

Table 1: Contents of Cu and Zn in standard aluminum alloy samples
(wt%)

Sample no. GB215 GB216 GB217 GB218 GB219

Contents of Zn 0.011 0.046 0.089 0.140 0.200
Contents of Cu 0.190 0.150 0.100 0.053 0.016
Aluminum 98.639 98.843 99.062 99.257 99.360
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Figure 2: Time domain diagram of plasma emission at 394.4 and 393.0 nm in (a) fs-LIBS and (b) fs-LA-SIBS, respectively. The laser pulse energy is 0.4
mJ and the discharge voltage is 1.6 kV.
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different excitations (as shown in Figure 2): fs-LIBS and fs-
LA-SIBS. The first excitation is generated by fs laser pulse-
induced breakdown, while the second excitation is gener-
ated by fs-LA-SIBS. The spectrum at 393.0 nm is close to the
Al I 394.4 nm line and can be used to evaluate the contin-
uous spectrum background. Al ion radiation and contin-
uous background can be observed at 394.4 nm, while only
continuous background can be observed at 393.0 nm. The
following parameters were selected to record these results:
pulse energy of 0.4 mJ, capacitor of 5 nF, and discharge
voltage of 1.6 kV, as shown in Figure 2.

Figure 2 shows that under fs-LIBS excitation conditions
(Figure 2(a)), the atomic radiation of Al at 394.4 nm lasts less
than 2.15 μs, and the continuum background at 393.0 nm
lasts less than 0.43 μs. Therefore, for time-resolved signal
detection in fs-LIBS, the time window of the data acquisition
gate was set to 0.43–2.15 μs. Under fs-LA-SIBS excitation con-
ditions (Figure 2b), the duration of atomic emission of Al at
394.4 nm is extended to 22.5 μs, and the duration of the con-
tinuum background at 393.0 nm is extended to 5.5 μs. For
time-resolved signal detection in fs-LA-SIBS, the time window
of the data acquisition gate was set to 5.5–22.5 μs, and the
time-integrated signal intensity was significantly enhanced.
It can be seen that the extension of the duration of the
spark-induced breakdown plasma emission makes it easier
to achieve time-resolved signal detection.

Plasma emission spectra generated by fs-LIBS and fs-
LA-SIBS in non-gated mode of operation were recorded
with an AVANTES multi-channel spectrometer, the sample
analyzed was standard aluminum alloy GB216. Figure 3a
shows the emission spectra in the wavelength range of
260–500 nm recorded by fs-LIBS and fs-LA-SIBS operating
at a repetition rate of 1 kHz. The laser pulse energy and
high voltage for spark discharge were the same as men-
tioned earlier. The integration time of the spectrometer

was 20 ms, i.e., an average of 20 discharges was accumu-
lated for each measurement.

From Figure 3, it can be seen that the spectra recorded
by the fs-LA-SIBS technique are significantly enhanced
compared to those recorded by the fs-LIBS technique. For
example, in the fs-LIBS spectra, the emission intensity at
466.3 (spectrum of Al plasma emission) nm is about 3.5 ×

104, much higher than that in the fs-LA-SIBS spectrum
(about 1.1 × 104). In the fs-LIBS spectrum, the intensity of
emissions from Cu ions at 324.8 nm is about 390, and that
from Zn ions at 334.5 nm is about 480, while in the fs-LA-
SIBS spectrum, the corresponding emissions from Cu ions
and Zn ions are about 0.85 × 104 and 1.20 × 104 (Figure 3b).

3.2 Comparison of LoDs

To evaluate the analytical sensitivity of fs-LA-SIBS tech-
nology and compare it with fs-LIBS technology, LoDs of
Cu and Zn elements in aluminum alloys were selected for
comparison. The LoD of an element was determined using
the widely accepted 3σ rule [25], that is:

=
σ

S

LoD
3

,
B (1)

where σB is the standard deviation (SD) of the background
and S is the slope of the calibration curve.

Figures 4 and 5 show the calibration curves for Cu and
Zn, respectively, elements in aluminum alloys obtained
using fs-LIBS and fs-LA-SIBS technologies, and the data
are listed in Table 2. In the experiments, the pulse energy
of the fs laser was set to 0.4 mJ, the discharge voltage was
1.6 kV, the capacitance was 5 nF, and the CCD in the fiber
spectrometer was set to an integration time of 20 ms. The

Figure 3: Plasma emission spectra recorded in fs-LIBS and fs-LA-SIBS, respectively. (a) Spectra in the wavelength range of 260–500 nm; (b) Spectra in
the wavelength range of 322–342 nm.
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final spectrum was the average of 20 overlapped spectra,
and the net peak height of the analysis line was used as the
signal intensity. The selected spectral lines were the emis-
sion lines of Cu ions at 324.8 nm and Zn ions at 334.5 nm,
with errors determined from the signal deviation of 10
measurements.

From these figures and Table 2, it can be seen that
although the SD of the data points corresponding to the
calibration curve obtained by the fs-LA-SIBS technique
was larger than that obtained by the fs-LIBS technique,
the relative deviation was much smaller than that of the
fs-LIBS technique. The standard curve was obtained by
fitting the measured data points using the least-squares
method, with the fitted parameters listed in Table 3. To
evaluate the LoD, the SD of the background corresponding

to the analysis line, σB, is needed. Here, σB was evaluated
based on the SD of the background in a 1-nm wavelength
range near the analysis line. Table 3 lists the corresponding
background SD σB and the LoDs of copper and zinc ele-
ments calculated by formula (1).

As shown in Table 3, the LoDs of Cu and Zn obtained
by the fs-LA-SIBS technique were only about 1/6 to 1/7 of
those obtained by the fs-LIBS technique, indicating a
significantly improved detection sensitivity. Due to the
interaction between spark discharge and laser-induced
plasma, the signal emitted by the plasma could be
enhanced, thereby increasing the analytical sensitivity.
Therefore, the fs-LA-SIBS technique could be a highly
useful elemental analysis technique and may have wide-
spread applications.
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Figure 4: Calibration curves of cuprum in aluminum alloy by fs-LA-SIBS
and fs-LIBS.
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Figure 5: Calibration curves of zinc in aluminum alloy by fs-LA-SIBS and
fs-LIBS.

Table 2: The data corresponding to the calibration curve obtained by the fs-LA-SIBS and the fs-LIBS techniques

Conc. of Cu (wt%) Mean counts of fs-LA-SIBS SD Relative deviation (%) Mean counts of fs-LIBS SD Relative deviation (%)

0.016 946 62 6.5 38.1 12.3 32.4
0.053 3,002 110 3.7 121.8 22.1 18.1
0.100 5,594 150 2.7 197.9 28.1 14.2
0.150 8,452 184 2.2 289.2 34.0 11.8
0.190 10,632 206 1.9 372.9 38.6 10.4

Table 3: LoDs of cuprum and zinc in aluminum alloy obtained by fs-LIBS and fs-LA-SIBS techniques

Intercept distance Slop/100 Determination coefficient (R) σB LOD (ppm)

Cu fs-LA-SIBS 45 ± 25 55,790 ± 211 0.99994 29 16
fs-LIBS 12 ± 6 1,878 ± 52 0.99700 6 96

Zn fs-LA-SIBS 95 ± 166 85,219 ± 1,403 0.99892 33 12
fs-LIBS –1 ± 24 3,176 ± 204 0.98361 9 85

Analysis of Cu and Zn contents in aluminum alloys  5



4 Conclusion

In this study, trace elements copper and zinc in aluminum
alloy samples were detected and analyzed using an fs-LA-
SIBS system with a repetition rate of 1 kHz. Compared with
the fs-LIBS technique, the assistance of spark discharge can
significantly enhance the atomic emission intensity of
laser-induced plasma, resulting in a much higher sensi-
tivity of fs-LA-SIBS. Under the experimental conditions,
the LoDs of copper and zinc elements in an aluminum alloy
using fs-LA-SIBS were 16 and 12 ppm, respectively, which
were only about 1/6 to 1/7 of the LoDs obtained by the fs-
LIBS method without spark discharge. The high sensitivity
of fs-LA-SIBS makes it a promising technique for the ana-
lysis of elements in alloys.
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