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Ultrafast laser filament-induced breakdown spectroscopy (FIBS) is a potential technique for quantitative analysis of
trace elements. In this work, we investigate the effect of the distance between focusing lens and target surface on the FIBS
quantitative analysis of Mn element in aluminum alloys, and several major parameters are calculated such as the linear
correlation coefficient (R2), limits of detection (LOD), relative standard deviation (RSD), and root-mean-square error of
cross-validations (RMSECV). The results show that the quantitative analysis parameter values before and after filament
position are different. The optimal value can be obtained at the filament region, the average values of total 23 positions of
R2, LOD, RSD, and RMAECV were 99.45%, 1.41 mg/kg, 7.12%, and 0.56%, respectively. Besides, the spatial distributions
of quantitative analysis parameter values in filament region are noticeable, and this is essentially due to intensity clamping
effect in a filament.

Keywords: filament-induced breakdown spectroscopy, limits of detection, relative standard deviation, root-
mean-square error of cross-validations
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) as a
rapid, in situ, real-time, noninvasive, and multi-elements an-
alytical method has been attractively employed in a wide
range of applications, such as aerosol, biomedical, pharma-
ceutical materials, environment, and cultural heritage objects
analysis.[1,2] Typically, LIBS is performed using nanosecond
laser pulse. The nanosecond laser has a long pulse width. The
front edge of the pulse laser generates plasma, and the inter-
action between the trailing edge and the plasma is relatively
complicated. Due to the effects of spectral self-absorption,
matrix effects and plasma shielding, problems such as plasma
and energy jitter will be caused.[3,4] And ns-LIBS are usually
tightly focused transmissions. The different distances between
focusing lens and target surface make the light spot have dif-
ferent sizes on target surface, causing changes in spectral in-
tensity and spectral characteristics, which affects the detection
accuracy, signal stability, and repeatability of the experiment.
Therefore, LIBS has a strong dependence on the distance be-
tween focusing lens and target surface.[5,6]

Compared with ns-LIBS, femtosecond laser-induced
breakdown spectroscopy (fs-LIBS) has the advantages with

accurate ablation threshold, small thermal effect, high ablation
efficiency, and little damage, which can improve the stability
of LIBS technology.[7,8] The combination of femtosecond fil-
ament ablation and emission spectroscopy is a potential ana-
lytical tool for trace element detection. Filament of femtosec-
ond pulse lasers, resulting from a dynamic interplay between
optical Kerr self-focusing and plasma de-focusing processes,
the power density varies from 1013 W/cm2 to 1014 W/cm2 be-
cause of the intensity clamping effect in filament. The filament
can propagate over very large distances without suffering from
optical geometry focusing effect and diffraction effect.[9,10]

Filament-induced breakdown spectroscopy (FIBS) can cause
a more uniform effect on the sample surface, which can elimi-
nate the effect of the distance between focusing lens and sam-
ple surface on the laser-induced breakdown spectral intensity
and spectral characteristics. In hazardous environments, tele-
scope systems or fiber optic transmission can be used to con-
duct long-distance contactless analysis of toxic and hazardous
substances, including nuclear radiation environments, explo-
sive analysis, isotope analysis, environmental analysis, and
soil contamination analysis.[11–16]

Ghebregziabher et al.[17] reported the characteristics of
copper plasma induced by the filament and studied the spec-
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tral intensity, plasma temperature, electron density, and signal-
to-background ratios (SBR) trends at different locations of the
filament. Harilal et al.[10] studied plasma temperature clamp-
ing by ablating brass and obtained the spatial evolution of ra-
diation intensity and electron density propagating along the
filament channel. Zhao et al.[18] investigated the spatial evo-
lution of soil plasma radiation intensity, plasma temperature,
and electron density induced by femtosecond laser filament,
and calculated the LOD and R2 at different positions of the
filament. Yao[19] studied the effect of pulse energy on the
plasma characteristics of filament ablation soil, and also stud-
ied the ablation of soil by combining filament and energy bank.
It is well known that the properties of laser-induced plasma
strongly depend on the laser irradiation conditions, such as
laser energy, focus position, etc. Therefore, it is important to
better understand the effect of the distance between focusing
lens to target surface on the detection of FIBS trace elements.
As far as we know, there is relatively little research on the ef-
fect of the distance between focusing lens and target surface on
the quantitative analysis of trace elements in aluminum alloys
by using FIBS. We hope that our research can provide a ref-
erence for FIBS in trace element detection and alloys material
analysis technology.

In this paper, we change the distance between focusing
lens and target surface, the aluminum alloys are ablated by
filament and the Mn element is quantitatively analyzed. Sev-
eral major parameters such as the linear correlation coefficient
(R2), limits of detection (LOD), relative standard deviation

(RSD), and root-mean-square error of cross-validations (RM-
SECV) are calculated. The three areas of filament, before and
after filament ablation are compared and the influence of focus
position ablation on quantitative analysis of parameters is also
investigated.

2. Experiments and methods
Figure 1 is a schematic diagram of the experimental setup.

A laser (Libra-Usp-He, Coherent, USA) was used to produce
the filament with the central wavelength of 800 nm, repetition
rate of 1 kHz, and pulse width of 50 fs. A K9 glass lens lens 1
(focal length f = 1000 mm, mounted on a one-dimensional
(1D) translation stage) is used to focus the femtosecond laser
beam with the energy of 2.6 mJ. A fused silica lens lens 2
( f = 75 mm) was used to collect the plasma emission spec-
tral signal, and coupled to a grating spectrometer (Spectra
Pro500i, PI Acton, the grating is 1200 grooves/mm) equipped
with an ICCD (PI MAXII, Princeton Instruments, 1024×256
pixel) with the entrance slit of 30 µm, spectral response range
200 nm–900 nm and resolution of 0.05 nm at 500-nm blaze
wavelength. ICCD is triggered by a femtosecond laser. In or-
der to avoid excessive ablation of the sample, the aluminum
alloy sample is positioned on a three-dimensional (3D) trans-
lation stage (PI) setup. To ensure the signal stability over each
experiment, plasma spectrum is averaged over 50 shots. Five
repeating spectra at each point of the sample are recorded. The
experiment condition is standard atmospheric pressure, room
temperature of 22 ◦C, and relative humidity of 25%.
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Fig. 1. The schematic diagram of experimental setup.

In our experiments, the six aluminum alloy samples of
the LD7.8 series with diameter 6 cm and thickness 3 cm are
selected, the concentration of the Mn element are shown in
Table 1.

Table 1. The concentrations of Mn element in aluminum alloy samples
(in unit wt%).

Element E311 E312a E313 E314 E315 E316

Mn 0.095 0.119 0.239 0.184 0.287 0.054
Mg 0.428 1.37 0.897 1.80 2.26 0.074

3. Results and discussion

Figure 2 shows the filament-induced aluminum alloy
plasma spectroscopy at distances 970 mm between focusing
lens and target surface. In our experiment, the detection spec-
trum wavelength range is 382 nm–423 nm, and four lines of
Al I 383.83 nm, Al I 394.4 nm, AI 396.15 nm, and Mn I
403.31 nm are detected. The detection effect of FIBS on trace
elements is studied, the matrix element Al is not considered.
Compared with the Mg element, Mn element is relatively less
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disturbed and the line intensity is higher. Therefore, we se-
lected the Mn element for quantitative analysis in the experi-
ment.
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Fig. 2. Filament-induced aluminum alloy plasma spectroscopy for sample
type E313, delay time 980 ns.
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Fig. 3. Spatial distribution of Mn I 403.31-nm spectral intensity for sample
type E313, delay time 980 ns.

Figure 3 shows the spatially-resolved Mn I 403.31-nm
spectral intensity. The filament length is determined by flu-
orescence spectroscopy. The measurement error of the spec-
tral line intensity is 14.52%. The possible causes of the er-
ror include the following: the uneven distribution of man-
ganese in the sample, the fluctuation of the laser output energy,
and the change in the ionization degree in the filament causes
the spectral signal to fluctuate greatly. Increasing the detec-
tion position and acquisition time can reduce the measurement
error.[20] We can see a high spectral line intensity in the range
of 930 mm–1040 mm, and the distance about 110 mm. The
spectral intensity of Mn I 403.31 nm first increases and then
decreases with the distance from the focusing lens to the sam-
ple surface. There are two spectral intensity peaks at the dis-
tances of 970 mm and 1020 mm between focusing lens and
target surface. Due to the optical Kerr self-focusing effect,
the first focal point (970 mm) is shorter than the geometric
focal point, and a strong plasma emission is generated at this
position.[21] Because Kerr self-focusing and plasma defocus-
ing will produce plasma filaments. Part of the energy of the
laser pulse is released into the “energy reservoir” around the
filament, and the energy bank continuously compensates the

energy loss during the ablation of the aluminum alloys and
plays a role in assisting the ablation.[22–24] Therefore, the ab-
lation efficiency of filament depends both on clamped filament
intensity and the rest of the laser energy in the energy reser-
voir of filament, which means that there exists non-uniform
distribution for the plasma emission spectral intensity along
the filament channel propagation. The refocusing position at
1020 mm, which is due to the effect of spectral broadening,
to promoting geometric focusing effect of filaments and ion-
ization effect. Because the ionization of air consumes part of
the laser energy, the emission intensity at the refocusing posi-
tion (1020 mm) is lower than the emission intensity at the first
focusing position.[25]

When the initial power Pin of the femtosecond laser pulse
is higher than the self-focusing critical power Pcr, filaments
will be generated. We used the moving focus model or spatial
dynamic compensation model to describe the dynamic process
of femtosecond pulsed laser self-focusing. According to the
semi-empirical Marburger formula, the self-focusing collapse
position Lc (where the beam radius is the smallest along the
propagation direction) is[21,26]

Lc =
0.367kw2

0{[
(Pin/Pcr)

1/2−0.852
]2

−0.0219
}1/2 . (1)

For a Gaussian beam, the critical power for self-focusing is
Pcr = 3.77λ 2

0 /8πn0n2, Pcr = 3 GW, k is the wavenumber of the
laser, and the beam radius w0 is 3.8 mm. The peak power Pin of
the incident pulse with a pulse width of 50 fs is 5.2×1010 W.
The position d where the filament starts to form is[27]

d =
f ×Lc

f +Lc
, (2)

where f is the geometric focal length of the lens, the calculated
result is d = 926 mm.

We know that the filament processes result in from a dy-
namic interplay between optical Kerr self-focusing and plasma
de-focusing processes. Before and after filament, the power
intensity is different. According to the trend of the intensity
of the spectral line, we have judged that the filament ends at
approximately 1040 mm. Hence, the filament length is about
114 mm, which is similar to the filament length measured by
the fluorescence spectroscopy method. For the convenience
of the above discussion, we choose 930 mm as the start posi-
tion of filament. We mainly studied three intervals ranges: (i)
the pre-filament area (900 mm–925 mm); (ii) the filament area
(930 mm–1040 mm); (iii) the post-filament area (1045 mm–
1075 mm). A filament is the propagation zone where there ex-
ists intensity clamping. The zones before and after the plasma
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zone, where the intensity is still relatively high but not suffi-
cient to generate a plasma, could be conveniently called pre-
and post-filament zones.[9]

Figure 4 shows the spectral stability with the accumula-
tion of 100 pulses of the three positions at 920 mm, 985 mm,
and 1050 mm. We can see that the stability of the filament
region is better than the pre- and post-filament areas, and the
pre-filament is better than the post-filament. This phenomenon
is because the stability of laser power affects the stability of ra-
diation plasma, and the stability of plasma affects the stability
of the spectrum.[28] Figure 5 shows the slope of the calibration
curve at 920 mm, 1025 mm, and 1050 mm. We can see that the
slope of the calibration curve at the filament center is higher
than that at the pre- and post-filaments.
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Fig. 4. Spectral stability at three positions along the filament (pre-filament at
920 mm, filament at 985 mm, and post-filament at 1050 mm, respectively).
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Fig. 5. Calibration curves of Mn element at different positions: pre-filament
at 920 mm, filament at 985 mm, and post-filament at 1050 mm, respectively.

To estimate the spatially distribution law of FIBS for
quantitative analysis parameters of Mn element in aluminum
alloys, several major values such as R2, LOD, RSD, and RM-
SECV are used as evaluation parameters. Their expressions
are given below:[29–31]

R2 =

[
n
∑

i=1
(xi − x̄)(yi − ȳ)

]2

n
∑

i=1
(xi − x̄)2×

n
∑

i=1
(yi − ȳ)2

, (3)

where xi and yi are the concentration and spectral radiation in-
tensity of sample i, respectively; x and y are the average values
of xi and yi in n samples, respectively.

LOD = 3
δ

ε
, (4)

where δ is the standard deviation of the spectral radiation
background signal, and ε is the slope of the spectral radiation
intensity calibration curve.

RSD =
[∑(Xi −M)2/(n−1)]1/2

M
, (5)

where Xi is the i-th measured spectral radiant intensity, M is
the average of the intensity of n measurements.

RMSECV =

√
∑

n
i
(
Ci −Cref

i

)2

n
, (6)

where Ci is the predicted concentration, Cref
i is the reference

concentration, n is the number of calibration samples.
The spatial distribution of quantitative analysis parame-

ters are shown in Fig. 6. We can see that the filament region
(930 mm–1040 mm) of R2 is higher, and the LOD, RSD, and
RMSECV are lower. The pre- (900 mm–925 mm) and post-
filament (1045 mm–1075 mm) of R2 are smaller, and the LOD,
RSD, and RMSECV are higher. Table 2 shows the average
value of the quantitative analysis parameters in the filament
region (930 mm–1040 mm) and the two areas of pre- and post-
filaments (900 mm–925 mm and 1045 mm–1075 mm). In the
filament area, the average value of the correlation coefficient
of the calibration curve R2 is 99.53%, the average value of
LOD is 1.41 mg/kg, the average value of the RSD is 7.12%,
and the average value of RMSECV is 0.56%. Compared with
the areas before and after filaments, the filaments region has
better detection sensitivity, reproducibility, detection accuracy,
and lower prediction concentration error.[31] The reason is that
during the propagation of filaments, the energy in the energy
reservoir is continuously added to the plasma filaments, to
supplement the incident light energy consumed by nonlinear
processes such as multi-photon ionization and diffraction of
the beam itself. When Kerr self-focusing and plasma defocus-
ing reach a dynamic equilibrium, due to the intensity clamp-
ing effect,[10] the laser pulse has a stable spatial distribution
with an improved stability of laser transmission in the filament
area, further improves the sensitivity and accuracy of quan-
titative analysis. Thus, in the filament area, the quantitative
analysis parameters are relatively stable and superior to pre-
and post-filament areas. Starting from self-focusing, before
the pulse collapses, there was already some weak ionizations
in the pulse contraction area.[9] The power density of post-
filament is lower than the self-focusing critical power, and the
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diffraction and dispersion effects are stronger than the self-
focusing effect. The laser beam is in a divergent state,[32] and
its spectral stability is lower than pre-filament area. Therefore,
the spatial distribution of the quantitative analysis parameters
is not uniform. In the post-filament area, the main physics
mechanism is thermal ablation resulting from spectral broad-
ening and optical geometry focusing effect.
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Fig. 6. The spatial distribution of FIBS quantitative analysis parameters: (a)
R2, (b) LOD, (c) RSD, and (d) RMSECV.

Table 2. The average value of the FIBS quantitative analysis parame-
ters.

Distance/mm LOD/(mg/kg) RSD/% RMSECV/% R2/%

900–925 3.16 13 1.34 97.22
930–1040 1.41 7.12 0.56 99. 45
1045–1075 4.26 16.37 1.02 98.28

4. Conclusions
In this paper, FIBS technique is used to study the vari-

ation of quantitative analysis parameters of Mn in aluminum
alloys with the distance between focusing lens and target sur-
face. Comparing with the pre-filament area, filament area,
and post-filament area, we found that the optimal value can
be obtained at the filament region, the average values of total
23 positions of R2, LOD, RSD, and RMAECV are 99.45%,
1.41mg/kg, 7.12%, and 0.56%, respectively. Because of the
intensity clamping effect in filament, the filament can propa-
gate over very large distances without suffering from optical
geometry focusing effect and diffraction effect. The quantita-
tive analysis parameters are better than those of the pre- and
post-filament areas, this indicates that different distances of the
sample surface to the focusing lens have an impact on the de-
tection accuracy and spectral stability ability. Therefore, FIBS

is a useful approach to quantitative analysis of trace elements,
and can provide great reference value for applications of FIBS.
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