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Steplike Behavior in Grain-Size-Dependent Optical Emission of Plasma Induced
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Optical emission of plasma induced by a pulsed laser ablating the surface of a randomly packed granular
(RPG) material in air is investigated experimentally, taking sieved copper microspheres with discrete
diameters, d, ranging from 49 to 390 um as examples. We find a steplike phenomenon (also called a
critical-like phenomenon) in the dependence of plasma emission on the grain size: when d is less than a
critical size, only weak emissions are detected; however, when d exceeds the critical size, the emissions
abruptly become at least 5 times stronger. Such a phenomenon can be explained by considering the RPG
material as a non-Newtonian fluid with a yield stress and an effective viscosity. Specifically, in the range
of the grain size above (below) the critical value, the RPG target has a yield stress larger (smaller) than
the shock pressure imparted by the energetic processes of plasma generation and expansion, and thus,
behaves like an elastic solid (a viscous fluid) to assist (impede) the formation of the plasma with high
temperature and high density as an optical emission source for spectrochemical analysis. This work not
only has significance in assessing a lower size limit for direct multielement analysis of RPG material using
laser-induced breakdown spectroscopy (LIBS), but also shows that the mechanical characteristics of RPG

material may be probed using LIBS.

DOI: 10.1103/PhysRevApplied.16.024017

I. INTRODUCTION

Since the pioneering work of Wisbrun et al. in the
1990s [1], laser-induced breakdown spectroscopy (LIBS)
has been widely accepted as a promising technique for in
situ multielement analysis of granular materials [2]. With
recent increasing interest in randomly packed granular
(RPG) materials, which are common in natural and indus-
trial processes, such as soils or sands and metal-nonmetal
powders [3—10], researchers have made great efforts to
develop the LIBS-based analysis technique. Although its
attractive features have been demonstrated, from a practi-
cal viewpoint, in contrast to the case of hard block materi-
als, the plasma formed from a RPG surface is usually far
from the ideal case as an optical emission source for spec-
trochemical analysis. This is because as a kind of typical
soft matter, a RPG material generally absorbs a certain
portion of energy and particles belonging to the plasma
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during its generation and expansion, initiating a cratering
process [11] and resulting in significant degradation of the
quality of LIBS signals [12].

Up to now, many efforts have been dedicated to the
improvement of the LIBS signal quality of a soft sam-
ple under the requirement of minimal or even no sample
preparation. Kagawa and co-workers [13,14] reported a
breakthrough study on LIBS of silicon grease by putting
it onto a metal plate as a subtarget. It is demonstrated
that the subtarget compensates for the absence of a hard
surface in the soft-matter case and assists plasma forma-
tion to a level adequate for analysis purposes. Thereafter,
the approach has been expanded to various RPG samples
by putting them on hard subtargets or into small holes
[9,15-22]. Although this approach is more convenient than
other sample preparations, such as RPG samples pressed
into pellets [23], it is not appropriate for many in situ
applications, especially those in challenging environments,
where no form of sample preparation is allowed.

Actually, in studies on LIBS of RPG samples and related
applications, the main purpose of sample preparation is
to give the sample solidlike mechanical characteristics.

© 2021 American Physical Society
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Therefore, the prerequisite for completely eliminating
preparation procedures is that the RPG sample itself can
exhibit “good” mechanical performance to support the
shock pressure imparted by energetic processes of plasma
generation and expansion (hereinafter called laser-induced
shock pressure), reducing, as far as possible, the efficiency
of absorption of energy and particles belonging to the
plasma. For one type of RPG sample with a given grain
packing mode, size distribution, roughness, and shape,
grain size is the most important factor that influences
its mechanical characteristics (usually smaller sizes lead
to poorer mechanical characteristics) [24]. Recent works
have frequently demonstrated that the LIBS signal can be
used for the estimation of a sample’s mechanical character-
istics, more specifically, the estimation of sample hardness
[25-27]. Thus, a study on size-dependent LIBS for a given
type of RPG sample over a wide size range is essential
for understanding the mechanical performance of RPG
material to support such a laser-induced shock pressure.
Furthermore, it is expected to provide useful information
for assessing the feasibility of direct LIBS-based analyses
of RPG materials. However, no studies have been carried
out to tackle the issue.

Here, taking randomly packed copper micrograins with
near-spherical shapes and narrow size distributions as
examples, we carry out a specific experiment to mea-
sure the dependence of LIBS of a RPG material on the
grain size over a range from 49 to 390 um. We present
an observation of a steplike phenomenon (also called
critical-like phenomenon) in the variations of the mea-
sured plasma emission, temperature, and electron density
with the grain size. Combining some photographic mea-
surements on the particle ejecta and the final morphology
of the material’s surface after laser ablation, an interpreta-
tion for the observed steplike phenomenon will be given
by considering the RPG material as a non-Newtonian fluid
and introducing one kind of size effect stemming from the
mechanical performance of the RPG material to support
the laser-induced shock pressure. This study has practical
significance in developing the LIBS technique for direct
analyses of the elemental composition and mechanical
characteristics of RPG materials.

II. EXPERIMENTAL SYSTEM

The copper (Cu) material used in this study comes
from a commercial source, which consists of polydisperse
micrograins (density, 8.9 g/cm?) synthesized through a
hydrothermal method. These polydisperse micrograins are
sieved using stainless-steel wire sieves to prepare nine
size-selected granular samples. The grain shape and size
distribution are measured by scanning electron microscopy
(SEM, FEI Nano450, see Fig. 1), showing that the nine
samples (labeled S,, n = 1-9) have a near-spherical shape
and a narrow distribution around the central diameter

at 390 (360—430), 297 (277-317), 218 (203-233), 132
(122-142), 109 (104—-114), 95 (90-100), 77 (72—83), 69
(64—74), and 49 (44-54) um. Each sample fills the same
cubic container (10-cm side length) to brim and each sam-
ple surface is leveled using a straight edge without any
shaking or noticeable compaction, thus producing nine
loosely RPG samples with fairly flat surfaces. By mea-
suring the mass of grains in the container and the volume
of the container, we determine the packing fractions to be
between 0.56 and 0.59, depending on the grain size.

The experimental arrangement of beam optics, target,
and diagnostics is shown schematically in Fig. 2. A 1064-
nm Q-switched Nd:YAG laser, operating with 7-ns pulse
width and 1-Hz pulse repetition rate, is used as the abla-
tion source. The laser beam is focused using quartz of
80-mm focal length lens (labeled as lens 1). Each sample is
exposed to air at atmospheric pressure. The lens-to-sample
distance is set 68 mm, i.e., the sample surface is positioned
off the focal plane by a distance of 12 mm closer to lens 1.
The laser spot size on the sample surfaces is estimated
by a standard knife-edge method to be about 600 um,
which is sufficiently large compared with the grain sizes
used here. Such an arrangement for the lens-to-sample dis-
tance is beneficial for reproducible breakdown and plasma
plume for each sample. The laser-pulse energy at the sam-
ple surface is measured by using an energy meter and set
at 60, 80, and 100 mJ, thus corresponding to a laser inten-
sity range of (3—5) x 10° W/cm?. A dichroscope (Thorlabs,
DMLP 900) is used to transmit the laser beam and to
reflect the plasma emission light. The emission light is col-
lected by a lens system and a quartz fiber that is coupled to
an Echelle spectrograph (LTB, ARYELLE 200) with an
intensified CCD (ICCD, Andor, DH 334 T) camera. To
ensure meaningful calculations of the spatially integrated
plasma parameters, optical emission spectra are recorded
by employing a delay time of 1 us to the laser pulse and
a gate width of 2 us. Besides the indispensable spectro-
scopic diagnosis, additional photographic diagnoses are
used in the present experiment, including a high-spend
camera (Phantom, V2012) to record the image sequences
of particle ejecta after laser ablation from a side-view
perspective at a frame rate of 100 000 frames/s, and a hand-
held blue-laser three-dimensional (3D) scanner (Shanghai
Digital Manufacturing Co., Ltd) to record the morphology
of the final surface after laser ablation using a resolution of
around 100 gm.

During the experiment, the sample container is moved
on the plane perpendicular to the laser beam using a two-
dimensional (2D) mobile platform. To provide a fresh
point for each laser shot, we use two special operations: (i)
the sample is moved fast enough to avoid the laser shot hit-
ting the granular craters induced by previous laser pulses;
and (i1) the sample in the container is emptied, refilled,
and leveled in the same way after every 60 single-shot
measurements. The entire duration of the cratering process
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involved here is in the order of 100 ms. A laser work-
ing in low-repetition-rate (1 Hz) mode ensures that plasma
formation and spectroscopic measurements of subsequent
laser pulses are almost not disturbed by granular ejecta
induced by previous laser pulses.

Reflector

Nd:YAG 1064 nm

Lens 2

Dichroscope

1CCDY | Spectrograph iy

Digital delay generator

o L

High-speed camera

2D mobile platform

FIG. 2. Schematic diagram of the experimental arrangement.

FIG. 1. SEM images of sieved
Cu grains used in this study. Scale
is given in the frames.

II1. SPECTROSCOPIC RESULTS

We select the three lines of Cul at 510.55, 515.32, and
521.82 nm, which have been frequently used in previ-
ous LIBS studies [28—30], for plasma diagnostics. Taking
the plasma emissions induced by the 80-mJ laser pulse as
examples, in the left part of Fig. 3, we present the emission
spectra (average of 60 single-shot measurements) over the
wavelength range from 508 to 524 nm for the nine samples.
One can see two distinct regions of the emission-intensity
distributions. The plasma emissions are weak for samples
with grain sizes below about 100 xm; however, above the
size value, an abrupt enhancement of the plasma emission
is observed. The features of the emission-intensity distri-
butions with the grain size for 60- and 100-mJ laser pulses
are very similar to the 80-mJ case, and thus, are not shown
here.

To present the grain-size dependence of the plasma
emission more clearly, in Fig. 4, we plot the emission
intensities versus the grain diameter for the three selected
lines. The intensity of each line is obtained by integrat-
ing the corresponding peak area in each spectrum averaged
over 60 single-shot measurements. The error bars are
determined by calculating the standard deviations from 10
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FIG. 3. LIBS spectra of nine loosely RPG samples induced
by 80-mJ laser pulse (left) and corresponding final surface
morphologies after laser ablation (right; scale is given in the
frame).

replicate spectra. It is clearly observed that there is a step-
like behavior in the variation of the emission intensity with
grain size (d) for each line. Specifically, when d is less than
a critical value, d., the intensity of each line is very weak
and significantly depends on the grain size; however, when
d exceeds the critical value, each line intensity abruptly
becomes at least 5 times stronger and only shows a mild
dependence on the grain size. For 80- and 100-mJ laser
pulses, the intensities of the three lines in the d > d, region
are even 1 or 2 orders of magnitude larger than those in the
d < d. region. The specific d. value involved here should
be located in a narrow region between 95 and 135 um.
Plasma temperature and electron density are the two
most important plasma parameters because many other
parameters can be expressed as the functions of these
two parameters. Here, following previous studies [31,32],
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FIG. 4. Emission intensities of Cul lines at 510.55, 515.32,
and 521.82 nm as a function of grain diameter at different
laser-pulse energies.
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FIG. 5. Plasma temperature (a) and electron density (b) as a

function of grain diameter at different laser-pulse energies.

the electron density is calculated by analyzing the Stark-
broadened profile of the Cul line at 510.55 nm with
a Lorentzian fit. The plasma temperature can be deter-
mined, in the framework of the local-thermal-equilibrium
(LTE) approximation, using the Boltzmann plot method.
In this study, we use the Cul lines at 510.55, 515.32, and
521.82 nm to calculate the plasma temperature. These lines
are used because their atomic data are easily available from
the literature [33,34], their emission intensities are always
quite detectable, and self-absorptions are negligible under
the present experimental conditions. The calculated values
of plasma temperature and electron density are plotted in
Fig. 5. One can see that, for the three laser energies, the
plasma temperature and electron density with incremental
grain size exhibit similar steplike behavior to that shown
in the emission intensities of the Cul lines measured. It is
noted that the variations of temperature and electron den-
sity near the critical size are not as steep as the measured
emission intensities.

In a laser-induced plasma, directly influencing the emis-
sion intensity of a spectral line is the number density of
the emitting species and the plasma temperature, since
the line intensity is usually simulated under the LTE
approximation using the following relation [22]:

I; oc Ne©E M0 1y(T). (1)

Here, E; is the energy of the upper level related to the spec-
tral line, kp is the Boltzmann constant, T is the plasma tem-
perature, N is the number density of the emitting species,
and U(T) is the partition function of the emitting species.
Therefore, variations of the number density of Cu atoms
with grain size can be derived by putting the correspond-
ing values of the measured line intensity and calculated
plasma temperature into Eq. (1). Here, we use the spe-
cific line of Cul at 510.55 nm to derive the dependence
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FIG. 6. Relative number density of Cu atoms as a function of
grain diameter at different laser-pulse energies.

of the relative number density of Cu atoms on grain size.
The atomic level data for the calculation of the partition
function of a neutral Cu atom are retrieved from the NIST
atomic level database. The derived results are shown in
Fig. 6. It can be clearly seen that the variations of the rela-
tive number density of Cu atoms with grain size are almost
the same as the line intensities measured, which implies
that, for the current experiment, the number density of Cu
atoms plays a more key role in influencing the observed
grain-size-dependent plasma-emission features compared
with the plasma temperature.

IV. EXPLANATION AND DISCUSSION OF
SPECTROSCOPIC RESULTS

Considering that the disturbances to the plasma for-
mation and the spectroscopic measurement among laser
pulses have been effectively avoided in current experiment,
the only implication from such a steplike phenomenon
shown in Figs. 46 is that certain grain-size-dependent
changes to the physical properties of the RPG samples
occur, resulting in quite different circumstances for plasma
formation in the two size regions below and above the crit-
ical size. According to the fundamentals of laser-matter
interaction [35-37], what we can summarize is that four
physical properties of a given type of RPG material may
have a significant influence on plasma formation: (i) mor-
phological, such as surface roughness; (ii) thermal, such
as thermal conductivity; (iii) optical, such as scattering
coefficient; and (iv) mechanical, such as hardness. Pre-
vious experimental studies [38] have demonstrated that,
for a RPG sample with a smaller grain size, the first
two properties lead to a higher vaporization efficiency in
laser ablation, and thus, to the formation of a “higher-
temperature and higher-density” plasma. This implies that
they are impossible to use to explain the steplike phe-
nomenon observed. For the third property, it is totally out

of the question because the grain sizes involved here are
far larger than the laser wavelength, indicating negligible
differences in scattering efficiency among the samples [6].
Therefore, we deduce that the fourth property plays a cru-
cial role in understanding such a phenomenon observed.
The deduction is also based on two mechanical funda-
mentals of a granular material [24]. One is that the RPG
material is a complex nonlinear mechanical system and
often varies dramatically between solidlike and fluidlike,
depending on external circumstances. Another is that the
mechanical performance of the RPG material to support
a fixed external pressure depends on grain size: usually
smaller sizes lead to poorer mechanical performances.

The complex physical processes in the generation and
expansion of plasma induced by a moderate-energy laser
beam interacting with metallic targets were reported in
detail by Beilis [37]. A series of works by Kagawa and
co-workers [39—41] pointed out that the development of
laser plasma produced in a surrounding gas can be simpli-
fied into two distinct stages. In the first stage, the plasma is
called a primary plasma, which acts as an initial explosion-
energy source to generate a shock wave. At moderate-
laser-power-density ablations, like the present cases, the
shock wave begins to heat the air enough to produce a
laser-supported absorption wave (LSAW). In the second
stage, the plasma expands with time around the primary
one and is heated by the LSAW, which emits sharp spec-
tral lines used for elemental analysis. The most important
point in the formation of the secondary plasma is that its
formation energy is mainly supplied by the total kinetic
energy of the particles gushing from the primary plasma.
Certainly, the absorption of laser radiation by primary
plasma, which includes the plasma plume and shocked
background gas, also contributes the formation energy.
During the formation of the secondary plasma, if certain
portions of the LSAW energy and gushed particles impact-
ing on the sample surface are absorbed due to the poor
mechanical performance for supporting the laser-induced
shock pressure, the formation energy will depend on the
mechanical performance of the sample; poorer mechanical
performances to higher absorption efficiencies, and thus, to
lower formation energies.

Coming back now to the spectroscopic results obtained
by us, higher (lower) plasma temperatures and number
densities of electrons and Cu atoms when d > d,. (d <d.)
indicates that a secondary plasma with high temperature
and high density is (not) well generated in the size region.
To explain the results, we consider the RPG material as a
non-Newtonian Bingham fluid, building on previous stud-
ies [42], that is, a fluid with a yield stress and an effective
viscosity. Our results imply that, in the d > d. region, the
sample has a yield stress larger than the laser-induced
shock pressure, and thus, behaves like an elastic solid. The
LSAW energy and the particles (including electrons and
Cu atoms) gushing from the primary plasma cannot be
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absorbed efficiently by the RPG sample, favoring the for-
mation of a high-temperature and high-density secondary
plasma. Following this line, in the d < d. region, the sam-
ple has a yield stress smaller than the laser-induced shock
pressure, and thus, behaves like a fluid. In contrast to
the case of d > d,., the shock pressure initiates efficient
absorption of the LSAW energy and particles gushing from
the primary plasma, to provide the energy required for
sample deformation, thus impeding the formation of a
high-temperature and high-density secondary plasma. The
absorption efficiency depends on the sample’s mechanical
performance, where the mechanical performance should
have a positive correlation with the effective viscosity (the
resistance to flow). For a RPG material with a higher flu-
idity (or a lower viscosity), it would be expected to have
a higher absorption efficiency. In the d <d, region, the
plasma temperature obtained by us (see Fig. 5) seems to
imply a negative correlation between the fluidity and grain
size under the current experimental conditions.

To provide further evidence for the above interpreta-
tion, the final surface morphologies of the nine samples
after laser ablation with 80-mJ pulse energy are recorded
using a handheld blue-laser 3D scanner and are shown
in the right part of Fig. 3. One can see that, in the size
range of 49 to 109 um, single-shot ablations create clean-
cut granular craters of a few millimeters in diameter;
however, in the size range of 135 to 390 um, clean-cut
craters cannot be well created any more. The presence
(absence) of a clean-cut crater indicates that the samples
exhibit a poor (good) mechanical performance to sup-
port the laser-induced shock pressure, initiating (impeding)
efficient absorption for the LSAW energy and gushed
particles to provide the energy required for sample defor-
mation. Furthermore, two representative movies are also
recorded using a high-spend camera and presented in
image sequence format in Fig. 7, which show the plasma
evolution and subsequent cratering process for the cases
of the smallest and largest grains used in this study (see
Movies M1 and M2 within the Supplemental Material
[43]). In Fig. 7, time ¢ corresponds to a specific delay time
with respect to the laser pulse. Plasma evolution after laser
ablation is depicted by the saturated region on the tar-
get surface (bright spot in images of #=0.01-0.08 ms).
One can see that, for the smallest case, a plasma with
weaker emission and a shorter lifetime is produced, imply-
ing that the laser-induced shock pressure initiates efficient
absorption of energy and particles belonging to the plasma,
to provide considerable energy for sample deformation.
Indeed, a fluent cratering process is directly indicated in
the subsequent images of = 1—-10 ms by an ejecta curtain,
which propagates radially away from the laser spot (Movie
M1 within the Supplemental Material [43]). However, for
the largest case, a plasma with stronger emission and a
longer lifetime is produced and only several grains near
the surface are ejected (Movie M2 within the Supplemental

t=0.01ms 390 um

t =0.04 ms

t=0.08 ms

t=10.00 ms

FIG. 7. Image sequence showing the plasma evolution and
cratering process after laser ablation for the smallest (left col-
umn) and largest (right column) grains used in this study. Scale
is given in the frame.

Material [43]), providing visual evidence that the sample
has a yield stress larger than the laser-induced shock pres-
sure, and thus, behaves like an elastic solid, to prevent
efficient energy absorption and sample deformation.

Now let’s consider the reason why the variations in
plasma temperature and electron density with the grain size
are not as steep as that of the number density of Cu atoms
near the critical size. First, using the FLYCHK tool [44],
we estimate the LTE ratio of the Cu®* state to the Cu™
state based on the Saha-Boltzmann equation with the val-
ues of temperature and electron density shown in Fig. 5 and
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find that the ratios are always less than 0.01, implying that,
if there are no additional electron-compensation channels,
the electrons come almost entirely from the single ioniza-
tion of Cu atoms. If these are the electrons involved in our
experiment, variations in the electron density with grain
size should be very close to the cases of the number density
of Cu atoms because similar portions of electrons and Cu
atoms impact on the sample surface and are then absorbed.
Obviously, the supposition is untenable. A specific fea-
ture of pulsed-laser interaction with metallic targets over a
range of laser power density like that of the current exper-
iment is that the pulse duration is significantly longer than
the initiation time of the primary plasma [37]. The expand-
ing plume of the primary plasma and the shocked air can
thus absorb energy from the incoming laser pulse, lead-
ing to laser shielding. This may indicate that the heated
air atoms indisputably contribute to the electron density
and compensate for the temperature in some way. How-
ever, the situation of the number density of Cu atoms is
completely different from that of the electron density and
plasma temperature. The “poor” mechanical performance
of the sample leads to direct loss of Cu atoms gushing from
the primary plasma without any follow-up compensation
channel.

In addition, for the set of loosely RPG Cu samples used
here, the yield stress depends on both the packing frac-
tion and the grain size. It is natural to ask if the steplike
phenomenon observed is a manifestation of the critical
packing state, as reported by Umbanhowar and Goldman
[45]. We show that this cannot be the case, as follows. An
additional set of RPG Cu samples is prepared in the same
way, except for shaking the samples sufficiently for there
to be no further reduction in volume. For the sake of com-
parison between the two sets of RPG samples, the trends
of the packing fraction and the emission intensity (tak-
ing the 510.55-nm line induced by the 60-mJ laser pulse
as an example) versus the grain diameter are presented in
Fig. 8. One can see that, although the packing fraction in
the tightly packed state has a systematic increase by at least
3.5% for each grain size, the corresponding steplike phe-
nomenon in the size-dependent optical emission occurs at
the same critical size with the loosely packed state. This
implies that the grain size may be the most important deter-
minant of the yield stress of the samples involved here, and
thus, plays a key role in dominating the occurrence of the
steplike phenomenon.

This steplike phenomenon should be a common phe-
nomenon in LIBS of RPG materials. Knowledge of such a
phenomenon is very useful for developing a modern tech-
nique for direct multielement analysis of RPG material
using LIBS. The most difficult problem with the analytical
technique is that the expected linear relationship between
the emission intensity and corresponding element concen-
tration is often flawed due to the irreproducibility of the
plasma produced from the RPG surface with different grain

0.64 T
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FIG. 8. Comparison between loosely and tightly RPG sam-

ples. (a) Packing fractions as a function grain diameter. (b)
Emission intensities of the 510.55-nm line induced by the 60-mJ
laser pulse as a function of grain diameter.

sizes. The steplike phenomenon tell us that this problem
can be controlled in a relatively gentle state once the grain
size is beyond the critical value. In other words, there is
a well-defined grain size above which the RPG material
exhibits favorable mechanical characteristics for LIBS-
based analysis purposes, indicating that any sample prepa-
ration may become unnecessary. This is very important
for related applications in hostile and inaccessible environ-
ments, such as radiation hazards [5] and space exploration
[46—48]. In addition, as mentioned above, when the grain
size is below the critical value, the relationship between
the plasma temperature and grain size (see Fig. 4) seems
to provide information on the size-dependent granular flu-
idity (or effective viscosity) of the RPG sample. No work
has been reported on the analysis of the mechanical prop-
erties of RPG material using LIBS. We believe that this
is of considerable interest for future works. On the other
hand, considering that the yield stress of the RPG material
is the decisive factor for the steplike phenomenon, the spe-
cific value of critical size should depend on many granular
parameters, such as roughness and shape. Further works
are still needed for a better understanding of the role of
each parameter in such a steplike phenomenon.

V. CONCLUSIONS

We investigate the grain-size dependence of the opti-
cal emissions of plasmas induced by laser-ablating RPG
copper samples in the size range of 49 to 390 um. We
find that the optical emission, excitation temperature, and
number densities of electrons and Cu atoms in the plasma
show a steplike phenomenon (also called the critical-like
phenomenon) with increasing grain size, d. Combining
photographic measurements of the image sequences of par-
ticle ejecta and the final surface morphologies after laser
ablation, we demonstrate that the specific grain size related
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to the occurrence of such a steplike phenomenon repre-
sents a threshold, above (below) which the RPG sample
has a yield stress larger (smaller) than the shock pressure
imparted by the energetic process of plasma generation and
expansion, and thus, behaves like an elastic solid (a vis-
cous fluid) to assist (impede) the formation of plasma with
high temperature and high density as an optical emission
source for spectrochemical analysis. The present results
not only have potential use in the assessment of a lower
size limit for performing direct multielement analysis of
RPG materials using LIBS, but also provide a possible
avenue to probe the mechanical characteristics of RPG
materials using LIBS.
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