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A b s tra c t
A time resolved laser induced breakdown spectroscopy technique (LIBS) was used for 

the investigation of emission signal enhancement on double-pulse LIBS. Two Q-switched 
Nd:YAG lasers at 1064 nm wavelength have been employed to generate laser-induced 
plasma on aluminum-based alloys. The plasma emission signals were recorded by spec
trom eter with ICCD detector. Spectral response calibration was performed by using 
deuterium and tungsten halogen lamps. Time evolution of the plasma tem perature and 
electron density was investigated in SP and DP experiments. Based on the investigation 
of plasma parameters, the enhancements of emission line intensities were investigated, 
and the mechanisms of it were discussed.

K ey w o rd s: Plasm a diagnostics, Intensity calibration, Emission signal enhancement. 
1.In tro d u c tio n

Laser induced breakdown spectroscopy (LIBS) has a ttracted  much attention for 
several decades, as it concerns many advantages in physical and chemical analysis, such 
as multi-elemental analysis w ithout any type of sample preparation, real time analysis, 
stand-off analysis, in situ analysis, apparatus or experimental simplicity, inexpensiveness, 
robustness, and quickness [1,2, 3, 4, 5, 〇, (]. However, compared with other conventional 
spectrometric methods such as ICP-OES or ICP-MS [8], a single-pulse (SP) LIBS is less 
sensitive. To improve its sensitivity, double-pulse (DP) LIBS is applied and creatively 
modified in analytical researches.

Since the DP LIBS approach was first suggested by Piepmeier and Malmstadt[9] in 
1969, and Scott and Strasheim[10] in 1970, the analytical benefits of using double-pulse 
LIBS a ttrac t many research groups [1 1 ,1 2 ,13]. Although it is clear th a t DP LIBS yields 
enhanced signal but the exact reason behind it is not yet well understood[14 ,1 5 ,17]. 
According to different researches, the reasons of the signal enhancement may refer to 
the formation of a  reduced pressure atm osphere[18 ,19, 20, 2 1 ] . Mukherjee et al [22] 
proposed tha t, the longer length of plasma plume and higher plasma tem perature caused
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enhancement of emission signal. Angel et al [15] reported nearly 40 times enhanced signal 
and from the scanning electron microscopy images of the plasma generated by SP and 
DP LIBS they inferred tha t, the enhancement of emission signal intensity is a  result of 
larger plasma and enhanced material removal. In the collinear geometry, Cristoforetti et 
a /[20] reported th a t the second plasma is created and evolves in a rarified gas atmosphere 
enclosed by the shock wave produced by the first pulse. Although the increases were 
related to the excitation energy levels of the emission lines[16], the reason why it exist a 
large variety of enhancements in the literature is not well understood. In consequence, 
the studies from different researches did not draw the same conclusion concerning the 
mechanisms of the emission signal enhancement.

In this work, a set-up which can perform single- and double-pulse LIBS with collinear 
beams geometry configuration is introduced for the analysis of aluminum-based alloy 
sample a t atmospheric pressure in air. Time resolved technique are used to  investigate 
the plasma characteristics in SP and DP experiments, The optimum delay time and inter
pulse delay time for maximum the emission signal are obtained, based on these optimized 
experimental parameters, the emission signal enhancement mechanisms are discussed by 
investigating the time behaviorial of the plasma tem perature and electron density.

2. E x p e r im e n ta l s e t-u p
The experimental set-up has been reported in previous works[23, 24] and is only de

scribed briefly here. A schematic diagram of the experimental set-up is shown in F i g . 1. 
Two Nd: YAG laser (Spectra-Physics, PRO-350) with a  fundamental wavelength of 1064 
nm, pulse width of 8 ns, repetition frequency of 10 Hz, is employed to generate the plasma. 
For single-pulse experiments, the second Laser beam is focused on the target surface with 
the laser energy 60 m J while the first laser is closed. For the double-pulse experiments, 
first laser is opened and the laser beam is reflected on the same direction as second laser 
beam by beam splitter, and the laser energy is set to 30 +30 (mJ). The focusing lens to 
sample distance is set to  2 mm less than  the lens focal length, in order to avoid the air 
breakdown in front of the target. The target is positioned on the 3-D translation stage 
in order to make each fresh spot ablated to avoid forming the deep-crater on the target 
surface. The space integrated emission of laser-induced plasma is collected through a 
quartz lens with focal length of 100 mm which is used to form a 1:1 image of the plasma 
onto the entrance slit of an Cerny-Turner type of spectrometer (Shamrock SR-500i, focal 
length of 0.5 m, diffraction grating of 2400 groves/mm). The spectrometer is equipped 
with intensified charge-coupled device detector (iStar-DH734-18F-03, Andor technology). 
The wavelength range of spectrum  is covered from 200 to 900 nm with spectral resolution
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Figure 1 : Schematic representation of the experimental set-up. 

of 0.03 nm at 546 nm.
A digital delay generator (DG535, Stanford Research system) is used to  synchronize the 

laser and detector. The focused and the imaging lens are all positioned on the translation 
stage to keep stability of the plasma and its image when adjusted the position of the 
image of the plasma onto the spectrometer slit.

All the experimental operations including sample movement and spectral acquisition 
parameters set (number of spectra averaged, acquisition delay, gate width and M C P5s 
gain), were controlled by the PC and performed in air a t atmospheric pressure.

Aluminum-based alloy with 13 elements is chosen to be the sample because excellent 
work on its LIBS analysis.

3. R e su lts  a n d  d iscu ssio n
3.1 Spectral response calibration

In LIBS analysis, the spectrometer sensitivity (spectral response) is essential for the 
determ ination of plasma tem perature and especially for the calculation of the elemental 
concentration by CF-LIBS[25]. Each component of a LIBS detection system has a certain 
spectral response, the response depends on wavelength, th a t means not all wavelengths are 
transm itted through or reflected off optical components with the same transfer efficiency. 
In addition, the detector used to record the light has a response function. Therefore, 
only if the absolute characterization of the spectral response has been made, it is pos
sible to report da ta  th a t reflects the behaviour of the LIBS plasma itself, rather than  a 
combination of the LIBS plasma and experimental equipment.

In this work, the spectral response is calibrated by deuterium lamp which covered 
with the wavelength region 200-400 nm, tungsten halogen lamp is used to calibrate the 
spectral response with the wavelength region 400-900 nm. These two lamps, traceable 
to N IST[26], are supplied with a calibration curve. Fig.2. shows the measured curve
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Figure 2: Spectral response and calibration curve of Czerny-Turner spectrometer mea
sured with calibrated deuterium lamp in the range from 200-400 nm

of spectral response and the calibration curve given by NIST in the wavelength region 
200-400 nm, with the help of these two curves, the calibration function can be obtained 
under a  certain experimental condition. Fig.3. shows the spectra from mercury lamp, 
it is clear th a t after the intensity calibration, the intensity of 253.65 nm mercury line is 
highest compared to all other lines in the spectrum. The same procedure is carried out for 
intensity calibration in the wavelength region 400-900 nm using tungsten halogen lamp.

Figure 3: Spectral intensity of mercury lamp, (a) experimental da ta  without intensity 
calibration (b) calibrated data  using deuterium lamp

3.2 Optimization of the experimental parameters and characteristics o f emission signal 
The laser-induced plasma have a relative short lifetime, the radiation of the laser- 

induced plasma include strong bremsstrahlung, ionic, atomic, and molecular emissions
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Figure 4: Signal-to-background ratio as a  function of delay time for single-pulse laser 
ablation with a gate width of 1 /is..

sequentially on a time frame. In order to  suppress the background signals from con
tinuum plasma radiation, a short gate width time is chosen to avoid strong changes in 
plasma tem perature and electron number density during the measurement and to guar
antee well-visible emission signals for all elements. According to the previous study[23], 
the gate width with 1 /is is good for recording the emission signal from minor and trace 
elements in a certain delay time. Fig. 4 shows the signal-to-background (S/B) ratio as 
a function of delay time for single-pulse experiments, it can be seen th a t the optimum 
delay time to  obtain the maximum S/B  is about 3 fis. Generally, at this delay time stage, 
strong continuum emission become weak, and the intensity of the emission line reached its 
maximum. Therefore, the delay time is kept a t 3 fis in order to most emission lines from 
different elements can be detected simultaneously with relative larger S/B  ratio. For DP 
LIBS, the time delay between two laser pulse is fixed at 2 /is, according to our previously 
study, this inter-pulse delay time is good for maximum emission signal enhancement.

Fig.5 shows the characteristics of the partial spectra detected in SP and DP experi
ments. I f s  clear th a t not only the emission signal is enhanced in DP experiments, but 
for emission lines of Ni, Pb, Zn, which were not detected in SP experiments because of 
the lower contents, are detected in DP experiments.

3.3 Plasma parameters and mechanisms of emission signal enhancement
The plasma param eters such as electron tem perature and electron density provide im

portant information regarding the characterization of the laser induced plasma. Assuming 
the Local Thermodynamical Equilibrium (LTE), the Saha-Boltzmann plot method [27, 28] 
is applied to determine plasma temperatures. Eqs.(l) and (2) are considered respectively
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Figure 5: Emission signal characteristics in SP and DP experiments .

for neutral lines and for ionic lines:
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where the indexes I  and I I  correspond to neutral and ionic lines, respectively. I  is 
the intensity of the emission line, A is the wavelength of the emission line(m), g is the 
statistical weight (climensionless), A  is the transition probability (s-1) , i s  the excitation 
energy level (eV), k  is Boltzmann^s constant (eV K -1) , T  is the plasma tem perature (K), 
h is Plank's constant(eV s), c is the speed of light (rn s""1),A 〇̂ is the particles density of the 
considered element in the plasma (m-3), Z 〇 (T) is the partition function (dimensionless), 
m  is the electron mass (Kg), N e is the electron density (m_3)and E jp  is the ionization 
energy (eV)of the considered element. An equation similar to the Boltzmann-plot equation
is obtained:

ln(
9^A i h El +  H h c ^ r )

(3)

where E{, for neutral lines and =  E 1̂  + E jp  for ionic lines.
The electron density is determined from the Stark broadening of emission line. The full 

width a t half maximum (FWHM) of a line can be used to determine the electron number
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Figure 6: Saha-Boltzmann plot obtained from the emissivities of Ti and Cr spectral lines 
in SP-LIBS. The delay time is 8 /is.

density, using the following relation[29, 30]:

△ A = M  為 ) + 3_以 (為 ) - ( 為 ) ⑷

where u) is the electron width parameter, which is a  weak function of tem perature, A  is 
the ion broadening the parameter, Âe is the electron density, 5  is a coefficient equal to 1.2 
or 0.75 for ionic or neutral lines, and N 〇  is the number of particles in the Debye sphere. 
The contribution due to the ion broadening is very small and can be neglected, therefore, 
the electron density can be extract by:

△ A M 為 ). (5)

Based on Eqs.(3) and (5), an iterative procedure can be used to obtain the plasma tem 
perature T  and the electron density N e. In the present work, 41 Ti lines and 25 Cr lines 
are used to establish Saha-Boltzmann plot, Ca I 393.3 nm line is used to estimate the 
electron density, the instrum ent broadening for emission line of 393.3 nm is subtracted, 
and the electron width parameters cj is obtained form reference [31].

As an example, Fig.6 shows the Saha-Boltzmann plot obtained from the eimssivities 
of Ti and Cr spectral lines in SP-LIBS. Continuous lines represent the result of a linear 
best fit. Note th a t the best fit lines corresponding to different species are practically 
parallel, i.e. the tem perature of all the species in the sample is the same, according to 
the predictions of LTE assumption.

For LTE to hold in a plasma, the collision with electrons have to dominate over the 
radiative processes, this condition requiring a sufficiently large electron density. A crite
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rion proposed by McWhirter[32] was based on the existence of a critical electron density 
for which collisional rates are at least ten times the radiative rates. For an energy gap 
difference A E  between the transition levels, the criterion for LTE is :

N e > 1.6 x 1012r 1/2(A £ )3cm -3 (6)

where T  is the plasma tem perature. However, the McW hirter criterion is a necessary but 
not sufficient condition for LTE to  hold. Therefore, one more criterion is necessary to 
check the existence of LTE. In addition to Eqs. (6) for calculating the electron density, 
Saha equation [33] can also be used to determine the electron density. Prom comparing 
the electron density obtained from Eqs. (6) (independence on LTE) and Saha equation 
(dependence on LTE), one can assess the existence of LTE. In this work, we found th a t the 
electron density obtained using Eqs.(6) and Saha equation have a good agrement before 
5 /xs and 3 /xs in SP and DP LIBS, respectively, i.e. the plasma more close to the LTE in 
th a t time stage.

Fig. 7 shows the evolution of the plasma tem perature in SP and DP experiments as a 
function of the delay time. It decrease fast at the beginning of 10 fis in SP experiments 
as well as DP experiments, after 10 /is later, the plasma tem perature decrease slowly. 
Moreover, the plasma tem perature in DP experiments is less than th a t in SP experiments, 
although the total energy of the laser pulses is same. Fig. 8 shows the evolution of the 
electron density in SP and DP experiments, the time evolution behaviour of the electron 
density in SP and DP LIBS is the same as the plasma tem perature. In DP LIBS, the 
sequential laser pulses can ablate more material from the target surface, this may cause the 
emission signals enhancement, but with the first plasma decaying, the interaction between 
the second plasma and first plasma become weak, i.e. the collision between electron and 
atoms and ions become weak, therefore, the plasma tem perature and electron density is 
less than tha t measured in SP LIBS.

From the temporal behavior of the plasma tem perature and electron density, the emis
sion signal enhancement mechaniwSms in DP experiments can be explained as following: 
For DP LIBS in collinear geometry, there are two plausible processes occurring in the 
plasma p lu m e :( 1 ) absorption of the second laser pulse in the plume of the plasma initi
ated by the first laser pulse and (2) new plasma formation by the remaining second laser 
pulse. In the collinear case both pulses have the same axis of propagation and are directed 
orthogonal to the sample surface. The first laser pulse is used to ablate pre-ablative first 
plasma, and then with the plasma expanding and after a certain time delay, the second 
laser pulse may penetrate to the plasma plume to generate the second plasma, meanwhile, 
partial energy of the laser pulse may be absorbed by the first plasma plume. Actually, it
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Figure 7: Time evolution of the plasma tem perature in SP and DP experiments, the laser 
energies are set to 60 rnJ (SP) and 30+30 (m J)(D P), respectively.

is difficult to isolate these two processes in collinear geometry scheme. According to the 
comparative investigation of plasma parameters in SP and DP LIBS, we consider tha t 
new plasma production by second laser pulse dominate this process, absorption of the 
second laser pulse by the first plasma is weak. Our conclusion is agreement with Celine 
et a/. [16] study, they found th a t the interaction of the plasma and laser depend on the 
delay between the two laser pulses in collinear geometry, for inter-pulse delay A t > 
the plasma produced by the first pulse is essentially transparent to the second pulse, the 
second pulse is not able to interact with the residual plasma.

4. Conclusions
In the framework of LIBS analysis on aluminum samples, time resolved SP and the 

DP LIBS experiments is carried out. In collinear geometry, the emission signal enhance
ment is observed. Prom comparative investigation of the plasma parameters in SP and 
DP experiments, emission signal enhancement mechanisms is discussed qualitatively. Ac
tually, the emission signal enhancement is very complexity, it dependents on many factors, 
such as laser energies, inter-pulses delay time, background gases and so on. In DP LIBS, 
the dynamic behaviour of the plasma is also different with SP LIBS condition, therefore, 
the further studies for deeper physical mechanisms of emission signal enhancement must 
consider the different factors and to develop physical models.
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Figure 8: Time evolution of the electron density in SP and DP experiments.
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