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Laser-induced breakdown spectroscopy (LIBS) is becoming a more mature
technology every year with new variants such as laser ablation molecular
isotopic spectrometry, reheating by various discharge techniques, and multiple
pulse excitation schemes, in which sometimes lasers of different pulse lengths are
used. However, lasers with inherent parameters like pulse length and repetition
rate are still almost exclusively employed. Recent years have witnessed the advent
of novel high-repetition-rate laser concepts for machining processes, like
welding, milling, and engraving. Here, a comprehensive study of single-pulse
LIBS spectra of a single aluminum target is presented to showcase the applicability
of flexible high duty-cycle master oscillator power amplifier (MOPA) lasers.
Although traditional flashlamp-pumped Fabry–Pérot lasers only permit a
variation in the pulse energy and are operated at very low duty-cycles, MOPA
lasers add repetition rate and pulse length as variable parameters. A thorough
analysis of the temporal plasma behavior revealed the emission dynamic to closely
match the excitation laser pulse pattern. An aluminum sample’s spectral response
was shown to be significantly impacted by variations in both rate and length.
Although the spectral emission strength of the elemental lines of Al, Sr, and Ca all
peaked at slightly different parameter settings, the strongest impact was found on
the relative abundance of molecular AlO bands. Unlike in previous laser ablation
molecular isotopic spectrometry (LAMIS) publications, the latter could be readily
detected with a good intensity and well-resolved spectral features without any
temporal gating of the detector. This finding, together with the fact that MOPA
lasers are both inexpensive and dependable, makes for a promising combination
for future studies including the detection of diatomic band structures.
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1 Introduction

In laser-induced breakdown spectroscopy (LIBS), all characteristic plasma properties,
which eventually result in the analytical applicability and performance of the experiment, are
dictated by the used laser-pulse features. In addition to its wavelength λ and the pulse energy
E, the most influential properties of the output of a pulsed laser are pulse length τ and the
repetition rate frep. A related parameter that is not usually considered is the laser duty cycleD.
The latter is given by the ratio D = τ/Δt, where τ is the pulse length and Δt is the time interval
between two pulses given as Δt = 1/frep., which quantifies the overall temporal efficiency of
the conducted experiment. The vast majority of LIBS experiments utilize flashlamp-pumped
solid-state lasers, with repetition rates of 10 Hz and pulse lengths of approximately 10 ns
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resulting in a duty cycle of D = 10−7. These values, however, only
represent the laser exposure duty cycle. Since laser-induced plasmas
often have lifetimes of several microseconds, the duty cycle in terms
of optical emission increases to 10−4. Although in several
publications an increase in LIBS response to materials with an
increasing duty cycle has been observed, so far, no systematic
reflection has been reported. Since an increase in the duty cycle
can be achieved by an increase in the applied repetition rate or the
use of longer laser pulses, the impact of both laser rate and pulse
length determines the outcome of high duty-cycle LIBS.

Most studies in which high-repetition-rate lasers have been used
in LIBS aimed either toward miniaturization and improved power
management as can be found in diode-pumped solid-state (DPSS)
Fabry–Pérot lasers [1–6] and fiber lasers [7–9] or toward superior
sampling properties as observed in femtosecond laser applications
[10–14]. In all reported results, different advantages were found
compared to conventional 10-Hz flashlamp experiments although
all mentioned laser sources provide much lower pulse energies.
Generally, all observed beneficial effects of high repetition rates can
be loosely summarized into three facets: i) improved statistics by a
larger number of plasma events, ii) a weaker spectral background
due to overall less energetic individual pulses, and iii) more
moderate and temporally stable plasma conditions. The first
benefit is the most straightforward, since all IR-laser–surface
interactions rely on a multi-photon step for the initial generation
of a seed electron and are, thus, prone to chance. Independently,
several studies agree upon an increase in the signal-to-noise ratio
(SNR) in the obtained results even for plasmas with a lower absolute
brightness [3]. Another obvious advantage is the possibility to obtain
full elemental information of samples within a shorter time. The
latter is especially critical in sorting applications where spectrum-
based decisions are made on a timescale governed by the
sample feed.

The advantage of a lower background is caused by the internal
plasma energetics. Distributing the same amount of energy that was
introduced into the sample into several weaker pulses instead of one
strong pulse has significant impact on the plasma-related
background intensity. The amount of inverse bremsstrahlung and
emission related to recombination, which is typical for early laser
plasmas, dramatically decreases in laser pulses below a certain
threshold pulse energy (typically several 1 mJ per pulse) [1–3, 8,
9]. This allows high repetition rates to gradually introduce large
quantities of energy into the sample without increasing the amount
of the spectrally broad background.

The overall lower excitation temperature observed in plasmas
induced by weaker lasers can be advantageous. In recent years, the
detection of molecular bands of rovibrational progressions of
rovibronic transitions of residual diatomic species has gained
popularity for the quantification of isotope ratios (via the so-
called laser ablation molecular isotopic spectrometry or LAMIS
[15]) or elements without elemental lines in the generally
accessible UV/vis spectral region. In addition, low power lasers
generally lead to a narrower temperature distribution (i.e., the
smaller ΔT between an early and a late plasma), an effect which
may be less straightforward but of equal importance for the
analytical performance of LIBS experiments. Using low pulse
energies results in significantly shorter lifetimes of the induced
plasmas [3]. This shorter lifetime usually gets along with a

temporally more homogeneous temperature distribution. On the
other hand, the plasma lifetime is obviously of rising importance
toward a duty cycle approaching unity since it dictates the rate at
which the subsequent laser does not hit a thermally equilibrated
target but arrives at a sample volume that is still excited by the
previous plasma. This reheating of an existing plasma is known from
double-pulse LIBS to greatly enhance the emission and improve the
analytical performance in LIBS [16]. The residual energy in the
system, until the subsequent laser pulse, does not need to be
sufficient to maintain a plasma. In particular, LIBS experiments
in dense media such as water were found to benefit from the residual
energy from the previous plasma event, such as cavitation formed by
a previous laser pulse [17–19].

The present study aims toward determining the beneficial effect
of increasing the repetition rate and the temporal pulse width of laser
pulses used in LIBS experiments. All experiments use a MOPA laser
designed for engraving applications, allowing for freely adjusting
both parameters in a wide parameter space. To systematically and
comprehensively study the influence of the two parameters’ length
and rate, the optical responses of three individual spectroscopic
contributions from a single Al alloy sample are being compared,
namely, the Al matrix signal, the emission of Sr and Ca trace
components, and the rovibronic progression of the diatomic AlO
species.

2 Methodology

All experiments were carried out using the same master
oscillator power amplifier (MOPA) fiber laser (JPT M7, 80 W,
VONJAN Technology GmbH, Wessling, Germany) to provide
laser pulses at λ = 1,064 nm with temporal widths between τ =
5 ns and τ = 500 ns at repetition rates ranging from frep. = 1 kHz to
frep. = 1,550 kHz. Although the laser can produce even higher rates
and shorter pulses, the corresponding pulse energies were found to
be insufficient to obtain reasonable emission spectra. It is further
worth noting that only combinations of rate and width resulting in
laser peak powers approximately 8 kW or below are possible in order
to not damage the internal laser fiber. The values for the pulse widths
τ = 5, 10, 30, 40, 50, 60, 80, 100, 250, and 500 ns were chosen. The
corresponding repetition rates dictated by the upper peak power
limit mentioned previously result in frep. = 40, 56, 140, 150, 180, 193,
210, 250, 612, and 1,550 kHz, respectively. For comparison, a set of
experiments using the lowest possible repetition rate of 1 kHz was
also added. A summary of all resulting combinations including the
most important laser pulse parameters for the respective settings is
given in Table 1.

A schematic of the experimental set-up is depicted in Figure 1.
Briefly, the 7 mm (in diameter) output of the laser Faraday output
coupler was directed on the dichroic IR-mirror of a confocal
microscope assembly in which focusing of the laser onto an
aluminum alloy target (AW-6082/3.2315) and collimation of the
generated plasma emission are achieved by the same planoconvex
fused silica lens (LA4148, Thorlabs, Bergkirchen, Germany) with f =
50 mm before the latter is refocused into an optical fiber by a
surveillance camera lens (ACCF25123MP C-mount, AICO,
Hangzhou, PR of China) with f = 25 mm and F = 1.2. The fiber
delivers the collected light to the entrance slit of a Czerny–Turner
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spectrograph equipped with a charge-coupled device (CCD)
imaging detector (Shamrock SR-303 i-B and iDus DU420A-BU,
Andor Technologies, Belfast, Northern Ireland). The focal length
and aperture of the spectrometer are 303 mm and F/4, respectively,
and the spectral resolution with the low dispersing optical grating is
0.14 nm/pixel at the central wavelength of 458 nm. Dispersion via
this 600 grooves/mm grating allows for simultaneous detection of a

wavelength region from λ = 390 to 527 nm. In addition to
characteristic lines, all spectra in these ungated experiments also
include the optical background. The latter is understood here as the
sum of all undesired signal contributions, i.e., everything not
characteristic for an element or diatomic molecule. The main
contribution is assumed to be blackbody radiation; however,
minor contributions from recombination or bremsstrahlung and

TABLE 1 Pulse parameters for the chosen laser setting.

(kHz) 5 ns 10 ns 30 ns 40 ns 50 ns 60 ns 80 ns 100 ns 250 ns 500 ns

1 Power/Watt 0.60

Pulse energy/mJ 0.60

Peak power/kW 1.20

40 70.00

1.75

3.50

56 70.00 70.00

1.25 1.25

5.00 2.50

140 68.00 70.00 70.00

0.49 0.50 0.50

4.86 2.00 1.00

150 63.00 70.00 70.00 70.00

0.42 0.47 0.47 0.47

5.25 4.67 1.87 0.93

180 63.00 70.00 70.00 70.00 70.00

0.35 0.39 0.39 0.39 0.39

5.83 4.86 3.89 1.56 0.78

193 62.00 70.00 70.00 70.00 70.00 70.00

0.32 0.36 0.36 0.36 0.36 0.36

6.42 6.04 4.53 3.63 1.45 0.73

210 64.00 68.00 70.00 70.00 70.00 70.00 70.00

0.30 0.32 0.33 0.33 0.33 0.33 0.33

7.62 6.48 5.56 4.17 3.33 1.33 0.67

250 60.00 69.00 70.00 70.00 70.00 70.00 70.00 70.00

0.24 0.28 0.28 0.28 0.28 0.28 0.28 0.28

8.00 6.90 5.60 4.67 3.50 2.80 1.12 0.56

612 50.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00

0.08 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

8.17 3.81 2.86 2.29 1.91 1.43 1.14 0.46 0.23

1,550 60.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00

0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

7.74 4.52 1.51 1.13 0.90 0.75 0.56 0.45 0.18 0.09
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additional dark current can be superimposed. The extent of this
background was quantified by recording the optical intensity at
460 nm, which lies close to the spectral center of the observation
window but does not overlap with any spectral line of interest.

Synchronization of the laser output and the illumination and
readout of the CCD was realized using two individual channels of a
delay generator (DG645, Stanford Research Systems, Sunnyvale,
United States). A fixed exposure time of 500 ms was used for all
presented results during which the aluminum target was maintained
in continuous motion to assure a fresh sample surface for all laser
events. For an energetic characterization of the laser pulses, the
output power of each combination of rate and width was determined
using a pyroelectric power meter (Nova2, Ophir Spiricon,
Darmstadt, Germany) and converted into the pulse energy and
the pulse peak power (Table 1). For the temporal characterization of

the laser pulses and the plasmas, a photodiode (PDA10A2, Thorlabs,
Bergkirchen, Germany) was positioned behind the dichroic mirror
to pick up the transmitted residual of the laser, while a
photomultiplier tube (E717-63, Hamamatsu, Herrsching,
Germany) was used to record the transient response of the
plasma emission. Both signals were fed through 2-m-long coaxial
cables and read out via two separate 50 Ohm terminated input
channels of a WaveSurfer 4104HD oscilloscope (Teledyne LeCroy,
Chestnut Ridge, United States).

3 Results and discussion

Before analyzing the impact of the laser duty cycle, pulse length,
and repetition rate on the spectral response of the plasmas, the
spectrally integrated temporal behavior of the plasma under
different settings was analyzed. As an example for a typical
transient signal of the laser and the corresponding plasma,
Figure 2 shows the results for excitation with a laser pulse length
of 250 ns at a rate of 56 kHz. As can be seen, the rising edge of the
laser intensity is closely followed by the occurrence of plasma
emission. Since both time traces were recorded simultaneously,
the delay between the occurrences of two events can directly be
extracted to be 20 ns. After this period, which it takes to form
optically bright plasma, both signals reaches a maximum after which
they decrease exponentially with the plasma response tailing the
decay in the laser intensity in the decay starting time t0. In addition
to this delay of 60 ns, the exponential time constants of the two
transients are also different. Although the laser intensity drops with
a time constant of 50 ns, the decay of the plasma emission follows a
slower kinetic with a τexp. of 270 ns. After the nominal pulse length
of 250 ns, the laser emission stops in a steep decay, which is mirrored
by a drop in the plasma emission intensity. The latter can be
rationalized by the discontinuation of plasma reheating by the
absorption of the irradiated infrared laser intensity. After the
laser pulse, this steep decay in plasma emission is followed by an
exponential tailing with a decay rate similar to that before the
termination of the laser pulse. The extraction of the transient

FIGURE 1
Schematic of the instrumental setup. Details are described in the
text.

FIGURE 2
Typical temporal profile of the plasma inducing laser pulse and the plasma emission .
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parameters is exemplarily shown in Figure 2 and has accordingly
been applied for all other studied laser pulse lengths resulting in
comparable trends with exponential time constants between 200 and
400 ns. Toward shorter laser pulse lengths, the drop in plasma
intensity toward the end of the laser pulse becomes deeper; at
none of the studied combinations of repetition rate and pulse
duration, a significant residual plasma emission at the time of the
following laser pulse could be observed. In other words, none of the
experiments presented here resemble the temporal arrangement
usually applied in double-pulse experiments, in which a reheating
of a preformed laser plasma is achieved via temporally overlaying the
excitation decay and the subsequent laser pulse trigger.

Since no temporal overlap between the persisting plasma and the
subsequent laser event could be observed, the repetition rate is not
expected to affect the observed LIBS spectra drastically, and the most
important factor in the remainder of this manuscript is considered
to be the laser pulse duration. However, the studied combinations of
rate and pulse length result in different laser energetics, which
indirectly lets the rate reflect on the spectral performance. To get
a comprehensive insight into both dependencies, LIBS spectra were

recorded under all the aforementioned conditions. All individual
combinations could be found to result in strikingly different spectral
responses.

To lay a foundation for the detailed discussion of these
differences and dependencies, Figure 3 exemplarily shows
10 LIBS spectra of the studied aluminum sample in the spectral
range between 390 and 500 nm. Although aluminum can be
considered a benchmark system for LIBS, since it has been at the
core of a plethora of studies, the range was chosen because it
contains the resonant elemental doublet corresponding to the
relaxation of the first excited 2S1/2 state into both spin–orbit
components of the 2P ground state and a rovibronic progression
of the B 2Σ→X 2Σ transition of the diatomic AlO systems [20, 21].
Twomore spectral features in the range are the resonant lines of Ca I
and Sr I at 422.7 and 460.7 nm, respectively.

As can be seen from the top graph shown in Figure 3, all laser
settings led to the aforementioned spectral features. The most
striking trends toward increasing repetition rates are a
pronounced increase in the observed linewidth of the Al doublet
as well as in a strong featureless peak introducing increasing
background intensity toward the red end of the spectra.
Although the latter can most likely be attributed to blackbody
radiation caused by the thermal excitation of the solid target, the
broadening can be rationalized by the self-absorption of the Al peak.
Aluminum being the main component of the studied alloy and the
transition being in resonance with the ground state, especially in the
outer regions of the plasma, many potentially absorbing Al atoms
can be expected. Since the broadening increases toward higher rates,
it can be argued whether these cold Al atoms were formed in the
current laser event or the previous laser event and persist
accordingly over the period between two subsequent pulses. In
the rates depicted in the upper trace of Figure 3, these inter-
pulse intervals decrease with the increasing rate, and the interval
durations are 1 ms, 25 µs, 7 µs, 4 µs, and 645 ns. At the rate of
1.5 MHz, the energy of the individual laser pulses appears to be
insufficient to induce enough ablation of Al, and the same can,
however, be observed for all spectral features in the spectrum. The
lower trace of Figure 3 shows the same broadening to occur at a fixed
repetition rate upon increasing pulse duration.

The presence of a strong and resolved molecular band is
surprising in this non-gated experiment since diatomic band
structures are usually reported in the late and cold stages of
experiments with a delayed spectral acquisition. With the
increasing repetition rate, the intensity of the bands increases
until at the highest rate where apparently no spectral information
can be observed. Similar to the broadening of the Al I line, the lower
trace reveals the intensity of the diatomic bands to also increase
toward longer pulse durations at a fixed laser excitation rate. In
addition, the intensity of the Sr and Ca lines appears to scale with the
laser rate and pulse length in a similar way.

In this way, the elemental line intensities of Al, Ca, and Sr can be
directly related to the plasma formation efficiency, while the
presence of molecular bands can be interpreted as an internal
thermometer. Typically being observed in late plasmas which
have been cooled down via collisional and radiative heat
dissipation, molecular bands are spectrally structured, weak, and
their statistically significant detection requires long accumulation
times. Since one of the goals of this work is to showcase a simple and

FIGURE 3
Exemplary LIBS spectra as a spectral response to repetition rates
and temporal pulse widths. Top: Comparison between five different
repetition rates (see legend) at the same pulse length (500 ns).
Bottom: Comparison between five different pulse lengths (see
legend) at a constant repetition rate (612 kHz) The spectra have been
normalized for comparative visualization only.
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inexpensive yet powerful LIBS setup, molecular band intensity was
included in the features of interest. In addition to the intensity of the
Al doublet IAl and the rovibrational bandhead of the Δv = 0 band
IAlO, the spectral background is also of paramount importance since
it dictates the applicability of non-gated detectors. Here, the term
background is generally understood as undesired intensity in the
spectra. A distinction between the electronic background like
readout noise and optical background is not being made. As has
been discussed, most of the unwanted optical signal stems from
blackbody radiation and, thus, scales with the wavelength. For this
reason, a common value was determined as the spectral intensity at
460 nm, which is close to the spectral center wavelength and outside
any characteristic emission carrying chemical information. For a
more comprehensive and systematic analysis of the discussed trends,
the individual intensities of the five aforementioned features in all
spectra were extracted as the non-normalized intensities at λ = 396.6,
422.7, 460, 460.7, and 484.4 nm representing the spectral
contribution of Al, Ca, an average value for the blackbody
radiation, Sr, and AlO, respectively. For the quantification of the
blackbody background, the single value of I(460 nm) was chosen due
to its central position in the spectrum and the absence of any spectral
features in this spectral region. All other spectral intensities in the
remainder of this manuscript are given as a ratio of the respective
spectral intensity observed in the raw spectrum to the spectral
intensity at this reference point in the same spectrum I(x)/I(460 nm).

An overview of the obtained background-corrected intensities as
a function of the repetition rate and pulse length is presented as four
heatmaps in Figure 4. All four signal intensities can be found to
strongly depend on both rate and length of the used laser pulses;
however, the exact dependencies differ.

The intensity of the Al line at λ = 396 nm is the highest in the
range between a rate of 40 kHz and 250 kHz and pulse lengths of
30 and 250 ns. Above this, at rates of 612 kHz and pulse durations of
500 ns, intensity is still moderate, while beyond these values, the
signal drops significantly. Within the optimum region, hardly any
variation can be observed, indicating a very robust signal response of
both the Al line intensity and the integrated spectral background
(note: the value plotted here is the ratio of the two). This can be
explained by the strong self-absorption behavior already shown in
Figure 3 and the generally low background signal intensity.
Although the self-absorption leads to a saturated and, thus,
constant peak intensity, the small background maintains this
small variance in the signal-to-background (S/B) ratio. In this
sense and considering Al being the main component of the alloy,
the decrease in the Al/Bkg intensity toward the edges plotted in
Figure 4 directly indicates a decrease in the overall elemental plasma
emission at rates exceeding 250 kHz and widths above 250 ns. A
comparison of the individual laser pulse energetics in Table 1
suggests an interplay between a drop in the pulse energy and the
number of events to cause this decrease.

FIGURE 4
Heatmap of the background-corrected optical response of the signal intensity of the elemental lines of Al (top left), Sr (bottom left), and Ca (bottom
right), as well as the R1 bandhead of the Δv = 0 progression of the B→X transition of AlO. All signal intensities are plotted over the repetition rate and the
pulse length of the used excitation laser.
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Interestingly, the maximum intensity in the molecular progression
of the B-band of AlO is observed under distinctively different
conditions. This spectral feature, which is usually observed at lower
plasma temperatures, peaks toward longer pulses and shows its
maximum at τ = 500 ns. Within the group of spectra with this
pulse length, the AlO/Bkg intensity decreases with the increasing
repetition rate. The latter can again be caused by the corresponding
drop in the pulse energy, leading to insufficient plasma excitation or
unfavorable ablation behavior. The moiety of long pulses, which is
beneficial formolecular bands while at the same time being detrimental
for the strong elemental line of the major component, can be of special
interest for LAMIS studies. These laser settings in a LAMIS application
would allow for optical isotope analysis with an affordable laser in
combination with an inexpensive non-gated detector scheme.

Both trace alloy components, Ca and Sr, finally, also exhibit
characteristic regions of maximum elemental emission. The two
distributions Ca/Bkg and Sr/Bkg in the heatmaps in Figure 4 differ
strongly from each other, with the Ca signal peaking at laser settings
similar to the appearance of the maximum AlO while Sr bears a closer
resemblance to the behavior of the Al line. Energetically, this is
unexpected because both transitions are resonant with the respective
element in its electronic ground state, with the individual upper state
electronic energies only differing in ~2,000 cm−1 (0.25 eV). These
similar excitation energetics indicate that the cause for the different
abundances in the heatmaps is more likely due to phase transition
properties, leading to individual laser ablation characteristics.

4 Conclusion

The application of a MOPA laser for LIBS allows for an
increased flexibility in laser pulse characteristics. Although
conventional Fabry–Pérot cavity-based lasers only allow for a
variation in the pulse energy and are operated at very low duty-
cycles, anMOPA operates on the other end of the duty spectrum and
additionally introduces repetition rate and pulse length as two
variable pulse characteristics. A comprehensive study of the
temporal plasma behavior shows the strong impact of the pulse
length on the plasma dynamics. The transient plasma emission was
found to closely follow the excitation laser pulse shape. The
variations in both rate and length were found to strongly affect
the spectral response of an aluminum sample. Although the spectral
emission intensity of elemental lines of the three different species,
Al, Sr, and Ca, could be found to depend differently on these

parameters, the relative intensity of molecular bands of diatomic
AlO was particularly found to peak at distinct laser settings. The
latter is of special interest since it may pave the road toward future
isotope analysis studies with sensitive and flexible yet inexpensive
and robust instrumentation.
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