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We investigate the effects of temporal laser profile on the emission spectra of laser ablation plasma

in water. We use short-interval (76 ns) double pulses with different pulse durations of the compos-

ing two pulses for the irradiation of underwater target. Narrow atomic spectral lines in emission

spectra are obtained by the irradiation, where the two pulses are wide enough to be merged into a

single-pulse-like temporal profile, while deformed spectra are obtained when the two pulses are

fully separated. The behavior of the atomic spectral lines for the different pulse durations is consist-

ent with that of the temporal profiles of the optical emission intensities of the plasma. All these

results suggest that continuous excitation of the plasma during the laser irradiation for �100 ns is a

key to obtain narrow emission spectral lines. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905392]

I. INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is based

on the emission spectroscopy of laser ablation plasma, and

can be applied to in-situ surface elemental analysis of solid

targets in various environments.1–3 Especially, LIBS has a

potential to be applied even to underwater environments, and

the application to in-situ remote analysis at the bottom of

the sea/lake is highly desired.4–11 However, the emission

spectra of the laser-induced plasma in water are severely

deformed12–14 due to the strong confinement effect on the

plasma.15–17 To overcome this problem, double-pulse or

multi-pulse irradiation with a pulse interval of tens of micro-

seconds4,12,18–22 and single long-pulse (�150 ns) irradia-

tion5,23–26 have been investigated, and the use of such

irradiation schemes have been found to improve the spectral

features of atomic lines for underwater LIBS applications,

i.e., narrow spectral lines are obtained. In the case of single-pulse

irradiation, we have reported in our previous paper23 that the

spectral line shape improves drastically with increasing laser

pulse width, and the pulse width of �150 ns gives narrow

and intense spectral lines, sufficient for the application to

underwater LIBS. In the case of a single short pulse with the

pulse duration of several nanoseconds, however, spectral

lines are severely deformed and their intensity is very low.

Note that such a short pulse is readily obtained by commer-

cial Q-switched Nd:YAG lasers and often employed in LIBS

experiments. On the other hand, the laser-induced plasma in

water is accompanied by a cavitation bubble,27–33 and it

seems important to control the bubble as well for the

observation of narrow spectral lines. In conventional double-

pulse or multi-pulse LIBS, we have to control the pulse

interval so that the second pulse irradiates the target in a

well-expanded bubble produced by the first pulse, and this

pulse interval is usually several tens of microseconds.19 It

has been clarified that the emission spectra obtained by the

single-pulse LIBS are not affected by the hydrostatic pres-

sure up to 30 MPa, i.e., narrow spectral lines are obtained

even at high pressure up to 30 MPa by employing a long

pulse as an irradiation laser.5 On the other hand, the conven-

tional double-pulse scheme with a pulse interval of tens of

microseconds is not suitable for high-pressure environments

more than 5 MPa, because the bubble cannot expand to a cer-

tain volume.4,34 As a result, narrow spectral lines cannot be

obtained at high pressure like 30 MPa by this scheme.

Therefore, the long-pulse LIBS seems to be the best choice

at present for the deep-sea investigations.

However, the long-pulse LIBS, in which typically �100

to 150 ns laser pulse is used, has a problem in shot-to-shot

stability, i.e., the spectral shape and the intensity of the LIBS

signals seriously suffer from the shot-to-shot fluctuations.

This is probably because the slow rise of the leading edge of

the long pulse results in the timing of plasma generation

varying shot-by-shot. On the other hand, short nanosecond

pulse (typically �5 to 20 ns), which is usually used in LIBS

investigations, has a rapid rise of the leading edge, which

means that the timing of the plasma generation with respect

to the pulse peak is almost unchanged. If we could simulate

the single long pulse with a combination of the short pulses

without deteriorating the hydrostatic pressure effects and

obtain the narrow spectral lines like those obtained by the

single long pulse, the problem of the shot-to-shot fluctuation
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by the single long pulse would be solved. The simplest way

to simulate the long pulse by using the short pulses is to use

two short pulses with the pulse interval close to the pulse du-

ration of the long pulse, namely, several tens of nanoseconds

to �100 ns. This new double-pulse LIBS with such a short

pulse interval (� 100 ns) is conceptually different from the

conventional double-pulse LIBS with a pulse interval of tens

of microseconds. While the latter aims at the ablation of the

target in a rarefied gas provided by the well-expanded bub-

ble, the former can be expected to directly excite the hot spe-

cies ablated by the first pulse in an undeveloped bubble. It

should be noted that double-pulse LIBS with such a short

pulse interval has not been reported so far.

On the other hand, in the single long-pulse scheme, the

leading edge of the long pulse (� 150 ns) is known to ablate

the target and produce the plasma,26 while the mechanism to

result in the well-defined spectral lines is not clear so far. It

has been observed that the bubble expands to �100 lm at

the end of the long pulse,26 and hence, later part of the long

pulse interacts directly with the plasma in the bubble, which

is in contrast to the case of short-pulse irradiation. In terms

of simulating the long pulse with the short-interval double

pulses, the second pulse of the double pulse should directly

correspond to the later part of the long pulse. Since we can

control the energy provided by the second pulse independ-

ently from the first pulse, which is simulating the earlier part

of the long pulse, we should be able to assess the effects of

the first and the second pulses separately by the short-interval

double-pulse experiments, and hence, clarify the difference in

the roles of the leading edge and the tailing edge of the long

pulse. Therefore, the short-interval double-pulse experiments

are expected to give important insight into the mechanism by

which narrow spectral lines are obtained using the long-pulse

LIBS.

In the present study, we investigate the effects of tempo-

ral laser profiles on the underwater LIBS spectra by using

double pulses with a short pulse interval. More precisely, we

fix the interval between the two pulses to be 76 ns and vary

the durations of the two pulses from 30 to 100 ns. Since the

two pulses have an identical temporal profile with similar

pulse energies, a variation of the pulse duration results in the

different temporal profiles of the irradiation laser, i.e., fully

merged continuous pulse, slightly pitted merged pulse, and

fully separated pulses in a single shot. We observe the emis-

sion spectra from the laser-ablated target after a certain delay

from the laser pulse as well as the temporal variation of

the total (spectrally integrated) optical emission from the

plasma, and discuss the effects of the laser profiles on the

ablation dynamics. We also discuss the behavior of the shock

wave from the viewpoint of the effect of the laser profile

upon the excitation of the plasma.

II. EXPERIMENTAL

Experimental setup for the measurement of emission

spectra is shown in Fig. 1. A home-built flashlamp-pumped

Q-switched Nd:YAG laser oscillating at the fundamental

wavelength of 1064 nm was used. After the half-wave plate

(HWP), the laser beam was split to two beams by the

polarizing beam splitter (PBS). We prepared the short-

interval double pulse by prolonging the optical path of one

beam, and then combining the two beams again. The ener-

gies of the first and second pulses were 1.4 mJ and 0.9 mJ,

respectively. The total energy was adjusted by adjusting the

energy of the laser amplification, and the ratio between the

energies of the first and second pulses was adjusted by the

HWP. Although we have some pulse-to-pulse fluctuation of

the pulse energy, the drift of the laser output is negligible

within the time span of the experiment. After combining the

two beams, we ensured the exact overlap of the two beams

by measuring the spatial profile of the whole combined beam

using a beam profiler (Thorlabs, BC106-VIS). The interval

between the two pulses was set to 76 ns throughout this

work. The repetition rate of the laser irradiation was 0.3 Hz.

The pulse duration of the original pulse was controlled by

the procedure given in our previous publication,23 and was

30, 50, or 100 ns. The temporal profile of the laser was meas-

ured by detecting a portion of the beam reflected off by a

glass plate. A fast silicon PIN photodiode was used as the de-

tector. Note that the laser intensities obtained for different

pulse widths cannot be compared in this experiment, since

we cannot exactly reproduce the optical setup for the

detection by PIN photodiode, although the shape of the tem-

poral profile is reliable. The laser beam was focused onto a

target surface in the direction normal to the surface by a

70 mm focal-length plano-convex lens. A Cu plate (Nilaco,

CU-113421) used as a target was placed in a quartz cell filled

with pure water (Millipore, Milli-Q). The plasma emission

was focused into an optical fiber bundle (Oriel Instruments,

77 532) by two 60 mm focal-length plano-convex lenses. The

direction of the observation was vertical to the laser propaga-

tion. The end of the fiber was connected to the spectrograph

(Bunkoukeiki, MK-302) equipped with an intensified CCD

(ICCD) (Princeton Instruments, ICCD-1024MTDGE/1). The

slit width and the diffraction grating used in the spectrograph

FIG. 1. Experimental setup for emission spectroscopy of laser ablation

plasma in water with a short-interval double-pulse irradiation.
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are 100 lm and 1200 grooves/mm, respectively. The emis-

sion spectra were measured at the delay time of 1000 ns after

the laser irradiation. The gate width of the ICCD was set to

1000 ns. The trigger level was set to the rising edge of the

laser pulse. We observed spectral lines of Cu I 324.8 and

327.4 nm. Since the lower level for these lines is the ground

state, the emission can be immediately re-absorbed by abun-

dant ground state atoms, and therefore the spectral lines suf-

fer from the strong self-absorption. Therefore, the choice of

these spectral lines allows us a severe test for the effects

upon the spectral deformation.

The shadowgraph images were measured by another

ICCD (Roper Scientific, PI-MAX: 1 K). A flashlamp

(Morris, Hikarukomachi) was used as a back illumination

light. A 10� microscope objective lens (Mitutoyo, M Plan

Apo 10�) and an imaging lens (Mitutoyo, MT-4) were used

as imaging optics. The shadowgraph images were observed

at the delay time of 400 ns after the laser irradiation. The

gate width of the ICCD was set to 5 ns.

The temporal profile of overall emission intensity was

recorded using an avalanche photodiode (APD) (Hamamatsu

Photonics, C5658) with nanosecond time-resolution. To

avoid the detection of the scattering of Nd:YAG laser, four

heat absorbing filters (OD3 at 1064 nm) (Hoya Candeo

Optronics, HA30) were placed in front of the APD.

III. RESULTS AND DISCUSSION

In Fig. 2, an emission spectrum and a shadowgraph

image obtained by the irradiation with a single long pulse

are shown. The pulse energy and the pulse duration were 2.3

mJ and 100 ns, respectively. In the measurement of the emis-

sion spectrum, the delay time and the gate width of the

ICCD were 1000 ns after the laser irradiation and 1000 ns,

respectively. In the measurement of the shadowgraph image,

the delay time and the gate width of the ICCD were 400 ns

after the laser irradiation and 5 ns, respectively. Narrow

spectral lines were obtained, and a shock wave was clearly

observed.

Figure 3 shows the temporal profiles of the double pulse

in the case of three different original pulse durations (30, 50,

and 100 ns), and emission spectra, shadowgraph images, and

temporal profiles of the overall plasma emission intensity,

corresponding to each temporal profile of the double pulse.

As shown in Fig. 3(a), the pulse with a short duration results

in a fully separated laser profile, while the pulse with a long

duration at the same interpulse delay results in a laser profile

in which two pulses are merged. In other words, by the dif-

ferent choices of time durations of double pulses, the laser

profiles with fully merged pulse, with slightly pitted merged

pulse, and with fully separated pulses were obtained.

Figure 3(b) shows the emission spectra of Cu I spectral

lines obtained by the irradiation with double pulses having

three different pulse durations (30, 50, and 100 ns) as shown

in Fig. 3(a). Since the lower level for these emission lines is

the ground state and hence highly populated, the spectral

shape of the emission lines can be easily deformed by the

self absorption effect.35,36 We selected these lines to sensi-

tively detect the effects of the temporal laser profile on the

spectral quality. It is clearly seen in Fig. 3(b) that the shape

of the emission spectra varies considerably depending on the

temporal profile of double pulses. For the individual pulse

duration of 30 ns (fully separated double pulses), the emis-

sion spectrum is extremely broadened and seriously

deformed, and a self-reversed structure appears. The inten-

sity of the lines is low. For the individual pulse duration of

50 ns (slightly pitted merged double pulses), the deformation

and the self-reversed structure seem to be slight. The self-

reversed structure is caused by a temperature gradient along

the detection line of the plasma as well as high density of the

species involved in the transition.35,36 In addition to simple

pulse-width effects, the experimental results in the present

work indicate that the temporal variation of the laser pulse,

i.e., a momentary decrease and subsequent increase of the

laser intensity during the irradiation, causes the spectral de-

formation. For the individual pulse duration of 100 ns (fully

merged double pulses), the narrow spectral lines without de-

formation are obtained, and the self-reversed structure is not

seen. This means that the density of ablated species in the

plasma is low and/or the temperature gradient of the plasma

is smaller compared to that produced by the irradiation with

FIG. 2. (a) Temporal profile of a single long pulse, (b) emission spectrum, and (c) shadowgraph image. The results (b) and (c) were obtained by the irradiation

of a Cu plate in water with the long-pulse laser, whose profile is depicted in the result (a). The pulse energy and the pulse duration were 2.3 mJ and 100 ns,

respectively. For the measurement of the emission spectrum, the delay time and the gate width of the ICCD were 1000 ns after the laser irradiation and

1000 ns, respectively. For the measurement of the shadowgraph image, the delay time and the gate width of the ICCD were 200 ns after the laser irradiation

and 5 ns, respectively.
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fully separated double pulses, provided that the pulse energy

is the same. The above findings in our double-pulse experi-

ments at the same total pulse energy and pulse interval but

with different pulse widths are consistent with the known

facts that, if the pulse energy is kept to be the same, the use

of a high-intensity or equivalently short laser pulse results in

the high shock-induced pressure37 and more ablated species

as well as denser plasma,38 which leads to the severe defor-

mation in the emission spectra due to the self-absorption

effect.

To gain better insight into the effect of double pulses

with short intervals on the ablation dynamics in water, we

now look into the behavior of the shock wave. Note that the

shock wave is generated by the laser-induced breakdown.39

To understand the behavior of energy deposit into the irradia-

tion spot, we took shadowgraph images of the shock waves at

the timing of 400 ns after the rising edge of the laser pulse.

Figure 3(c) shows the shadowgraph images of the shock

waves obtained by the irradiation with the three different dou-

ble pulses as shown in Fig. 3(a). Two distinct shock waves

were generated by the fully separated and slightly pitted

merged double pulses, if we look into the images of Fig. 3(c)

carefully. The presence of the second shock wave implies

that the shock wave can be formed by the second breakdown

at the target surface or in the plasma generated by the first

laser pulse. In contrast, the fully merged double pulses gener-

ated only one shock wave. These results indicate that the

ablation process is different for different laser pulse profiles.

We can gain further insight into the differences of the

plasma excitation mechanism by directly observing the tem-

poral profile of spectrally integrated plasma emissions for

different irradiation laser profiles. Figure 3(d) shows the tem-

poral variation of the plasma emission detected by the APD

with nanosecond time-resolution. Each result corresponds to

the laser profile shown in Fig. 3(a). When the fully separated

double pulses irradiate the target, the plasma emission

decays before the second pulse. In contrast, when the fully

merged double pulses were irradiated, the plasma emission

does not decay during the laser irradiation. Our view of the

roles of the second pulse in the heating process of the plasma

and/or the target is as follows. If we have a dense plasma at

the timing of the second pulse, it is the plasma rather than

the target that is heated. On the other hand, if the plasma has

already been quenched at the timing of the second pulse, it is

the target rather than the plasma that is heated. We would

like to emphasize that the former is favorable to obtain spec-

tra with less self-absorption effect, since the plasma expan-

sion is enhanced due to the further supply of the laser energy

into the plasma, resulting in a less dense plasma at the timing

of the spectral measurement.

To clarify the role of the second pulse, we performed

another experiment in which the second pulse energy was

increased from 0.9 mJ to 3.0 mJ, while keeping the first pulse

energy to be 1.4 mJ. The duration of the individual pulse

was 50 ns. Figure 4 shows the temporal profile of the double

pulse, emission spectrum, and the shadowgraph image. In

Fig. 4(a), one can see the momentary decrease is signifi-

cantly small compared with that in Fig. 3(a) for 50 ns dura-

tion, because we increased the energy of the second pulse.

Narrow atomic emission lines were obtained, and also, the

clear second shock wave was observed.

Shock wave generation is based on the supersonic fluid

motion by an abrupt energy deposition by the laser irradia-

tion. The results shown in Figs. 3(a), 3(c), and 4 seem to sug-

gest that the shock wave is generated at the timing when the

FIG. 3. (a) Temporal profiles of the double pulse with different original

pulse durations, (b) emission spectra, (c) shadowgraph images, and (d) tem-

poral profiles of the overall plasma emission intensity. The results (b)–(d)

were obtained by the irradiation of a Cu plate in water with the double-pulse

laser, whose profile is depicted in the result (a). The interval between the

two pulses was 76 ns. The energies of the first and second pulses were

1.4 mJ and 0.9 mJ, respectively. The pulse durations of the individual pulses

were 30 ns, 50 ns, and 100 ns. For the measurement of emission spectra, the

delay time and the gate width of the ICCD were 1000 ns after the laser irra-

diation and 1000 ns, respectively. For the measurement of shadowgraph

images, the delay time and the gate width of the ICCD were 400 ns after the

laser irradiation and 5 ns, respectively.
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temporal laser profile shows a rapid increase, and the pres-

ence of the plasma at this timing does not matter for the for-

mation of the shock wave. The second shock wave is clearly

seen in Fig. 4, while the optical emission from the plasma is

expected to be still quite intense at the timing of the second

pulse, which is suggested by the temporal profile of the

plasma emission shown in the middle panel of Fig. 3(d).

This suggests that the second pulse induces the breakdown

under the presence of the plasma. The observation of the

shock wave is interpreted as an abrupt energy deposition, but

we cannot specify either the plasma or the surface to which

the energy of the second pulse is directly deposited.

Observation of the narrow emission lines does not nec-

essarily mean that the shock wave is not generated by the

second pulse. Maintaining the plasma during the entire laser

irradiation is rather essential to obtain the narrow emission

lines. Although the second pulse supplies the same pulse

energy in the experiments with different pulse durations

shown in Fig. 3(a), the resultant optical emission spectra

considerably depend on the duration of the individual pulse

(Fig. 3(b)). It seems that a continuous supply of the laser

energy without an interruption is favorable to obtain thin and

sustainable plasma, leading to the narrow spectral lines and

intense emission (see Figs. 3(b) and 3(d)). In the rising edge

of the plasma emission profile for the case of 50 ns in Fig.

3(d), we can see a rapid rise of the intensity first, and then a

small plateau-like structure followed by a rapid rise again.

The timing of the second rise corresponds to the timing of

the second pulse irradiation and the rapid energy deposition

to the plasma could cause the second shock wave as we can

see it, although not very clear, in Fig. 3(c), in the case of the

pulse duration of 50 ns.

Consequently, in the case of a long-pulse irradiation the

plasma generated at the leading edge of the long pulse is

continuously absorbing the laser energy during the pulse to

fulfill relatively low-atomic-density condition, which is suit-

able for underwater LIBS measurements. We would like to

emphasize that the important point is not to control the total

energy deposited to the irradiation spot during �100 ns, but

to continuously heat the plasma rather than the target surface

for �100 ns. In addition, in the single long-pulse LIBS, the

bubble expansion at the timing of spectral measurements is

not affected by the external pressure.40,41 This leads to the

conclusion that the temporal duration of the irradiation laser

for underwater LIBS under high pressure should be long.

However, this does not necessarily mean that single long-

pulse irradiation is the best because it gives quite a large

shot-to-shot fluctuation due to the slow rise of the leading

edge. The present results show that the rapid rise of the laser

profile does not deteriorate the spectral feature of the LIBS

signal, as long as the plasma is continuously excited during

the laser irradiation of �100 ns. Therefore, by employing the

combination of a short first pulse and a long second pulse,

we expect narrow spectral lines like those obtained by a sin-

gle long pulse, and at the same time, a lowered shot-to-shot

fluctuation due to the stable plasma initiation with the first

pulse being sufficiently short.

IV. CONCLUSIONS

In the present study, we have investigated the effects of

the temporal laser profile of the short-interval (76 ns) double

pulses on the spectral shapes of the underwater LIBS signal,

i.e., emission spectra of the laser-ablated species from the

target submerged in water. To control the temporal laser pro-

file, we have employed double pulses with different dura-

tions (30, 50, and 100 ns) of individual pulses. If the

individual pulse duration is long, the temporal laser profile

of the double pulses is fully merged into a single long pulse,

and the corresponding emission spectra exhibit sharp peaks,

which is very favorable for the elemental analysis of the tar-

get in water. If, however, the individual pulse duration is

short, the corresponding emission spectra are deformed. We

have clarified that the above difference originates from the

different dynamics of plasma to absorb laser energy. The key

to obtain narrow emission lines suitable for underwater LIBS

is to continuously supply energy into the plasma, rather than

the target surface, by the laser with a duration of �100 ns or

longer. The generation of the second shock wave is not

directly related to the observation of the narrow spectral

lines. However, if the plasma is extinguished at the timing of

the second pulse, the shock wave is generated by the ablation

FIG. 4. (a) Temporal profile of the double pulse, (b) emission spectrum, and (c) shadowgraph image. The results (b) and (c) were obtained by the irradiation of

a Cu plate in water with the double-pulse laser, whose profile is depicted in the result (a). The interval between the two pulses was 76 ns. The energies of the

first and second pulses were 1.4 mJ and 3.0 mJ, respectively. The pulse duration of the individual pulse was 50 ns. For the measurement of emission spectrum,

the delay time and the gate width of the ICCD were 1200 ns after the laser irradiation and 1000 ns, respectively. For the measurement of shadowgraph image,

the delay time and the gate width of the ICCD were 400 ns after the laser irradiation and 5 ns, respectively.

023302-5 Tamura et al. J. Appl. Phys. 117, 023302 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.54.110.71 On: Wed, 08 Apr 2015 06:50:10



of the target surface, and in this case we always observe the

deformed spectra. Our findings suggest that the short-

interval double pulses composed of the short first pulse and

the long second pulse would be the optimal choice, where

the stable initiation of the plasma is expected by the first

short pulse and the narrow spectral lines are expected by the

continuous energy supply into the plasma by the second long

pulse.
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