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Abstract Double-pulse laser-induced breakdown spectros-
copy (DP-LIBS) has been shown to enhance LIBS spectra.
Several researchers have reported significant increases in
signal-to-noise and/or spectral intensity compared to single-
pulse (SP) LIBS. In addition to DP-LIBS, atmospheric
conditions can also increase sensitivity. Thus, in this study,
a collinear DP-LIBS scheme was used along with manip-
ulation of the atmospheric conditions. The DP-LIBS
scheme consisted of an initial 45-mJ pulse at 1,064-nm
fired into a sample contained in a controlled atmospheric/
vacuum chamber. A second analytical 45-mJ pulse at
1,064-nm was then fired 0 to 200 μs after and along the
same path of the first pulse. Ar, He, and air at pressures
ranging from atmospheric pressure to 1 Torr are introduced
during DP-LIBS and SP-LIBS experiments. For a brass
sample, significant increases in the spectral intensities of
Cu and Zn lines were observed in DP-LIBS under Ar
compared to DP-LIBS in air. It was also found that Cu and
Zn lines acquired with SP-LIBS in Ar are nearly as intense
as DP-LIBS in air. While collinear DP-LIBS is effective for
increasing the sensitivity for some reduced atmospheres
(i.e., Ar and air at 630 to 100 Torr and He at 300 Torr), the
enhanced spectral intensity ultimately dropped off as the
pressure was reduced below 10 Torr for all atmospheric
compositions in the experimental arrangement used in this
study. At all pressures of air and Ar, the plasma
temperature remained rather constant with increased

inter-pulse delays; however, the plasma temperature was
more variable for different He gas pressures and inter-
pulse delays.
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Introduction

Laser-induced breakdown spectroscopy (LIBS) is a spec-
troscopic technique that uses a focused, pulsed laser to form
a plasma in air as well as in or on liquid and solid surfaces
[1–9]. By analyzing the emission spectra from the LIBS
plasma, the atomic composition of an analyte can be
determined. No sample preparation is necessary for LIBS,
making it a very popular technique in many applications
that include environmental monitoring [10–12], material
analysis [13], forensics [14], characterization of fossils [15],
biological identification [12, 16], analysis of works of art
[17], and space exploration [18, 19]. Though the applica-
tions of LIBS are vast, LIBS suffers a disadvantage in
sensitivity when compared to other spectroscopy techni-
ques, such as inductively coupled plasma atomic emission
spectroscopy (ICP-AES) [20–24].

Double-pulse LIBS (DP-LIBS) is typically used to
improve sensitivity compared to single-pulse LIBS (SP-
LIBS) [25]. DP-LIBS involves the use of two laser pulses,
either collinear or orthogonal, that are separated temporally
on the order of nano- or microseconds. An orthogonal
configuration uses a non-ablative pulse parallel to the
surface after the ablative pulse is fired into the sample [1,
26–36]. Using an orthogonal DP-LIBS configuration with a
non-ablative pulse fired above the surface followed by an
analytic/ablation pulse, Stratis et al. found a 20-fold
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improvement in LIBS spectral intensity compared to
SP-LIBS on glass [34]. Scaffidi et al. used an orthogonal
DP-LIBS method with a pre-pulse fired into the sample first
[33]. The first laser pulse was generated from a femtosec-
ond pulse-width laser and was followed by a nanosecond
pulse-width laser (the analytical pulse) fired above the
surface through the ablation plume created from the first
pulse. This femtosecond–nanosecond method resulted in
significant 30-fold increase in spectral intensity. In a
collinear configuration, both laser pulses are fired along
the same path, and the LIBS measurement is made from the
plasma generated by the second laser pulse. Sattmann et al.
used this method, which resulted in twofold increase in
spectral intensity and a sevenfold increase in ablation [37].
Both orthogonal and collinear DP-LIBS can improve
spectral intensity and signal-to-noise (S/N); however,
depending on the available equipment and application,
one or the other maybe preferred.

It has been noted in the literature that the mechanisms
that lead to signal enhancement in DP-LIBS are not clear
[38, 39], and some proposed mechanisms are often
contradictory [40]. While the DP-LIBS process is highly
complex, there are three factors that appear to be of primary
importance in producing signal enhancements: (1) pulse-
plasma coupling energetics between first laser-induced
plasma (LIP) and the second laser pulse and LIP, (2)
sample heating in the context of the plasma produced by the
first laser pulse, and (3) local atmospheric pressure and
number density effects [39, 40]. A simplified description of
the collinear DP-LIBS process starts when the first laser
pulse interacts with the sample matrix beginning the sample
heating and ablation process. The first LIP then freely
expands into the cold environment of the buffer gas [40].
This expansion is similar to that postulated for SP-LIBS
that would involve a low-pressure region with forward
particle flow, in the direction of the ablating laser pulse that
is usually normal to the sample surface [41]. The first stage
is followed by a transition regime with momentum
transferred to the buffer gas forming a shock wave that
would be followed by a diffusion stage at higher gas
pressure. The result would be a confined, sphere-like
structure for the first LIP or SP-LIP [42]. During the
expansion, the first LIP loses some energy in the process of
ionizing the buffer gas. The second laser pulse in DP-LIBS
interacts with the heated environment of the first LIP and
sample created by the first laser pulse. The preheated target
surface produced by the first laser pulse and LIP reduces
the breakdown threshold as well as the background gas
density behind the shock wave of the first LIP [43], which
reduces the laser shielding for the second laser pulse [26].
The rarefied gas and higher temperature produced by the
first LIP creates an environment that leads to a faster and
greater expansion of the plume for DP-LIBS compared to

SP-LIBS [36, 40]. Expansion of the second LIP in the
rarefied gas created by the first LIP saves some of its
energy, leading to an increase of the emission signal.
DP-LIBS signal enhancements include increased detection
time and emission volume that result from a combination of
effects [25, 39].

There also appears to be an agreement that the DP-LIBS
mechanisms are dependent on the inter-pulse delay. For
example, more efficient ablation is observed for inter-pulse
delays less than a few hundred nanoseconds. This is
rationalized because of the pre-heated sample and rarefied
atmosphere in front of the target created by the first laser
mentioned above that reduce the breakdown threshold [38,
40]. However, with longer delays, the sample has time to
equilibrate with the environment produced by the first laser
pulse, and there is less increase in mass ablation. Galbacs
et al. [43] have suggested that this mechanism may last
through inter-pulse delays as long as 10 μs. Another plasma
condition that varies with inter-pulse delay is the plasma
temperature, which is higher with DP-LIBS and leads to
longer lifetimes; however, the effect gets averaged out with
integration over the whole plasma volume [40] and with
longer inter-pulse delays [38]. Thus, longer inter-pulse
delay times between development of the first LIP and the
second laser pulse tend to negate effects observed with
short, nanosecond inter-pulse delays.

In addition to DP-LIBS, atmospheric conditions (i.e.,
pressure and gas composition) also impact the observed
spectral intensity [44, 45]. Gas composition also influences
LIBS spectra and can be used to increase signal intensity.
Results reported by Iida [45] revealed that that He and Ar
atmospheres were both effective for increasing LIBS
spectral intensity compared to air at one atmosphere
(∼760 Torr). At higher pressures, there are more collisions
with the buffer gas, which leads to decreased plasma
lifetime, but an enhancement of energy transfer from buffer
gas to analyte [46]. Heavier buffer gases lead to slow plume
expansion, resulting in shorter plasma length and better
plasma confinement [47, 48]. The mass ablation can also be
affected by the gas composition. While the ablation rate
dropped in the order He>Ne>air>Ar, Sdorra and Niemax
[49] reported the signal intensities were found to decrease
in the order of Ar>Ne>He. These observations were
attributed to stronger plasma excitation in argon. Similar
to DP-LIBS, expansion of a laser produced plume in a
background, or buffer gas, is also complicated and difficult
to model thoroughly [41, 50]. This can be further
complicated when changes in pressure are included [46].
Reduced pressures have been used to increase spectral
resolution and S/N, but often at the expense of signal
intensity [44, 51]. However, Iida [45] found that as pressure
was decreased to 100 Torr, LIBS spectral intensity
increased for both Ar and air buffer gases. If pressure is
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decreased too far, then the LIBS intensity tends to erode
because of the lack of plasma confinement. At reduced
pressures, the plasma expansion is more elongated [52].
The spectral intensity increase at low pressures is likely due
to reduced plasma shielding, resulting in more ablation as
well as reduced Stark broadening [44]. Similar to DP-LIBS,
the mechanisms responsible for the observations related to
gas composition and pressure are not fully understood,
partly because of the variations in experimental conditions
[44].

In this study, a collinear DP-LIBS scheme was used
along with manipulation of the atmospheric conditions to
investigate the potential for further improvements in
sensitivity. Since the second laser pulse in the orthogonal
DP-LIBS method is parallel to the surface, it would become
progressively more difficult for the second laser pulse to
intersect the laser-induce plasma (LIP) created by the first
laser pulse because as the atmospheric pressure is reduced,
the plume elongates along the path of the first ablative laser
pulse [52]; thus, a collinear arrangement was employed in
this study. The effect of DP-LIBS was evaluated in Ar, He,
and air at pressures ranging from atmospheric pressure to
1 Torr. For evaluation purposes, the DP-LIBS results were
compared with those for SP-LIBS experiments under the
same atmospheric conditions.

Experimental

The collinear DP-LIBS experimental setup with atmo-
spheric chamber is illustrated in Fig. 1. Two laser pulses,
both at 1,064-nm, were combined into the same beam path
with a beam splitter. A Continuum Powerlite II Nd:YAG
(Santa Clara, CA, USA) supplied the first pulse (45-mJ),
and a Continuum Surelite I Nd:YAG (Santa Clara, CA,
USA) supplied the second pulse (45-mJ). The timing
between the two pulses was controlled with a delay
generator and monitored with an oscilloscope from the
laser Q-switch. A single-pulse is assumed when the inter-
pulse delay is 0-s, which would provide the equivalent total
laser energy produced by DP-LIBS (90-mJ). The laser
pulses were focused onto a brass sample housed in a

controlled atmospheric/vacuum chamber, which was purged
with air, Ar, or He. The pressure of the bath gases was
varied from atmospheric (630 Torr at an elevation of
1,430 m) to 1 Torr, which was measured using a pressure
gauge. To minimize changes related to laser ablation depth,
the sample was moved between experiments using an
x,y-translation stage.

LIBS measurements were taken perpendicularly to the
plasma expansion along the direction of the incident laser
beam (i.e., perpendicular to the sample surface). The
optical collection geometry was chosen for efficient plume
coverage, with a field of view (FOV) of up to 1 in. (∼25-mm)
from the target surface. To obtain the most representative light
collection as possible, the sample desorption location was set
at the focal length of the lens to minimize divergence. The
collection angle of the fiber optic bundle with a numerical
aperture (NA) of 0.22 is 25.4°. A fused silica lens with 2 in.
diameter with an 85-mm focal length and NA of 0.299 was
used that translates into a total collection angle of 34.8°, which
is greater than the acceptance angle of the fiber optic.
Therefore, the sample location was set at approximately the
mid-point of the lens. This geometry was used to ensure that
light from the sample was within the acceptance angle of the
fiber optic bundle (lens half-angle 17.4°). Fiber optic was
located at approximately the focal length of the lens (85-mm).
Because the quartz vacuum window (thickness of 0.105-mm,
refractive index 1.4585) bends the light in slightly, the fiber
optic location was adjusted to optimize the signal.

The fiber optic was coupled to an Acton SpectraPro®
500i Czerny-Turner spectrometer (Acton, MA, USA)
equipped with a Princeton Instruments PI-max 512×512
pixel ICCD camera (Trenton, NJ, USA). The spectrograph
used an 1,800-g/mm grating for measurements of the
481-nm zinc line and a 150-g/mm grating for broadband
measurements. The inter-pulse delay of the DP-LIBS
experiment was varied from 0 to 120 μs. The ICCD was
operated with a 20-μs gate width and a delay of 1 μs after
the firing of the second laser pulse. SP-LIBS experiments
were conducted by setting the inter-pulse delay to 0-s so
that the energy equivalent to the two laser pulses was
preserved [26]. Winspec/32®, provided by Princeton Instru-
ments, was used to control the spectrograph and camera to

Fig. 1 Experimental setup for
collinear DP-LIBS with variable
atmospheres
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collect spectra. Unless specified otherwise, reported spectra
are accumulations of eight shots. Spectra were exported in
ASCII and plotted in MatLab® from MathWorks® (Natick,
MA, USA). The peak area was calculated and a baseline
was subtracted in MatLab®.

For excitation temperature measurements, the 150-g/mm
grating was used to measure the lines 510.6, 515.3, and
521.8 nm from Cu emission. The peak areas from these
lines were used to create a Boltzmann plot for each
condition using the equation Ii=giAi/1 exp[−Ei/(kTe)]. In
the Boltzmann equation, Ii is the line intensity, k is the
Boltzmann constant, and gi, Ai, Ei, and 1 are spectroscopic
constants corresponding to the statistical weight, transitions
probability, energy of the excited state, and wavelength,
respectively. Spectral constants found in Hafez et al. [46]
were used. After rearranging and taking the natural log of
the Boltzmann equation, the line intensity and constants
were used to create an x,y-plot, from which the excitation
temperature, Te, was determined from the slope.

Results and discussion

The complexity of DP-LIBS and variations of LIBS results
with gas composition and pressure may partly be due to the
experimental configurations and parameters [43, 44].
Bogaerts et al. [38] noted that the trend in plasma
temperature for DP-LIBS is generally reported to increase,
although some reports show negligible change or even
lower temperatures. These types of variation may depend
on the experimental configuration as well as the observa-
tion times. Because of these complications, this study was
conducted to survey the effects that combing DP-LIBS with
various gas compositions and pressures would have on
signal intensity with the current experimental setup.

A collinear DP-LIBS configuration was used in this
experiment due to the simplicity of the experiment and its
compatibility with LIBS plume geometry at reduced
pressures. As the first laser plasma expands toward the
laser source, the second laser pulse will intersect a larger
portion of the first laser plasma than if an orthogonal
arrangement were used. If the ablative pulse is fired first
and the analytic pulse is fired second in an orthogonal
configuration, the ablative plume will vary wildly in size
and density similar to SP-LIBS work reported by Yalcin
et al. [52]. Thus, firing a pre-ablative pulse in an
orthogonal DP-LIBS configuration above a surface at
reduced pressures may result in no plasma formation
because plasma intensity of gases decrease with decreas-
ing pressure in low pressure regimes (less than 400 Torr)
[53]. In orthogonal DP-LIBS, the location at which the
analytic pulse is fired in the plume would be another
variable, making the study difficult to extract meaningful

information. Therefore, a collinear arrangement was
selected for this study.

SP-LIBS serves as the benchmark against which
DP-LIBS results are compared. In the literature, not all
DP-LIBS experiments compare SP to DP in the same
manner [40]. For an appropriate comparison of collinear
DP-LIBS with SP-LIBS, it is important that the laser energy
deposition for the two experiments be as similar as
possible. When a single laser is used that can provide two
pulses separated by a variable delay, the SP-LIBS has been
performed either with a single laser pulse equivalent in
energy to the two laser pulses [37] or with an inter-pulse
delay of 0 s between the pulses [26]. In the present case,
two different lasers are used to provide the two pulses for
DP-LIBS; therefore, SP-LIBS experiments were performed
with an inter-pulse delay of 0 s so that any variation in laser
beam quality between the two lasers would be preserved
and replicated for SP-LIBS. However, it should be noted
that SP-LIBS is not always defined in the same manner in
the literature. Sometimes, it is stated that the first laser pulse
is equivalent to SP-LIBS or that energy of the DP-LIBS is
twice that of SP-LIBS [38, 40]. Therefore, care must be
taken to clarify or know what comparison is being made
when interpreting DP-LIBS versus SP-LIBS results.

An atmosphere of Ar seems to result in the most intense
spectra as seen in Fig. 2 that compares a DP-LIBS spectrum
with an 80-μs inter-pulse delay in 630 Torr Ar with a SP-
LIBS spectrum in 630 Torr air for a brass sample. The
increase in intensity is related to an increase in sensitivity.
For example, the ratio between the S/N for the spectrum
acquired in 630 Torr Ar with a 80-μs inter-pulse delay and
the S/N for 630 Torr air with 0-μs inter-pulse delay is about
∼70. In addition to an increase in intensity of the Cu lines at
510, 515, and 521 nm, the Zn lines also increased. Because
Zn is the minor component of the brass sample (∼5%), the
changes in the Zn line at 481-nm were used to monitor
effects of atmospheric changes, and the experiments were
repeated to observe changes in the Cu lines for temperature
measurements.

In Fig. 3a, DP-LIBS in 300 Torr air with a 30-μs inter-
pulse delay has approximately a fivefold increase in intensity
when compared to SP-LIBS in air for the 481-nm Zn line.
Figure 3b plots the peak area of the 481-nm Zn line versus
inter-pulse delay at different pressures of air. It can be seen
in Fig. 3b that the maximum intensity is seen in 300 Torr
with an inter-pulse delay of 30-μs. In general, 100, 300, and
630 Torr DP-LIBS is rather effective at increasing the
spectral intensity of Zn 481-nm compared to SP-LIBS at
these pressures; however, a slight decrease in intensity is
seen with increasing inter-pulse at 1 and 10 Torr air. In
Fig. 3c, the excitation temperature is plotted versus inter-
pulse delay for different pressures with air as the bath gas. It
is seen here that the inter-pulse delay and the air pressure
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have little effect on the excitation temperature, with all
conditions varying between 7,500 and 6,300 K.

DP-LIBS in Ar has a similar effect as DP-LIBS in air. In
Fig. 4a, DP-LIBS at 630 Torr Ar is compared with SP-LIBS
in 630 Torr. DP-LIBS in 630 Torr Ar with an inter-pulse
delay of 80 μs is ∼2.5-fold greater than SP-LIBS in
630 Torr Ar. Figure 4b plots the peak area from the 481-nm
Zn line versus inter-pulse delay at varying Ar pressures.
DP-LIBS has an effect on increasing the spectral intensity in
630, 300, and 100 Torr Ar when compared to SP-LIBS. At
low Ar pressures of 1 and 10 Torr, the intensity changes very
little as the inter-pulse delay is increased. DP-LIBS in 300
and 630 Torr Ar is nearly as effective and seems to provide
the most intense spectra when compared to LIBS for all
other gases studied. The excitation temperature plotted
versus inter-pulse delay at varying Ar pressures (Fig. 4c)
shows little change with increase inter-pulse delay and only
a slight change depending on the pressure, ∼9,500 K for
100 Torr Ar and ∼11,000 K for 1 Torr Ar.

The results indicate that DP-LIBS on brass in an
atmosphere of 630 Torr Ar gives the most intense spectral
intensity for the Zn line at 481 nm when compared to
spectra acquired in air. At low pressures of 1 and 10 Torr,
DP-LIBS resulted in no increase in spectral intensity for
either Ar or air compared to SP-LIBS. These results are
consistent with those reported by Hafez et al. [46], who
looked at SP-LIBS in lower pressures of Ar (1–7 Torr) and
observed that signal increases with increasing Ar pressures.
While higher pressures result in more collisions with the
buffer gas, which decreases plasma lifetime, the observed
enhancement was attributed to energy transfer from the
buffer gas to analyte. Another reason that Ar provides
stronger signal intensities than air may be increased plasma
confinement [47], and it is more inert than air [54]. The
plasma temperatures for air and Ar are within the range of
reported values [25, 26, 37, 55]. The lack of variation with
inter-pulse delay is likely due to the long delay times used
in the current study.

While the Ar and air data are rather well behaved and
consistent with literature reports, the results with a helium
buffer gas are somewhat erratic. Results of DP-LIBS in He
are different than those observed for DP-LIBS in Ar or air
in that DP-LIBS in He did not result in the most intense
spectra. Therefore, Fig. 5 compares SP-LIBS in 100 Torr
He (which is the most intense in He) with SP-LIBS in
630 Torr He. SP-LIBS in 100 Torr results in a ∼7-fold
increase in 481-nm Zn intensity when compared to SP-
LIBS at 630 Torr He. As can be seen in Fig. 5b, DP-LIBS
seems to have no positive effect on spectral intensity as the
inter-pulse delay is increased, except for DP-LIBS at 300
and 630 Torr that showed only a modest increase. DP-LIBS
with a 30-μs inter-pulse delay in 100 Torr He results in a
significant decrease in intensity and could be the result of
the first pulse perturbing the second (analytical) pulse. In a
similar result as the other gases, DP-LIBS at low pressure
of He (1 and 10 Torr) has nearly no effect on the spectral
intensity. Figure 5c shows the excitation temperature
measurements versus inter-pulse delay in varying He
pressures. The excitation temperature in 1 and 10 Torr He
showed very little change as the inter-pulse delay was
increased and ranged between 9,800 K and 11,000 K. At
100 Torr He, the temperate was relatively constant, varying
only slightly around 17,600 K. At 630 Torr He, the
maximum excitation temperature of ∼25,000 K was seen
with an inter-pulse delay of 10-μs, while a minimum of
temperature of ∼18,500 K was observed with 0-μs inter-
pulse delay. At 300 Torr He, the excitation temperature
varied wildly and had no clear trend.

One possible explanation for the He observations would
be if the plume expanded out of the FOV, which is
important as the pressure is decreased [56]. Because plume
expansion at reduced pressures likely becomes less spher-
ical and more ellipsoidal [52], the experimental light
collecting arrangement may be more critical to homoge-
neously capturing the plasma emission. For a pressure of
0.1 mbar (0.075 Torr), Herrera et al. [57] found a radius of
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0.24-cm and an axial expansion of 0.29-cm with a delay
time of 50-ns. Based on results from Yalcin et al. [52], the
plume may expand axially to ∼5-mm; however, they did
not use delays as long as those used in the current study.

Even though the same experimental setup was used for all
three buffer gases, less plume confinement is expected for
the lighter weight He buffer gas. This is also important
because the temperature in the plume is not homogeneous
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and varies with time and pressure [48]. Thus, if the FOV
were inadequate, then at lower pressures and longer delay
times, the plume might extend beyond the FOV such that
only the back end of the plume would have been observed
and the results would not be representative of the whole
plasma. Based on simulations and experiments, Wineford
and co-workers [58, 59] suggest that plasma asymmetry can
have an effect on the observed emission spectra depending
on the light collecting geometry or angle of view. Plume
asymmetry (i.e., non-spherical) is expected at reduced
pressures [52], but can also occur with DP-LIBS [60]. In
the current experimental setup, a lens coupled to a fiber
optic was used to collect more of the plume, which can be
better than only using a fiber optic [59], to give a FOV
of ∼25-mm along the axis of the plasma (i.e., normal to the
sample surface). It is conceivable that increased expansion
in the radial direction was not adequately captured in the
helium studies. Future experimental designs should con-
sider spatially resolved data collection [60] or optical
arrangements to collect the light emission more efficiently
and homogeneously from all dimensions [61].

Analyte signal intensities in the presence of helium have
been reported to be erratic. Henry et al. [62] added helium
to air and monitored carbon signal intensities. They
observed that the carbon signal initially decreased as
helium was added until it reached a minimum with a 75%
He concentration. Further addition of He resulted in an
increase in signal intensity until a maximum was observed
at 100%. However, plots of the peak-to-base (P/B) and S/N
versus He concentration revealed monotomic increase for
both P/B and S/N. Henry et al. suggest that the presence of
He perturbs the plasma conditions, especially decreasing
the absorption of laser energy and the electron density. At
high concentrations of He, such as those used in the present
study, Henry et al. also suggest that metastable helium
states could transfer energy to the analyte directly.
Therefore, studies using helium as the buffer gas should
be explored with additional monitoring for the behavior of
He lines.

The variation in ionization potentials between the buffer
gases may also contribute to the observations, especially
those in helium. Chen et al. [48] noted that plasma
expansion is faster with ionization than without. Argon
has an ionization potential of 15.76 eV, while He has the
highest ionization potential of all the buffer gases at
24.58 eV [47]. For air, ionization potentials of the primary
constituents nitrogen (N2) and oxygen (O2) are 15.58 and
12.06 eV [63], respectively. Besides the ionization poten-
tial, the molecular dissociation energy should also be
considered when comparing SP-LIBS and DP-LIBS in air
[40]. Oxygen further complicates issues because of the
potential chemical reactivity with the analyte [64]. While
the first LIP loses some of its energy to ionizing the buffer

gas, the second LIP expands in the rarefied gas of the first
LIP, allowing it to conserve its energy and enabling an
increase in emission intensity. When the ionization energy
of the buffer gas is really high, the plasma cannot ionize the
gas: thus, SP- and DP-LIBS spectra have similar intensity,
as in the case of helium.

Conclusion

By manipulating the gas composition and pressure along
with the use of DP-LIBS, the spectral intensity can be
increased. In this study, DP-LIBS in an Ar buffer gas
provided the most intense spectrum for the 481-nm line of
Zn, which is a minor component in brass, than background
gases of air or helium. The results also suggest that the use
of a DP-LIBS method in a He environment would provide
no benefit; however, it should be noted that the calculated
plasma temperatures in He were less consistent than those
in Ar or air. In addition, DP-LIBS at reduced pressures less
than ∼100 Torr generally had no positive effect with the
inter-pulse delays explored in this study. The experimental
configuration of these studies involved collecting plasma
radiation orthogonally to the expansion of the plume,
similar to previous DP-LIBS experiments at atmospheric
pressures. However, this configuration may not be the most
effective for uniformly collecting light from the plume.
Future work should include comparison of the results in
this study with a similar study that collects plasma radiation
more efficiently and homogeneously.
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