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ABSTRACT: Insufficiently excited plasmas generated in aqueous media with incompressibility and high thermal 

conductivity result in an anisotropic optical emission. The emission characteristics of underwater plasmas produced from an 

immersed Cu plate acquired with backward and lateral detections were investigated by irradiating with short and long pulse LIBS, 

respectively. We found that the plasma emission collected backward shows clear emission lines with high intensities by using long 

pulses, while different types of spectral lines were exhibited at different wavelengths using short pulses, including Fraunhofer-type 

absorption and broadened emission lines. For the lateral emission, it was unfortunately no remarkable spectral lines observed with a 

short pulse. By contrast, absorption lines at the resonant atomic lines of Cu and three emission lines near the wavelength of 515 nm 

were obtained simultaneously with a long pulse. Consequently, a weak intensity and wide line broadening occur in the spectral lines 

with the short pulse, while a long pulse can notably provide an enhanced line intensity and narrow line broadening. Since backward 

and lateral emissions exhibit significant differences, the use of long pulses allows for better observation of Fraunhofer-type absorption 

spectra in the lateral direction and better observation of emission spectra in the backward direction. There is a remarkable 

enhancement for the emission lines collected from the backward than those of the lateral direction with the line intensity being 

increased by more than 17 times. 

Therefore, a desired spectrum can be 

obtained by combining the lateral and 

backward collection methods with a long 

pulse. These results not only contribute 

to a better understanding of the radiation 

mechanisms in backward and lateral 

directions of underwater plasmas, but 

especially facilitate the qualitative and 

quantitative analysis of underwater 

LIBS. 
 

INTRODUCTION 

As a frontier technology, plasma diagnostics is attracting 

increasing attention and widely applied in the fields of material 

science, environment, medicine and etc.1-3 due to the advantages 

of high sensitivity, rapid analysis and strong anti-interference 

ability.4,5 Understanding the evolution of the plasma and its 

physicochemical properties is a key fundamental scientific issue 

to promote better applications of this technique. Unfortunately, 

there is still a lack of clarity about the properties of plasmas, as the 

plasma contains a wide variety of radiation types and particle 

species with different states and behaviors.6 Many efforts have 

been devoted to the development of plasma diagnostics, such as 

electric probes, particle beams, and microwave methods.7-9 

Although these methods can obtain abundant information, the 
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original properties of the plasma are more or less disturbed. In 

recent years, diagnostic techniques based on laser spectroscopy 

have emerged as a research hotspot due to the advantages of fast 

and real-time detection.10 In particular, laser-induced breakdown 

spectroscopy (LIBS) as an emerging optically analytical method 

utilizes a high-power pulsed laser interacting with the target to 

generate a plasma,11 which enables qualitative and quantitative 

analysis of the sample composition by means of plasma emission 

spectroscopy, with the advantages of non-contact, multi-element 

analysis and little sample pretreatment, especially in-situ 

detection.12,13 This is why this technique was chosen to be 

deployed on “Curiosity” and “Zhu Rong” for Mars 

exploration.14,15 

It is also noteworthy that underwater application of LIBS 

technology has attracted substantial interest in recent years.16,17 

This progression not only leads to a deeper understanding of the 

physical and chemical mechanisms of underwater plasma 

generation and evolution, but also promotes the development of 

underwater LIBS instruments and the successful deployment for 

deep-sea in-situ measurements. LIBS is currently the unique 

technology available for the direct detection of metallic elements 

underwater. Nevertheless, unlike the air environment, the plasma 

generated underwater is subject to severe compression and rapid 

quenching effects due to the nearly incompressible liquid medium 

with high thermal conductivity,18 that greatly reduces the signal 

quality, resulting in a weak emission and wide line broadening. 

Due to energy consumption caused by water absorption, liquid 

evaporation and bubble generation, the plasma excitation in such 

an environment is insufficient and in an optically thick state.19,20 

Owing to the unavoidable self-absorption phenomenon in the 

plasma, the optical emission from the center of the plasma will be 

absorbed by the “cold” particles at the periphery of the plasma,21 

giving rise to the deformation of the spectral lines and the 

reduction of the line intensities, and in severe cases, the self-

reversal structures. Meanwhile, the laser energy is primarily 

absorbed by the region of plasma close to the focusing lens due to 

the plasma shielding effect, resulting in a pronounced temperature 

and emission gradient in different plasma regions.22 Therefore, the 

plasma emission is spatially inhomogeneous and anisotropic. In 

the general LIBS measurements, plenty of attentions are paid to 

whether the emission can be observed or how to obtain high-

quality spectral lines. Typically, the signal is acquired in either 

backward or lateral direction, which actually only obtains the 

plasma emission in one direction, making the understanding of the 

overall emission characteristics of the plasma not comprehensive 

enough. What exactly is the difference in the emission 

characteristics of underwater plasma in both different directions 

remains to be revealed, which will not only contribute to a deeper 

understanding of the physical mechanisms of plasma emission, 

but also play an essential role in facilitating the underwater LIBS 

analysis. 

With the rapid electron-ion recombination and plasma cooling, 

the spectral information that can be obtained using conventional 

short-pulse LIBS is limited, with a minor variety and number of 

spectral lines. In this case, the study of the radiative properties of 

the plasma is considered insufficient. For more effective detection, 

several techniques such as double-pulse LIBS,23 surface-enhanced 

LIBS,24 ultrasonic nebulizer assisted LIBS,25 etc. have emerged to 

achieve remarkable signal enhancement. Nevertheless, the plasma 

is actually produced in a gaseous environment or on a solid surface 

by these methods, where the plasma conditions are different from 

those of underwater plasma. Sakka et al. have reported that the 

utilization of a long pulse laser with a pulse width of greater than 

100 ns was able to obtain clear spectral lines of an immersed solid 

target with higher emission intensity and narrower line broadening 

that are less affected by self-reversal phenomenon.26,27 The 

significant advantage of the long pulse was also investigated with 

shadowgraph images of early-stage cavitation bubbles generated 

from a Cu target by a long pulse with the pulse width of 150 ns.28 

The quantitative analyses of the chemical compositions in bulk 

water,29 submerged solids30 and hydrothermal deposits31 were 

performed using long-pulse LIBS. In previous works, we 

investigated the enhancement effect of long-pulse LIBS for bulk 

water and submerged solid targets,32,33 respectively, and found that 

a wider variety and number of spectral lines can be obtained. 

Owing to the continuous heating of the long pulse, the plasma is 

more sufficiently excited, which provides new ideas for better 

understanding the emission properties of the underwater plasma. 

The purpose of this work is to study the emission property of 

plasmas in backward and lateral directions, which generated on the 

surface of an immerged solid target. A short pulse with width of 20 

ns and a long pulse with a width of 160 ns were employed. We 

investigated the difference between the lateral and backward 

plasma emissions by means of characteristic emission and the 

Fraunhofer-typer absorption both for the short and long pulses. 

The emission anisotropy and signal enhancement mechanism of 

underwater plasma excited by a long pulse is analyzed in terms of 

line intensities and broadenings. 

EXPERIMENTAL 

A schematic of experimental setup for underwater Cu target 

detection using LIBS is shown in Fig. 1. The homemade 

multimode laser with a wavelength of 1064 nm and repetition 

period of 1 s was employed as the excitation source. The 

waveform of laser was monitored by an oscilloscope with a PIN-

type silicon photodiode. A long pulse width of 160 ns and a short 

pulse width of 20 ns were utilized accompanying both with a laser 

energy of 14 mJ, respectively. The laser was reflected by a mirror 

and passed through a dichroic mirror before being focused by a 

UV fused silica plano-convex lens with a focal length of 100 mm 

onto the surface of a Cu plate immersed in deionized water. The  
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Fig. 1 Schematic diagram of the experimental setup for underwater LIBS 

detection in backward and lateral directions by using different pulse widths 

of 20 and 160 ns. 

 

 

 

 

 

 

 

Fig. 2 Typical LIBS spectra of the atomic lines of Cu with varied delay 

times observed at backward direction and acquired at two pulse widths of 

160 (a and b) and 20 ns (c and d). 

Table 1. The transition parameters for five atomic lines of the Cu target 

Wavelength (nm) Aki Ei (eV) Ek (eV) 

324.8 1.395e+08 0 3.817 

327.4 1.376e+08 0 3.786 

510.6 2.0e+06 1.389 3.817 

515.3 6.0e+07 3.786 6.191 

521.8 7.5e+07 3.817 6.192 

distance of the Cu plate from the water surface is 10 mm. This 

work intends to comparatively analyze the emission feature 

collected from the backward and lateral direction of plasmas. In 

the backward case, the plasma emission was collected by the focusing 

lens and coupled to an intensified charge coupled device (ICCD) 

(Princeton Instruments, ICCD-1024MTDGE/1) via a Czerny-

Turner spectrometer (Bunkoukeiki, MK-302) after being reflected 

by the dichroic mirror. The used diffraction grating was 1200 

lines/mm, and the slit width was 50 μm, with a resulting spectral 

resolution of 0.2 nm. In the lateral case, a pair of UV fused silica 

plano-convex lenses L1 (f=40 mm) and L2 (f=100 mm) were used 

to collect the plasma emission and then fed into the spectrometer 

for analysis. The timing sequences of the laser and ICCD were 

controlled using a delay generator (Stanford Research Systems, 

DG535). The emission spectra in this work were recorded under 

different delay conditions with a gate width of 50 ns. The spectra 

were averaged for 10 pulses. 

RESULTS AND DISCUSSION 

Backward emission of the underwater plasma. Typical spectra 

of Cu atomic lines induced by lasers with different pulse widths at 

324.8 (2S1/2-2Po
3/2), 327.4 (2S1/2-2Po

1/2), 510.6 (2D5/2-2Po
3/2), 515.3 

(2Po
1/2-2D3/2) and 521.8 (2Po

3/2-2D5/2) nm are shown in Fig. 2. It can 

be seen that the spectral features vary greatly with pulse widths. At 

a long pulse of 160 ns, several clear emission lines with high signal 

to noise ratio were obtained as shown in Fig. 2(a) and 2(b), 

although after a delay of 1000 ns and 800 ns, respectively. The 

more abundant spectral peaks were detected in this case. There 

were slight self-reversal structures in the initial stage at the 

resonance lines of 324.8 and 327.4 nm, which possibly correlates 

with their energy level structures. 

  At the short pulse of 20 ns, a remarkable variation in the spectral 

line profile was observed at the resonance lines, which was 

reported in the previous work.34 Strong continuum radiation and 

two absorption peaks were observed within the delay of 800 ns. It 

is a mechanistical distinction for the formation of these two 

absorption lines compared to that of self-absorption phenomenon, 

which is due to the line emission produced inside the plasma 

absorbed by same type particles in the surroundings.35 The intense 

continuum background radiation emitted outwards from the 

thermal core of the plasma in the initial stage will be wavelength-

selectively absorbed as it passes through the ground and low 

energy levels particles, called ‘cold’ particles, surrounding the 

plasma. Such absorption lines that appear in continuum radiation 

are known as Fraunhofer-type absorption lines, similar to the 

formation of Fraunhofer dark lines in solar radiation.36 The arising 

reasons of absorption at the resonance lines of Cu atomic, on the 

one hand, are directly related to the amounts of ‘cold’ particles in 

the periphery of the plasma. Worse, the target cannot be 

sufficiently irradiated by the short pulse, resulting in the presence 

of a large number of ‘cold’ particles in the surroundings. On the 

other hand, this is likely to correlate with the transition parameters 

at the characteristic wavelengths. Table 1 was established for 

comparing the transition parameters of the five characteristic 

wavelengths.37 Since the lower energy levels of the resonance lines 

are the ground state with a high transition probability, it is 

susceptible to achieve energy level transitions when sufficient 

energy is available. To sum up, that’s why an absorption line could  
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Fig. 3 Line intensities and FWHM of Cu I 324.8 nm as a function of delay 

observed at the backward direction at two pulse widths of 160 (a) and 20 

ns (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Line intensities (a) and FWHM (b) of Cu I 510.6 nm as a function of 

delay observed at the backward direction with two pulse widths. 

be easily detected when a short pulse was used in Fig. 2(c). It also 

explains the possible reason for the slight self-reversal structure 

that occurs during long pulse excitation in Fig. 2(a). Due to the fact 

that there are several spectral lines of the Cu target that are easier 

to be observed, and the energy level structures are different, which 

is conducive to reflecting the differences in the backward and 

lateral spectral emission characteristics of plasmas under the long 

and short pulses, the Cu plate was chosen as the analytical target. 

Moreover, another noteworthy finding is that the emission line 

was observed at 510.6 nm, while without any obvious peak at 

515.3 nm and 521.8 nm in the case of short pulse. Combination of 

Fig. 2(b) and Table 1, the line intensity at 510.6 nm and 515.3 nm 

show the strongest and weakest intensities while 521.8 nm in the 

middle at a plasma temperature of 8372 K obtained by the 

Boltzmann plot.38 As for the Fig. 2(d), the spectral line at 510.6 nm 

still shows up as an emission line due to the low upper energy level. 

And it is comparatively difficult to excite the line at 515.3 nm and 

521.8 nm due to a high upper energy level and relatively low 

transition probability. 

The time-resolved spectral line intensities (intensity for long 

pulse and absorbance for short pulse) and full width of half 

maximum (FWHM) for 324.8 nm at both pulse widths were 

further compared for a full understanding of the temporal 

evolution, the results are displayed in Fig. 3. Lorentz fitting was 

employed to abstract the line intensities and broadening, where the 

integral intensity was defined as the line intensity and the FWHM 

of the spectral lines was defined as the line broadening. It can be 

clearly seen that an initially increasing trend of the line intensity 

with delay was observed, followed by a gradual decrease for a 

pulse width of 160 ns in Fig. 3(a). The line intensity maintained a 

high level within 1500 ns, with an optimal delay time of 200 ns, 

which is in agreement with the results of Fig. 2(a). Note that the 

line broadening with a long pulse presented a gradually decreasing 

trend, even reaching a minimum value of 0.91 nm at 1000 ns. 

While for the pulse width of 20 ns, the absorbance A was obtained 

by A = log10(I0(λ) / I(λ)), where I0(λ) is the continuum radiation 

intensity and I(λ) is the intensity of the absorption line at λ.34 A 

monotonous downward trend of the absorbance can be observed 

as shown in Fig. 3(b). Beyond 400 ns, the absorbances and line 

broadenings of spectral lines cannot be effectively obtained due to 

the poor signal quality, which will lead to a larger fitting error. A 

dense plasma underwater will cause a wide line broadening. The 

self-absorption phenomenon indicates that the broadening of 

absorption lines should be narrower than that of emission lines, 

which can be inferred that the broadening of Fraunhofer-type 

absorption lines is also narrower than that of emission lines. 

Further, it can be seen from Fig. 3 that the line broadening of the 

Fraunhofer-type absorption line with a short pulse is comparable 

to that of the emission line with a long pulse, suggesting that the 

less dense plasma irradiated with long pulses is favorable for 

obtaining lines with narrow broadenings. 
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For a deeper comprehension of the evolution mechanism of 

plasmas excited by the long and short pulse, the line intensities and 

broadenings of the atomic lines of Cu at 510.6 nm were abstracted 

for different pulse widths, as shown in Fig. 4. It can be observed 

that the plasma induced by the long pulse has a longer lifetime. 

The line intensities with short pulses are always kept at a low level 

within 1500 ns, as shown in the inset. When increasing the pulse 

width to 160 ns, a dramatic increase of line intensities was 

obtained, which is enhanced nearly 5 times compared to short 

pulse. Why is the discrepancy so great? The rapid annihilation of 

the plasma irradiated by the short pulse will lead to a remarkable 

decrease in line intensity with delay, yet the sustained heating of 

the long pulse is able to generate a plasma with relatively high 

plasma temperature to acquire a persistently high line intensity.32 

For the line broadening, a narrow one of 0.24 nm at 1200 ns 

demonstrates that the long pulse has a remarkable advantage in 

reducing the line broadening, which is difficult to achieve for short 

pulses. In comparison to the air environment, the line broadening 

of underwater LIBS is wider due to the dense atoms and ions in 

the plasma, resulting in the distinguishing of the elements using 

nearby lines becoming difficult. We would like to emphasize that 

the long pulse is beneficial for the acquisition of less dense plasma, 

which can provide more than 5 times line broadening reduction 

compared to short pulse in the field of emission lines. Meanwhile, 

the Fraunhofer-type absorption lines observed from dense plasmas 

with a short pulse can provide a comparable ability in reducing line 

broadenings to those of emission lines with a long pulse. Therefore, 

we can optimize the underwater LIBS analysis by observing 

emission lines using long pulses or acquiring absorption lines 

using short pulse both at backward collection. More importantly, 

since the absorption is directly related to the number of the ‘cold’ 

particles around the plasma, the Fraunhofer-type absorption has a 

potential for calibration-free analysis. 

Generally, for the short pulse LIBS, although different detection 

methods can be employed to obtain emission or absorption lines, 

the wide line broadening and weak line intensity are not conducive 

for the underwater LIBS detection. As for the long pulse, intense 

line intensities and narrow line broadenings can be detected at the 

backward emission due to the continuous heating to obtain a 

plasma with relatively high temperature and low density. By 

comparing the spectral features induced by short and long pulses 

collected in the backward of the plasma, it is important to 

emphasize that 1) the resonant atomic lines of Cu at 324.8 and 

327.4 nm were observed as emission lines with a long pulse while 

as absorption lines with a short pulse; 2) the three atomic lines of 

Cu near 515 nm were obtained as emission lines with a long pulse, 

while only 510.6 nm line was observed with a short pulse. The 

phenomenon is probably caused by the distinction of the three 

spectral lines in energy level structures; 3) The time-resolved line 

intensities reveal that the plasma excited by the long pulse has a 

longer lifetime accompanying a higher spectral intensity and 

narrower line broadening compared to the short pulse. 

Lateral emission of the underwater plasma. The sustained 

heating by laser pulses and plasma shielding effects lead to a 

predominant distribution of excited-state particles at the plasma 

region closed to the focusing lens,39 accompanying by a handful 

of ‘cold’ particles. Whereas more ‘cold’ particles theoretically 

locate at the periphery of the plasma due to a relatively minor laser 

 

Fig. 5 Typical LIBS spectra of the atomic lines of Cu with varied delay times observed at lateral direction with a long pulse width of 160 ns. (a) and (b) are 

the lines at the resonant atomic lines of Cu within the first 400 ns; (c) and (d) are the three lines near the 515 nm within the first 2000 ns. 
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Fig. 6 Absorbance and FWHM of Cu I 324.8 nm as a function of delay 

observed at the lateral direction with a long pulse width of 160 ns. 

energy can be absorbed. Considering the discrepancy in the 

number of ‘cold’ particles at different directions of the plasma, the 

continuum radiation emitted from the hot plasma core will be 

rendered different degrees of attenuation when observed from 

different directions. Accordingly, the emission characteristics 

should also be different between the lateral and the backward 

directions with long and short pulses. The typical atomic lines of 

Cu at 324.8, 327.4, 510.6, 515.3 and 521.8 nm induced with a long 

pulse by lateral collection are shown in Fig. 5. It can be 

unexpectedly found from Fig. 5(a, b) that the spectral lines, which 

appear as emission lines by backward collection (Fig. 2(a)), 

exhibit as Fraunhofer-type absorption lines by lateral collection 

with a distinct reduction in spectral clarity. The occurrence of 

Fraunhofer-type absorption lines requires a high temperature and 

dense central core of the plasma, which surrounded by a certain 

number of low temperature and low energy level species. The 

resonant atomic lines of Cu at 324.8 and 327.4 nm excited by a 

long pulse observed from the lateral direction appear to satisfy this 

condition, resulting in a high emergence probability of 

Fraunhofer-type absorption at these two wavelengths. As for the 

three spectral lines within the range of 505-525 nm in Fig. 5(c, d), 

the signal quality is distinctly reduced compared to Fig. 2(b). 

There are mass ground and low energy level particles exist in the 

periphery of plasmas due to that less laser energy can be absorbed 

by the particles around the plasma, indicating that the qualities of 

spectral lines collected in the lateral direction should be obviously 

inferior to those collected in the backward direction. 

The absorbances and line broadenings of the Cu atomic line at 

324.8 nm (Fig. 5(a) and 5(b)) were obtained to specify the 

characteristics of absorption lines inducing by long pulses, as 

shown in Fig. 6. Short pulses with a pulse width of 20 ns can 

produce a plasma but are not well excited, and a large number of 

“cold” particles are remained in the plasma region close to the 

focusing lens. In contrast, the long pulse is capable to sufficiently 

heat the species in the focusing region, producing a plasma with 

only a handful of ‘cold’ particles at the backward direction and a 

relatively less ‘cold’ particles at the lateral direction compared to 

short pulses. By comparing the absorbance and line broadening of 

the absorption line at 324.8 nm collected backward with a short 

pulse (Fig. 3(b)) and laterally with a long pulse (Fig. 6), 

respectively, it can be found that the later has a stronger 

absorbance and narrower line broadening compared to the former. 

Once again, the long pulse is demonstrated to provide distinct 

signal enhancement with reduced line broadening. 

Decreasing the laser pulse width to 20 ns, the spectra irradiated 

with a short pulse from the lateral emission were acquired. It can 

be found from Fig. 7 that no peaks were observed either at the 

resonance atomic lines of 324.8 and 327.4 nm or near 515 nm, 

whether emission or absorption lines. The lateral emission of 

underwater plasma excited by short pulses, firstly, possesses a 

large number of ‘cold’ particles, which will absorb the radiation 

and cause severe signal attenuation. Secondly, a weak continuum 

background radiation was obtained relative to the long pulse, 

which is the basic condition for the generation of Fraunhofer-type 

absorption. Besides, the plasma irradiated by a short pulse has a 

rapid annihilation rate making it difficult to obtain high quality signals. 

 

 

 

 
 

 

 

 

Fig. 7 Continuum background radiation without any peaks was observed either for the resonance lines at 324.8 and 327.4 nm or for the atomic lines near 515 

nm in the lateral direction with the pulse width of 20 ns. 
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Fig. 8 Line intensities (a) and FWHM (b) of Cu I 510.6 nm as a function of 

delay observed at the backward direction at two pulse widths. 

The combined effect of above causes contributes to that there are 

almost no peaks in the lateral emission induced by a short pulse in 

this work. Thus, the collection of spectral lines induced by a short 

pulse from the lateral direction is difficult compared to the 

backward, both for absorption and emission spectra. This further 

suggests that the short pulse has a definite disadvantage compared 

to the long pulse in underwater LIBS detection. 

Comparative analysis of plasma emission in backward and 

lateral directions. In order to reveal the radiative distinction 

between the lateral and backward emissions, the spectral features 

at 510.6 nm induced by a long pulse with lateral and backward 

collection were compared as in Fig. 8. It can be found that the 

duration of the plasma emission is longer at backward 

accompanying a significant signal enhancement from Fig. 8(a), 

with the line intensity being increased by more than 17 times. 

Since the continuous heating to the backward of the plasma in the 

pulse duration and the center of the plasma closed to the direction 

of laser injection due to the plasma shielding effect, it is beneficial 

to obtain intense emission in the backward direction. Fig. 8(b) 

shows that the spectral lines collected in both directions have a 

comparably narrow line broadening, while a narrower one seems 

to be acquired at the lateral direction after 1200 ns. Nonetheless, 

there were relatively worse signal-to-background ratios after 800 

ns compared to the backward, which could bring in uncertainty to 

the spectral fitting and reduce the credibility of the results. 

Actually, the laser-induced plasma is often assumed to be 

uniform hemisphere produced on the target of Cu, while the 

resulting plasma is semi-ellipsoidal with an inhomogeneity of 

particles around the plasma due to the sustained heating by laser 

pulses and plasma shielding effects. This phenomenon seems to be 

more obvious in underwater LIBS. Moreover, the plasma region 

in front of the laser focus will move towards the laser focusing lens 

owing to the sustained heating by the laser within the pulse width 

to aggravate the irregular distribution. Such an inhomogeneity will 

lead to a higher population of ‘cold’ particles in the periphery than 

the central high-temperature region of the plasma. In addition, we 

would like to emphasize that it is easier to obtain relatively 

abundant spectral information in different directions of the plasma 

using long pulses compared to short pulses. Finally, the results 

highlight the potential that the absorption lines from lateral 

collection could be combined the emission lines from backward 

collection to improve the capability of underwater LIBS analysis, 

especially underwater LIBS quantification. 

CONCLUSION 

In summary, we have comparatively investigated the underwater 

plasma emission by lateral and backward detection irradiated with 

a short and long pulse, respectively. Time-resolved spectroscopy 

was utilized to understand the radiative features of underwater 

plasmas in both backward and lateral directions with an immersed 

Cu target. For the backward emission, it is found that it exhibits 

different spectral profiles at different wavelengths with the short 

pulse, where shows a Fraunhofer-type absorption at wavelengths 

of 324.8 and 327.4 nm and an emission line at wavelength of 510.6 

nm, probably related to energy level structures. Whereas distinct 

emission lines with high intensities were obtained by long-pulse 

excitation due to the continuous heating to obtain a plasma with 

relatively high temperature and low density, and no Fraunhofer-

type absorption signal was observed. From the radiative features 

of the plasma with different pulse widths, it presents that the 

spectral lines were characterized by a weak intensity and wide line 

broadening with the short pulse, while a significant signal 

enhancement and narrow line broadening with the long pulse can 

be provided to facilitate the underwater LIBS analysis. For the 

lateral emission, not only the plasma radiation induced by the long 

pulse exhibits as absorption lines at 324.8 nm and 327.4 nm, but 

also the three atomic lines near 515 nm exhibit indistinct emission 

lines. On the other hand, there was no obvious spectral lines 

observed for the short pulse. Especially for the long pulse, 

emission intensities at backward were increased more than 17 

times compared to those of the lateral emission. This work reveals 

the difference in the lateral and backward emission characteristics 

of underwater plasmas generated by long and short pulses, 

suggesting that the use of long pulses in combination with 

backward and lateral detections is of great importance for the 

qualitative and quantitative analysis of underwater LIBS. 
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