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An experimental study is performed on the comparative advantages of nanosecond (ns) and picosecond (ps) lasers in laser-induced breakdown
spectroscopy (LIBS) analysis. The experiment focused on the relative efficiencies of the plasma emission induced by the two lasers in low-
pressure Ar ambient gas for samples of various hardnesses. It is shown that the emission intensities are consistenly reduced when the ns laser is
replaced by the ps laser. This is explained as the consequence of the increased power density delivered by the ps laser, which results in a time
mismatch between the passage of the ablated atoms and the formation of the shock wave. The time mismatch in turn leads to less effective
thermal excitation by the shock wave plasma and the hence reduced emission intensity. Furthermore, this adverse effect is found to worsen for
softer samples due to the slower formation of the shock wave. These results are obtained with the same volumes of craters produced by the two
lasers on the same sample, which implies that ns laser irradiation has higher emission efficiency than ps laser irradiation.

© 2016 The Japan Society of Applied Physics

1. Introduction

Since the late 1990’s, several important improvements of
LIBS have been shown in a number of experiments taking
advantage of the features of picosecond (ps) and femtosecond
(fs) lasers.1–13) The much shorter pulses of these lasers are
known to effectively reduce the unfavorable influences of the
relatively long heating of the sample surface, as commonly
encountered in conventional LIBS employing nanosecond
(ns) laser pulses with relatively large ablation energy.14–20)

The longer irradiation pulses may give rise to some thermally
induced complications at the sample surface such as local
volume expansion or even temporary local melting and
recondensation due to cumulative local heating, leading to
atomic migration during the successive ablations on the same
sample spot. In turn, this will induce changes in the local
composition and hence compromise the credibility of the
data. On the other hand, much shorter laser pulses can deliver
the same power density with a much smaller laser output
energy in much a shorter duration of irradiation.

Furthermore, it is worthwhile to recalling the result of a
previous study21) on the pressures dependent plasma emission
intensities of a number of elements such as H, C, O, and Ca
from an agate sample in different ambient gases (Ar, He, N2)
using a ps YAG laser. The result showed widely different
pressure effects on the different analyte atom emission lines,
which further vary with the ambient gases used. It was found
that most of the maximum emission intensities were attained
with Ar gas plasma at a low gas pressure of around 600 Pa. In
a subsequent study,22) the commonly accepted role of shock
wave excitation in the ns-laser-induced plasma emission was
also verified in ps-laser-induced plasma emission. Addition-

ally however, an early (<50 ns after laser irradiation)
transient intensity spike was observed in the plasma
emission, which was induced by collisions between the Ar
atoms in the ambient gas and the ablated analyte atoms
moving at very high initial speeds due to the larger power
density delivered by the ps laser. As the transient spike does
not last much longer than 10 ns, its contribution to the
emission intensity is insignificant when measured in the time-
integrated mode, as performed in this experiment. It was
further noted that the use of very low energy ps laser pulses
has an additional advantage of a minimal destructive effect,
as indicated by the resulting tiny craters of only about 10 µm
diameter and only 10 nm depth.23,24)

In the meantime, the result of another experimental study
on CN emission characteristics using a ns laser was reported
to produce very clean spectra of C and CN emission lines
measured with low-pressure (2 kPa) He ambient gas.25) The
result further shows its potential applications to quantitative
and sensitive CN analysis, which are supported by a nearly
linear calibration curve with an extrapolated of almost zero
intercept. Its application to fossil samples was shown to yield
very sharp C I 247.8 nm and CN 388.3 nm emission signals,
which provide information of the total C content in the
sample and may be useful for in situ radiocarbon dating.
Unfortunately, these favorable emission characteristics are
achieved at the cost of leaving sizeable craters of roughly
0.4mm diameter on the sample surface, which renders the
technique unsuitable for microanalysis. Thus, in view of the
advantages of ps lasers, it is desirable to investigate the use of
a ps laser in Ar ambient gas as a possible alternative. For this
purpose, a further assesment on the basis of the shock wave
excitation model is required to investigate the relative merits
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between the use of ns and ps lasers in Ar ambient gas in terms
of their associated emission efficiencies, particularly for
samples of different hardnesses.

2. Experimental procedure

The experimental setup used in this study is basically the same
as the one described in our previous report.21) The chamber
used is the same special cylindrical chamber of 115mm inner
diameter, which was designed with several entry ports to
allow for the control and monitoring of the specific conditions
inside the chamber as needed for the experiment. For the
current experiment, a ps Nd:YAG laser (Ekspla PL 2143,
1,064 nm, 20 ps, maximum energy of 30mJ) and a ns
Nd:YAG laser (Quanta Ray Lab Series 1,064 nm, 8 ns,
maximum energy of 450mJ) are employed separately, and
are operated in the same Q-switched mode at 10Hz repetition
rate and the same fixed laser output energy of 25mJ for a
reason explained later. The laser beam is focused by a
movable lens of 120mm focal length and directed perpendic-
ularly onto different spots on the sample surface through a
quartz window. Ar ambient gas is chosen in this study as it
was shown to give the maximum emission intensity of the
ablated atoms in a previous study.21) It is found that almost the
same plasma size of 20mm diameter is obtained for both ps
and ns laser irradiations using 150 Pa Ar ambient gas.

The targets used in this experiment are samples with
different hardnesses consisting of pure Cu and Pb as well as
softer samples of black stones, fossils, fresh horn and teflon
as the softest sample. All the samples are cut into platelets of
20 × 20mm2 cross section and 1mm thickness except for the
metal samples, which are 0.4mm thick. The sample chamber
is evacuated using a vacuum pump to a pressure of 1 Pa. Sub-
sequently, the chamber is heated to 200 °C and kept at this
temperature for 30min to remove most of the residual surface
water molecules. High-purity argon gas (Air Liquid, 99.999%
pure) is introduced thereafter into the chamber at a constant
gas flow of 2 l=min until the desired pressure is attained.

The plasma emission is detected by an optical multichan-
nel analyzer (OMA; Andor I+Star intensified CCD 1024 ×
256 pixels), attached to the output port of a spectrograph
(McPherson 2061 with 1,000mm focal length and f=8.6
Czerny–Turner configuration). The spectrograph input port
is connected to an optical fiber, which has its other end
positioned inside the chamber for the collection of the plasma
emission. The spectral window of the detector has a width of
16 nm at 500 nm wavelength, and the spectral resolution of
the OMA system is 0.012 nm at 500 nm wavelength. The
accumulated data of 10 detected spectra from each irradiated
spot are monitored on a screen and recorded to yield the
averaged results presented in this report. The gate delay
and gate width of the OMA system are set at 10 ns and 50 µs,
respectively. The sample surface condition is constantly
monitored during the successive laser irradiations using a
stereo microscope (Nissho Optical Mini Dia Stereo MDS-40)
through a 50mm quartz window installed parallel to the
sample surface. The working distance between the objective
lens and the sample surface is fixed at 135mm.

In order to compare the emission efficiencies of the ns and
ps irradiations, it is necessary to ensure that the same amounts
of materials are ablated by the two lasers by adopting the
appropriate experimental conditions specified by the laser

energy and OMA settings cited above. This is ensured in a
preliminary experiment on the basis that the same estimated
volumes of craters are created by the two lasers. This is
different from a previous study comparing the emission
characteristics of plasmas generated by ns and ps lasers
operated with very different output energies and wave-
lengths.26) In the current study, the depth profiling of a crater
created by the successive laser irradiations is performed by
using a digital microscope (Keyence VHX-700). A three-
dimensional (3D) image of the crater is then constructed from
two-dimensional (2D) images of the crater inner wall recorded
step-wise along the crater axis with a step size of 0.5 µm
during the process. The 3D displays of the craters are then
presented for comparison.

3. Results and discussion

Firstly, the pressure-dependent emission intensities of pure
Cu and Pb samples are measured in Ar ambient gas at various
gas pressures. The results for the Cu I 521.8 nm and Pb I
405.7 nm emission lines of the two samples are respectively
presented in Figs. 1(a) and 1(b). These emission lines are
chosen as they are sensitive emission lines according to the
MIT wavelength tables.27) This experiment is intended to
identify the important factors affecting the time mismatch
effect and thereby the associated emission intensity in the
shock wave excitation process. It is important to note that
the plasmas generated by the two lasers are not significantly
different in size, in contrast to what was observed previously
with a much larger ns laser energy,26) although the ps-laser-
induced emission line has a shorter lifetime than that induced
by the ns laser as shown in the same reference. However,
the intensity profiles shown here refer to the total intensity
measured in the time-integrated mode with specific exper-
imental settings to produce the same crater volume. There-
fore, the emission lifetime is not relevant to our study. It is
seen from this figure that both the Cu and Pb emission
intensities rapidly rise to their maxima at around 3 kPa, which
is followed by a sharp downturn before they continue to
decrease at a lower rate with a further increase in the Ar gas
pressure. A similar pressure-dependent intensity profile has
been observed previously and explained on the basis of the
shock wave excitation model.23)

One further observes from the figure two characteristic
differences exhibited by the emission intensity profiles. One
is related to the different laser pulse widths employed for the
target irradiation. Firstly, the ns pulses consistently outper-
form the ps pulses in terms of emission intensity, in spite
of the higher power density delivered by the ps pulses.
Secondly, the difference is more pronounced in the case of
the Cu target at low pressures. In the first case, the larger
power density turns out to be more effectively converted to
an increase in the Cu speed of Cu atoms, thereby increasing
the time mismatch between the shock wave formation and the
passage of the ablated atoms. In the second case, the poorer
performance of the ps laser is mainly caused by the less
effective compression of the rarefied surrounding gas at very
low pressures, especially by the relatively small Cu atoms. It
is interesting to note, however, that the ns-laser-induced
emission intensity exhibits a faster decline with increased gas
pressure than to that induced by the ps laser. It is understood
that the formation of a shock wave is generally slowed at a
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higher ambient gas pressure, and particularly in the case of
the lower power density delivered by a ns laser. At the same
time the speeds of the atoms ablated with the higher power
density are reduced by more intense multiple collisions with
the gas molecules at a higher pressure. As a result, one sees
the decreasing difference between the two intensity profiles.
The less sensitive pressure dependent intensity variations of
the ps-laser-induced emission may be attributed to the more
effective and faster formation of the shock wave due to the
intensified collisions between the ablated atoms and the
denser gas molecules at higher pressures. It appears that an
eventual balance is reached at a constant time mismatch.

The other case of intensity difference is due to the different
sample targets, and also the other is related to the different
laser pulse widths employed. In the first case, the intensity
difference is most likely due to the very large atomic mass
difference between the two samples (207.19 for Pb as com-
pared with 65.37 for Cu). It is well known24,25,28–32) in the
shock wave excitation model that the analyte atoms are mostly
excited near the shock front where the plasma attains its
highest temperature. In the case of the Cu target, the ablated
Cu atoms, which are relatively smaller and faster moving, may
be less effectively involved in the gas compression process
leading to the formation of the plasma shock wave. In other

words, a significant number of the Cu atoms are likely to move
away from the cluster and ahead of the shock wave front, and
may thus miss the chance for their thermal excitation. This
time mismatch is considered to account for the lower Cu
emission intensity shown in Fig. 1(a). This adverse effect is
expected to be less serious in the case of the Pb target since the
much more massive and slower moving Pb atoms play a more
active role in the generation of the hot shock wave plasma.
Therefore, most of the ablated atoms effectively move at the
same speed as the plasma shock front, and hence do not suffer
from time mismatch as shown in inset of Fig. 1(b), which
results in much stronger intensity as shown by comparing
Fig. 1(b) with Fig. 1(a).

In the following experiment, the same measurement is
repeated on a softer black stone sample, focusing on the H I
656.2 nm and Ca II 393.3 nm emission lines. The very light
analyte H atoms are known to suffer from a large time
mismatch effect,23,24) while the much heavier Ca atoms are
assumed to be responsible for the formation of the shock
wave and should therefore be free from the time mismatch
effect. This measurement is intended to demonstrate the
different effects on their associated emission intensities. Note
that no intensity saturation of Ca II emission is found in our
experiment. The pressure-dependent intensity variations of
the H I 656.2 nm and Ca II 393.3 nm lines obtained from this
sample using both ns and ps lasers are presented in Figs. 2(a)

(a) 

(b) 

Fig. 1. Pressure-dependent emission intensities of (a) Cu I 521.8 nm and
(b) Pb I 405.7 nm lines in Ar ambient gas. The ps and ns laser energies are
both fixed at 25mJ. The gate delay and gate width of the OMA system for ps
and ns lasers are set at 10 ns and 50 µs, respectively.
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Fig. 2. Pressure-dependent emission intensities of (a) H I 656.2 nm and
(b) Ca II 393.3 nm lines in Ar ambient gas obtained from a black stone
sample with the same experimental setup as for Fig. 1.
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and 2(b), respectively. The pressure-dependent intensity
variation of the H I 656.2 nm line measured with the ns
laser is in good agreement with the results reported
previously.23,24) It features a rapid intensity diminution with
increased gas pressure due to the very fast increase in the
time mismatch between the fast passage of the very light H
atoms and the shock wave formation mainly driven by the
other heavier and more slowly moving host atoms including
the major host Ca atoms. Thus, the ablated Ca atoms are
moving at almost the same speed as the shock wave front
with practically no time mismatch. Therefore, the Ca II
393.3 nm emission intensity is much higher than that of the
H I 656.2 nm emission as shown in Fig. 2(b). It is further
noted that, unlike the intensity profiles presented in Fig. 1 for
the ns-laser-induced emission, the intensity profile of the ns-
laser-induced Ca emission remains roughly flat, displaying
little change with increased pressure. This is likely related to
the combined effects of slower formation of the shock wave
due to the softness of the black stone target, which provides
a weaker repulsive force to the ablated Ca atoms, and the
slower speed of the Ca atoms in the denser gas. This resulted
in the synchronized motion of the Ca atoms with the shock
wave front. This large intensity difference, favoring the use
of the ns laser, is seen to persist at higher gas pressures due
to the pressure independence of both intensity profiles.
Basically similar and relatively pressure-insensitive intensity
profiles of Ca II emission are also found in a softer fresh horn
sample, as presented in Fig. 3, which exhibits an even larger
intensity difference in favor of the ns laser. These rather
consistent experimental evidences favoring the use of the
ns laser are clearly of practical importance in applications
and deserve further examination, particularly in relation to
the sample hardness.

It is worthwhile to note that one of the important
application areas of LIBS is the spectrochemical analysis of
organic and biological materials, which are of broad interest
to consumers and related industries. Most of these materials
are of relatively low hardnesses. For these applications, it is
necessary to investigate and verify the relative benefits of a
ns laser compared with a ps laser as suggested by the data
presented earlier. This is conducted by measuring the emis-
sion intensities of the important elements in these samples
such as the softer samples of fresh horn and Teflon. In view

of the obviously more favorable emission intensities at a low
gas pressure, the measurement is performed at 2 kPa in Ar
ambient gas and the result is presented in Fig. 4. One first
sees the trend of rapidly decreasing emission intensity with
decreased hardness of the sample regardless of the type
of laser used. Equally evident is the consistently increased
intensity difference in favor of the ns-laser-induced emission
lines, which implies the preferable choice of a ns laser for
LIBS application to soft samples.

Finally, it is important to emphasize that the higher
intensities in all the ns laser induced emission lines also
roughly imply higher emission efficiencies in this study. This
is because the special experimental conditions (laser energy,
OMA gatings) are chosen to produce the same amount of
ablated materials, as indicated by the same crater volume
produced by the two lasers in each case. Figure 5 shows
the images of craters created from the same samples, which
are separately irradiated with the ns and ps lasers. These are
constructed from the 2D images of the black stone and fresh
horn samples, taken with a digital microscope as explained
in the earlier description of experimental procedure. It is

Fig. 3. Pressure-dependent emission intensity of Ca II 393.3 nm obtained
from a fresh horn sample using the same setup.
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irradiation in Ar ambient gas at 2 kPa.
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clear that the ablated volumes are almost the same for both
samples. This means that the intensity difference shown by
the data is not due to different amounts of atoms ablated from
the sample. Rather, it is related to the different portions of the
ablated atoms, which are effectively excited in the shock
wave plasma associated with the degree of time mismatch
suffered by the ablated atoms. In other words, the intensity
difference has indeed its origin in the different excitation
or emission efficiencies.

4. Conclusions

This experimental study has shown that despite the pre-
viously reported advantages of replacing a ns laser with a ps
laser in LIBS, the latter is clearly less advantageous in terms
of its emission efficiency when applications to soft samples
are considered. This is suggested to be a consequence of the
time mismatch between the shock wave formation and the
passage of the ablated atoms, whose speeds are increased by
the much larger power density received from the ps laser.
This unfavorable effect of a ps laser is shown to increase for
softer samples due to further slow down of the shock wave
formation. Together with the demonstration of roughly the
same crater volumes created by the ns and ps laser pulses,
this clearly indicates the superior emission efficiency of the
ns laser pulses in the cases considered in this experiment.
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