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We report in this paper the results of an experimental study on the spectral and dynamical

characteristics of plasma emission induced by 1 mJ picoseconds (ps) Nd-YAG laser using spatially

resolved imaging and time resolved measurement of the emission intensities of copper sample.

This study has provided the experimental evidence concerning the dynamical characteristics of the

excitation mechanisms in various stages of the plasma formation, which largely consolidate the

basic scenarios of excitation processes commonly accepted so far. However, it is also clearly shown

that the duration of the shock wave excitation process induced by ps laser pulses is much shorter

than those observed in laser induced breakdown spectroscopy employing nanosecond laser at

higher output energy. This allows the detection of atomic emission due exclusively to He assisted

excitation in low pressure He plasma by proper gating of the detection time. Furthermore, the

triplet excited state associated with He I 587.6 nm is shown to be the one most likely involved

in the process responsible for the excellent spectral quality as evidenced by its application to

spectrochemical analysis of a number of samples. The use of very low energy laser pulses also

leads to minimal destructive effect marked by the resulted craters of merely about 10 lm diameter

and only 10 nm deep. It is especially noteworthy that the excellent emission spectrum of deuterium

detected from D-doped titanium sample is free of spectral interference from the undesirable

ubiquitous water molecules without a precleaning procedure as applied previously and yielding

an impressive detection limit of less than 10 lg/g. Finally, the result of this study also shows a

promising application to depth profiling of impurity distribution in the sample investigated. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922456]

I. INTRODUCTION

Laser Induced Breakdown Spectroscopy (LIBS) for

spectrochemical analysis has found its way into an ever

expanding areas of application in industries and research lab-

oratories, thanks largerly to the rapid technical advances of

the ablation lasers,1,2 and the continued improvement of the

spectroscopic sensitivity and accuracy.3,4 The wide ranging

and growing applications of LIBS are well reported

before.5–10 Along with its growing application, the basic

studies exploring alternative and potentially more favorable

excitation processes have also been carried out resulting in a

variety of improved experimental setups which offer special

advantages for certain important applications.11

One of the important recent improvements of LIBS has

been reported as a result of taking advantage of the deploy-

ments of picosecond (ps) and femtosecond (fs) lasers.12 The

a)Author to whom correspondence should be addressed. Electronic mail:

kurnia18@cbn.net.id
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much shorter pulses of these lasers offer the benefits of reduc-

ing the ablation energy and the undesirable influences of the

long surface heating of the sample as expected with the use

of nanosecond (ns) laser pulse at large ablation energy. This

is because the ps laser can provide the same amount of power

density with much smaller laser output energy in much

shorter duration of irradiation. In an earlier study13 on the

emission characteristics from different gas plasmas induced

by ns and ps Nd:YAG lasers, the emission intensities pro-

duced with either laser pulses were shown to exhibit basically

similar pressure dependent features of shock wave induced

emission. But the use of ps laser was shown to give distinctly

better spectral quality of the emission of H impurity in zirca-

loy sample by using He ambient gas.

Despite the interesting result reported in the above refer-

ences, no specific discussion was presented on the detailed

excitation mechanism operating in plasmas generated by ps

laser pulses of much lower energy in different ambient gases.

For instance, it was not explicitly examined whether the

Sedov relation14,15 also holds for the shock waves generated

by ps laser in different ambient gases. Furthermore, it is

desirable to investigate the dynamical characteristics of the

associated shock wave induced excitation processes in

comparison with those found using ns laser at much higher

energies. Besides, the specific metastable He excited state

involved in the delayed excitation process has yet to be

established among the previously suggested candidates.14

In response to the need of clarifying those issues, the

current study is conducted to investigate the excitation mech-

anisms of the ablated atoms in the different stages of the

plasma formation by a ps Nd-YAG laser at very low ablation

energy in different ambient gases. For this purpose, special

measurements of Cu emission intensities are performed to

provide the detailed spatially resolved and time resolved

information on the plasma emission intensities useful for

revealing the basic dynamical characteristics of the associ-

ated excitation mechanisms, in particular, the specific meta-

stable He excited state involved in the Helium assisted

excitation (HAE) process. Finally, the application to D anal-

ysis is performed to demonstrate the excellent D emission

characteristic with highly sensitive detection limit and the

promising application to depth profiling of D impurity

distribution.

II. EXPERIMENTAL PROCEDURE

The basic experimental arrangement is similar to our

previous work.14 In this experiment, the ps 1064 nm

Nd:YAG laser (Ekspla, PL 2143, 20 ps, maximum energy of

30 mJ) is operated in a Q switched mode at a repetition

rate of 10 Hz with the laser output energy varied from 1 mJ

to 10 mJ yielding a minimum power density of around

20 TW/cm2.

A copper plate (Rare Metallic Co, 4 N), which is known

to have very clean emission spectrum is used as a sample in

the experiment performed for investigating the excitation

mechanisms. In the following measurement to demonstrate

the remarkably excellent spectroscopic characteristics of D

emission and the limit of its detection, a titanium plate doped

with 1000 ppm of D is used as the sample. Whereas a stand-

ard brass sample is used as a target for the time profile

measurement of the triplet emission lines of He, and Zr plate

is also employed in the depth profiling experiment. The

sample chamber is a small, vacuum tight metal chamber of

11 cm� 11 cm� 12.5 cm, which is evacuated with a vacuum

pump and thereafter filled with the selected ambient gas at

certain pressures. Two kinds of gases are used in the experi-

ment; namely, He and N2 (all are prepared by Air Liquid,

5 N). The whole assembly of sample chamber and multilayer

lens can be moved in the laser beam direction with a stepper

motor. It can also be moved stepwise with a micrometer in a

direction perpendicular to the laser beam. Depending on the

experimental need, the sample can either be rotated at 1 rpm

or fixed at a certain position during the irradiation.

The plasma emission (reduced by using an 7 cm� 7 cm

aperture) is imaged 1:1 by a quartz lens (f¼ 150 mm) onto

the entrance slit of the monochromator (Spex M750, Czerny

Turner configuration, f¼ 750 mm). The slit is set for a nar-

row passage of 10 mm in height and 40 lm in width for the

purpose of spatially resolved measurement of the emission

intensity. The electric signal output from the photomultiplier

is fed through a fast preamplifier to a digital storage scope.

Time evolution of the spatially resolved emission inten-

sity is measured by means of oscilloscopic technique with a

time resolution of 50 ns. This measurement is carried out

with the monochromator set for the wavelengths of Cu I

521.8 nm, Cu I 515.3 nm, Cu I 510.5 nm as well as the

wavelengths of He I 587.6 nm and He I 667.9 nm. The posi-

tion of the entrance slit is fixed at a certain distance sidewise

from the secondary plasma. The results of these measure-

ments are used to provide the time profiles of the spatially

resolved emission intensities.

For the depth profiling measurement, a preliminary

experiment is carried out to determine the total number of

laser shots it took to drill through the sample of a known

thickness. Meanwhile the step wise deepening process of the

crater created by each ablation pulse is monitored by the

digital microscope of Keyence (VHX-700), showing the

deepening of the crater with increasing number of laser

shots. The three dimensional image was constructed from

the two dimensional image of the inner wall of the crater,

which is recorded step wise along the crater axis at a step

size of 1 lm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Effects of ablation energy and ambient gas
pressure

In order to ascertain the most favorable pulse energy

and gas pressure for this experimental study, the emission

intensities of the target and ambient He gas are measured

with respect to variation of the laser ablation energies. For

this measurement, pure copper plate is chosen as the sample

with the He ambient gas kept at a constant pressure at 4 kPa.

Fig. 1 shows the energy dependent intensity variations of Cu

I 510.5 nm and He I 504.7 nm emission lines. It is seen that

both Cu and He emission intensities increase with increasing

laser energy up to 10 mJ. While the He emission continues to

223301-2 Idris et al. J. Appl. Phys. 117, 223301 (2015)
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increase linearly beyond that energy, the increasing trend of

Cu emission intensity begins to show a clear sign of satura-

tion followed by a slight reversal thereafter. The obviously

faster increase in Cu emission intensity at the lower energy

range is understandably related to the corresponding increase

in ablated Cu atoms at higher ablation energy. However, the

saturation effect of Cu emission intensity at higher energies

remains less than completely understood in this experiment.

It is important to note that even at 1 mJ laser energy, the Cu

emission intensity is considerably stronger than the He emis-

sion intensity and already strong enough to meet the need for

spectroscopic analysis. Indeed, one does not have much to

gain by increasing the ablation energy, since the increased

emission intensity will be attained at the expense of undesir-

able increase in the background emission and very likely a

larger crater size as well. It is nevertheless interesting to

briefly show the associated plasma feature and compare with

those observed previously by using ns pulses or other kinds

of lasers at much higher energies in different ambient gases.

Fig. 2 shows the plasma observed with the 1 mJ laser

pulse directed to the copper plate in a helium ambient gas at

4 kPa for the laser beam in (a) tight focus and (b) �4 mm

defocus setup. In the first case, the plasma exhibits a hemi-

spherical shape, while a conelike shape is observed in the

second case, resembling what was observed previously using

ns laser at much higher ablation energy.14 The plasmas dis-

play the basic feature marked by the appearance of a tiny pri-

mary plasma of very dense white color right in front of the

target surface, and a much larger secondary plasma growing

out of the primary plasma and displaying a bright green col-

our arising mainly from the Cu I 521.8 nm, Cu I 515.3 nm,

and Cu I 510.5 nm emission lines from the target atoms.

Furthermore, the radius of the secondary plasma is found to

increase with decreasing pressure of the surrounding gas,

resulting in less delineated plasma boundary. All the above

plasma features are basically similar to those observed in the

experiments using N2 laser, TEA CO2 laser, XeCl laser, and

ns Nd-YAG laser in various ambient gases.14

The secondary plasma where the atomic emission is

detected for spectrochemical analysis in LIBS is the out-

growth of the primary plasma due to the formation of shock

wave propagating with a high temperature front which is

responsible for the thermal excitation and the resulted

secondary plasma emission.14 The primary plasma emission

is commonly considered as resulted from the laser induced

target plasma, followed by the recombination and the subse-

quent de-excitation or emission processes. This should be

reflected by the dynamical spectral characteristics of the

primary plasma emission. However, the very short transient

process has so far prevented the direct observation of the

time dependent intensity variation. Instead, a spatially

resolved imaging technique is introduced for this purpose by

measuring the primary plasma emission intensities at differ-

ent distances in the vicinity of the sample surface for a wide

wavelength range. The detection at those different distances

effectively yields the emission data at different times. Fig. 3

shows the primary plasma emission spectra in He ambient

gas at 4 kPa detected immediately after the ps laser irradia-

tion, at two different positions in a plane parallel to and

1 mm away from the target surface which are all located

within the primary plasma. It is seen that Cu emission spec-

trum detected on the plasma axis is marked by a strong con-

tinuum emission background. It becomes visibly reduced

while the emitted spectral lines undergo perceptible narrow-

ing and intensity enhancement at distances further away

from the sample surface. These features can be explained by

the dimisnishing amount of charge particles (ions and elec-

trons) produced initially by the gas breakdown process near

the target surface. The presence of these charged particles is

known to be responsible for the continuum background and

the Stark broadening effect. Their decreasing amount with

increasing time or distance leading to reduction of contin-

uum background and enhanced emission is nicely related to

the rising recombination process following the initial ioniza-

tion process. This result clearly implies the general validity

FIG. 1. Variations of the emission intensities of Cu I 510.5 nm and He I

504.7 nm with increasing laser energy measured from pure copper plate sam-

ple in ambient He kept at 4 kPa gas pressure. The gate delay and width of

the optical multichannel analyzer (OMA) are fixed at 100 ns and 50 ls,

respectively.

FIG. 2. The plasma photograph observed when 1 mJ laser pulse is focused

on a copper plate in a ambient He gas at 4 kPa; (a) for tight focus and (b) for

defocus �4 mm.

223301-3 Idris et al. J. Appl. Phys. 117, 223301 (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:

139.184.14.159 On: Wed, 12 Aug 2015 06:40:21



of the commonly accepted excitation scenario for the

primary plasma emission induced by either ns or ps laser

pulses.

The next measurement of pressure dependent variations

of the spatially and time integrated intensity is performed to

ascertain the most favorable pressures for the next experi-

ment using the 1 mJ ps laser pulse. For this purpose, the posi-

tion of the light collecting assembly is adjusted in order to

capture effectively the desired emission intensity. Presented

in Fig. 4 are the pressure profiles of Cu I 510.5 nm intensities

obtained with the different ambient gases of helium and

nitrogen. It is observed that the results in both ambient gases

display qualitatively similar pressure-dependent characteris-

tics, and both indicate the obvious preference of their uses in

the low pressure regime. It should be noted however that the

maximum intensity is achieved at 600 Pa in nitrogen gas,

whereas it is attained at considerably higher pressure of

4 kPa in He. This together with the overall comparison

between the two profiles clearly suggests the advantage of

He ambient gas in reducing the undesirable effect of pressure

induced intensity diminution. Further comparison of the

relative merits between the two cases will be presented in

Sec. III B devoted to the discussion of excitation mechanism

in the secondary plasma.

B. Shock wave induced excitation mechanism

The excitation mechanisms in the secondary plasma

generated by 1 mJ ps laser in 4 kPa He gas in its early stage

are investigated by examining the transient dynamical

behaviors of the secondary plasma emission, which has not

been studied so far under the current experimental condition.

To that end, the time profiles of Cu I 521.8 nm and Cu I

510.5 nm emission intensities are measured right after the

target irradiation. The result obtained with He ambient gas

at 4 kPa is presented in Fig. 5(a). For comparison, the

results obtained with N2 ambient gas at 600 Pa are given in

Fig. 5(b). In each case, the emission intensity is seen to

undergo a steep rise to its maximum before an abrupt down

turn followed by a long tail of diminishing intensity. This

typical two-stage process related to the excitation stage and

cooling stage appears to be a general feature of the shock

wave plasma emission regardless of the kinds of laser and

ambient gas employed. It is important to note however that

Fig. 5 does reveal a remarkably shorter excitation stage of a

few hundred nanosecond duration compared to the microsec-

ond duration in the case using a ns laser pulses.14 This obser-

vation clearly suggests the possible choice of the gating time

so that the detected emission is mainly induced by the

metastable He excited state for better spectral quality as dis-

cussed in Sec. III C.

We are thus led to examine the shock wave plasma

giving rise to the detected emission of the ablated Cu atoms

in the secondary plasma. The shock wave itself is basically

characterized by the speed of its propagating front according

to Sedov formula15 expressed in terms of its time dependent

displacement as given below:

r ¼ ðE0=a qÞ1=5
t2=5;

where r is the radius of the shock wave induced hemispheri-

cal secondary plasma front marked by the arrival of the

neutral emission line, t is the time measured from the start of

the explosion, q is the gas density, a is the constant involving

the specific heats of the gas, and E0 is the initial explosion

energy. The thermal excitation process is known to take

place mostly around the plasma front where the plasma

attains its highest temperature in concurrence with the

observed sudden rise of emission intensity. Therefore, the in-

formation on the propagation of secondary plasma can be

obtained from the time resolved emission intensity of Cu I

521.8 nm observed at various positions along its propagation

direction. The results for the cases of He and Nitrogen ambi-

ent gases are depicted in Figs. 5(a) and 5(b), respectively,

with the emission lines detected at 2 mm from the sample

surface. The data collected by reading the rising points of

those time profiles measured at various distances for Cu I

521.8 nm emission intensities are plotted in Fig. 6 for the

FIG. 3. The primary plasma emission spectra at 4 kPa He ambient gas

detected right after the irradiation of the ps laser light at positions aligned

with the target surface and 1 mm away from the target surface perpendicular

to the laser irradiation.

FIG. 4. Time and spatially integrated emission intensity of Cu I 510.5 nm as

a function of the pressure of the surrounding gas in He and N2.

223301-4 Idris et al. J. Appl. Phys. 117, 223301 (2015)
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case of (a) N2 gas and (b) He gas. It is seen that the two sets

of data follow the linear log (r)–log (t) relation with 0.4 slope

satisfying Sedov equation for shock wave propagation.

Basically, the same patterns are found from the results meas-

ured with �4 mm defocused laser beams. Meanwhile, a simi-

lar result is also shown in Fig. 6(b) for He gas although the

propagation speed is somewhat lower when measured with

�4 mm defocused beam. This is probably due to the fact that

a larger part of the laser light is absorbed by the helium gas

to create the helium metastable excited state leaving only the

rest of the laser light for the target ablation and hence yield-

ing a weaker shock wave.

As mentioned above, the thermal excitation mechanism

in the secondary plasma is closely related to the temperature

of the secondary plasma at its shock front which decreases

with time in conjunction with the plasma cooling process

due to inter molecular collisions and collisions of molecules

with the chamber wall. The plasma temperatures are meas-

ured by the Boltzmann two-line method, assuming validity

of the Boltzmann distribution in the plasma as described

elsewhere.14 Using the time profiles of the two Cu emission

lines presented in Figs. 5(a) and 5(b), the spatially averaged

temperatures are estimated to have its maximum of 10 000 K

for the case using He ambient gas and 8000 K for the case of

N2 ambient gas.

C. Role of specific metastable helium excited state

It was reported recently that the use of ps laser at low

energy (2.7 mJ) and He ambient gas succeeded to show a

number of favorable features for spectrochemical analysis in

a variety of applications. That was achieved by taking

advantage of the delayed excitation process made possible

by the use of ambient helium gas.16 Specifically, the achieve-

ments are marked by the effective background suppression

and remarkable sensitivity enhancement as evidenced by the

FIG. 5. Time profile of Cu I 521.8 nm

and Cu I 510.5 nm emission intensities

detected at 2 mm away from the target

surface in (a) ambient He gas of 4 kPa

and (b) ambient N2 gas of 600 Pa.

FIG. 6. Log (r)–log (t) plots of time dependent variations of shock wave

front positions (r) deduced from time profiles of Cu I 521.8 nm emission line

measured with (a) 600 Pa N2 and (b) 4 kPa He ambient gases.

223301-5 Idris et al. J. Appl. Phys. 117, 223301 (2015)
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significant lowering of the detection limit in a number of

applications. The report also demonstrated the major and

crucial role of helium metastable excited states responsible

for the excitation process in the secondary plasma, excluding

the contribution of the thermal shock wave excitation mecha-

nism with proper setting of the detection time. It was further

suggested that only the excited states associated with the He

I 587.6 nm (triplet) and He I 667.9 nm (singlet) emission

lines were potentially relavant to the helium assisted excita-

tion mechanism with the former appearing to be the more

dominant one. However, the suggested relative prevalence

between those two excited states is less than conclusive for

lack of detailed experimental evidence showing the intensity

time profiles of those two emission lines and their relative

lifetimes. This leaves the previously proposed model of

HAE mechanism with the need for further clarification.

This need becomes more desirable in this study since a

ps laser with considerably lower energy laser pulses is

employed. To this end, a measurement is performed of the

time dependent intensity variations of those two emission

lines (singlet and triplet) of He using the standard brass sam-

ple of C 1118. Fig. 7 shows the intensity time profiles of (a)

He I 587.6 nm and (b) He I 667.9 nm emission lines detected

at a position 2 mm away from the target surface. It is clear

that by far the most dominant and longer lasting emission in-

tensity is the He I 587.6 nm emission line, confirming

beyond any doubt the triplet excited state (1s1 3d1) of He

associated with this emission line as the one most likely

involved in the excitation process.14,16

D. Application to spectrochemical analysis and depth
profiling

The advantages of the ps laser for spectrochemical

analysis are further demonstrated by its application to Ti sam-

ple containing 1000 ppm of D. The spectrum is presented in

Fig. 8. It is clear from the figure that strong D emission is

obtained with the excellent spectral resolution. It is especially

noteworthy that practically no H emission from the dissoci-

ated water molecules is detected. For comparison, the D emis-

sion spectra obtained previously using higher pulse energy of

7 mJ (Ref. 17) are shown in the inset, where the H emission

line clearly shows up right next to the D emission line. As

mentioned earlier, the reduced heating effect offered by ps

laser combined with the roughly one order of magnitude

smaller pulse energy (it was 7 mJ in the previous report) may

have prevented the dissociation of the ubiquitous water mole-

cules on the sample surface or in the ambient gas.

Furthermore, the limit of detection (LOD) for D that is esti-

mated following the conventional criterion as a ratio of the

signal against three times the noise level is found to be slightly

less than the 10 lg/g detection limit reported previously17

which is well below the tolerated threshold of damaging D

concentration of 800 lg/g in zircaloy vessel used in heavy

water nuclear power plant. The results described above have

thus demonstrated the potential application of this technique

for useful regular quantitative D analysis of zircaloy vessel.

Given the favorable result described above, it is tempt-

ing to investigate its applicability for depth profiling of the

analyte distribution in the sample. This is performed by

measuring the emission intensities of Cu I 515.3 nm and Cu I

510.5 nm emission lines in steps of five successive shots

each. The data collected from the five shots are then

FIG. 7. Time development of (a) He I 587.6 nm and (b) He I 667.9 nm emis-

sion lines at a distance of 2 mm away from target surface measured by using

standard brass target with the He gas pressure kept at 4 kPa.

FIG. 8. Emission spectrum of D I 656.1 nm taken from titanium doped with

1000 ppm of D. The ps laser energy is fixed at 1 mJ and the ambient He pres-

sure is kept constant at 4 kPa. Inset is the same emission spectrum taken

from zircaloy-4 sample containing 1700 ppm of D with ps laser energy fixed

at 7 mJ and the ambient He pressure is kept at 1.3 kPa.
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averaged to produce the spectrum on each trace plotted in

Fig. 9 for the case using the tightly focused laser beams. As

the sample crater is expected to deepen with each step of

irradiation, the intensity variation with respect to the shot

number effectively represents the dept profile of the analyte

distribution in the sample. It is seen from the figure that the

Cu emission intensities are more or less flat over the entire

process of seven steps or 35 laser shots, in good agreement

with the known homogeneity of the sample composition

determined separately. The resulted crater size and shape are

displayed in Fig. 10 for Cu, Ti, and Zr plates both for the

cases of tight focused and �4 mm defocused laser beams. In

the former case, the craters produced after 35 laser shots are

found to have diameters of 15, 18, and 20 lm for Cu, Ti, and

Zr with crater depths of around 1.0, 0.95, and 0.94 lm,

respectively. Meanwhile for the latter case, the crater diame-

ters and depths for Cu, Ti, and Zr are found to be more or

less the same, namely, 60 lm and 0.35 lm, respectively. We

note that the emission intensities under defocus condition are

only slightly lower than those observed under the tight focus

condition. It is well known that for the analysis of three

dimensional impurity distribution, such as H distribution in

zircaloy plate,14 a wide area analysis is preferred which can

be fulfilled with defocused laser beam, resulting in larger

crater diameter of 60 lm.

IV. CONCLUSION

This study provided the experimental evidences on the

transient dynamical characteristics supporting the commonly

cited excitation mechanism in various stages of the plasma

FIG. 9. The emission spectra of Cu I 515.3 nm and Cu I 510.5 nm in copper

plate sample obtained with tightly focused laser pulses. The spectra are

measured stepwise, with every step consisting of data detected from five

successive shots, which are then averaged to produce the spectrum for tight

focus laser beams.

FIG. 10. Illustration of the crater shape

for Cu, Ti, and Zr plates both for tight

focus and �4 mm defocus of laser

beams. Photograph is taken after 35

laser shots.
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generated by 1 mJ ps laser pulses in nitrogen and helium am-

bient gases. The result further shows however that the shock

wave excitation process lasts much shorter (200 ns) com-

pared to those (2 ls) produced using ns laser with higher

ablation energy. With proper setting of the detection time,

this allows the metastable He excited state to play the main

role for the analyte emission in low pressure He plasma. In

particular, the detected spectrum of deuterium in trace

amount from a D-doped Ti sample exhibits a well resolved

emission lines free of spectral interference from the ubiqui-

tous water molecules and yielding a detection limit of

slightly less than 10 lg/g with much less destructive effect

on the sample marked by 10 lm crater size compared to

25 lm cited in Ref. 17. Furthermore, the metastable triplet

excited state of He is also clearly established as the one

involved in the delayed excitation responsible for the excel-

lent spectral quality observed. This experiment also demon-

strates the promising application to depth profiling of

impurity distribution in the sample.
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