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Abstract
Slightly more than 60 years have passed since the introduction of the laser. The unique property of high peak power in short 
pulses has led to applications in which light energy replaces mechanical energy for removing mass, structuring surfaces, 
creating new materials, weapons, remote analysis, fusion, surgery, and many other esoteric applications that fall under the 
process called laser ablation. This manuscript addresses several accomplishments in laser ablation research and develop-
ment, including fundamental behavior, some unique applications with emphasis on chemical analysis, and a current interest 
to measure isotope ratios in laser induced plasmas at atmospheric pressure.

Keywords  Laser ablation · Laser induced breakdown spectroscopy · Laser ablation molecular isotopic spectroscopy

1 � Introduction: 60+ years

Considering that the laser was called a ‘solution in search 
of an application,’ we have seen the benefits of creative 
minds when innovative technology is presented by (and to) 
the scientific community. Numerous applications for the 
laser immediately were proposed, applications based on the 
unique properties of optical purity, directionality, and high 
peak power in short energy pulses—ablation. Laser abla-
tion research began shortly after the invention of the laser 
in 1960 [1], 60+ years of R&D. It would be impossible to 
summarize the numerous applications or to thoroughly delve 
into the fundamental mechanisms that have been attributed 
to ablation. There are many books, journal articles and dedi-
cated conferences addressing the stellar accomplishments 
laser ablation research and development [2–10]. Only a few 
references are presented here as the reader can easily per-
form a literature search to finds thousands of related studies. 
Laser ablation is simple and complicated; the paradox is 
the difference in utilizing ablation for an application versus 
understanding ablation for an application, the former requir-
ing reproducibility in most cases and the latter requiring new 

knowledge. This manuscript emphasizes chemical analysis 
applications that I have pursued with some connection to 
fundamental studies. For me, it has been an amazing jour-
ney—as a student first seeing a laser beam (similar to a laser 
light show but without the safety of today) and then seren-
dipitously spending almost 50 years enamored by tiny explo-
sions created from focused pulsed laser beams.

Ablation is the word that the scientific community has 
chosen to describe an unknown process when a pulsed (high 
power CW lasers can remove mass under more controlled 
or understood thermodynamics) laser beam explodes a por-
tion of a material (generally a solid, although liquids and 
gases can be ablated) to transform a portion of that mate-
rial into a transient high temperature vapor plume (plasma). 
I have often used the term ‘laser material interaction’ to 
avoid the implication of a mechanism. From first light on a 
material, the flood of photon energy in time is overwhelm-
ing for the material to know what hit it. Based on atom/
electron excitation by the photons to cessation of the event 
(calmness after the storm), the time period can cover many 
orders of magnitude. The international scientific commu-
nity has intensely investigated fundamental mechanisms 
to understand and predict this intriguing transient physic 
and chemistry phenomenon. Throughout the 60+ ears of 
research, most known physical and chemical processes have 
been tested for relevance, without to best of my knowledge 
reveling the beauty of this technology but instead exposing it 
complexity [11–20]. Figure 1 lists some of the mechanisms 
that have been hypothesized to underlie laser ablation, which 
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mechanism or combination of mechanisms is operative is 
significantly dependent on the laser irradiance (power den-
sity used interchangeably), the energy/area-time. Figure 2 

shows examples of physical measurements from experiments 
in which the variable was the laser pulse duration—pulses 
with 6 ns versus 100 femtoseconds (change in irradiance) 

Fig. 1   Mechanisms that have been proposed and tested to describe/model laser ablation. Mechanisms include physical and chemical processes 
that occur at/in the sample material as well as in the atmosphere above the sample

Fig. 2   Examples of experimental measurements in which irradiance 
was changed by using a 100 fs versus a 6 ns pulsed laser beam while 
keeping all other parameters constant. A Crater profiles in brass using 
a white-light interferometer with depth profiling, B the difference in 
particle size distribution in the ablated aerosol from ablation of NIST 

1711 aluminum alloy. C the persistence of the laser plasma measured 
using the copper spectral line intensity. D ICP-MS measurements of 
zinc intensity (log scale). The width of each line indirectly represents 
the particle size distribution
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and all other parameters (wavelength, energy, spot size, 
number of pulses, sample material) kept constant [21–24]. 
As can be seen from crater profiles, aerosol size distribu-
tion, plasma persistence, and analytical measurements of 
mass ablation rate, there are significant changes in ablation 
behavior based on irradiance. Although the wavelength, spot 
size and energy were the same, ablation is not the same as 
the irradiance is several orders greater for the femtosecond 
compared to nanosecond pulsed experiments. The amount 
of mass ablated changed as did the particle size and parti-
cle character. Even the particle chemistry will change with 
pulse duration as the plasma cooling rate changes. It is clear 
that everything is not the same just because the wavelength, 
energy density and sample are the same. For example, opti-
cal penetration depth changes due to multiphoton absorption 
even though the wavelength is the same.

In Fig. 3, LA is presented as a series of non-linear/linear 
events with examples of how plasma temperature, electron 
number density and crater depth can suddenly change, and 
then follow linearity based on irradiance [21–24]. Thresh-
olds for other esoteric events occur at much higher irradi-
ances, for example phase explosion, laser fusion and others. 
A material can undergo classical thermodynamic processes 
(melting, boiling, and vaporization) but in this case, one 
could calculate the outcome—how much material was 
removed and transitioned to the gas phase. However, this 
would not be classified as ablation in which ‘non-thermo-
dynamic’ behavior, is expected and the outcome cannot be 
fundamentally predicted. Ablation could be considered simi-
lar to a nuclear explosion—an enormous amount of energy 
on a target in a short period of time; several researchers 
are investigating LA behavior to model explosions [25, 26]. 
Maybe it will be possible that nuclear explosion models can 
explain laser ablation behavior [27].

From the list in Fig. 1 (which is not all-inclusive), it is 
not known which collection of mechanisms are dominant 
for an application with many coupled parameters (material 
and laser) governing the process. Understanding the com-
plexity of ablation is intertwined with the idiosyncrasies 
of the detection modality, which can easily compound the 
interpretation. These statements are not meant to be dis-
couraging, but a challenge to the scientific community to 
unravel this dynamic non-linear process. Significantly, these 
comments about complexity in fundamentals do not take 
away from the tremendous growth of laser ablation appli-
cations. Applications can be to process the ablated mate-
rial itself, like surface texturing, cutting, medical (surgery), 
discover meta-stable material phases that are formed in the 
high temperature and rapidly cooling plasma plume (nano-
particle formation), pulsed laser deposition (PLD), plasma 
emission spectroscopy, and many others [28–38]. Funda-
mental studies are imperative for predicting the process, 
and they still are addressed as there are no first-principle 

models to describe the ablation process or predict perfor-
mance for many ablation applications. By using fixed con-
ditions, one can replicate the outcome and, in some cases, 
model the process with fitting parameters. A current litera-
ture search on laser ablation shows the transition from fun-
damental research to empirical development. Funding for 
fundamental research exists in very specialized areas but 
most research is dedicated to application demonstration and 
optimization. Although laborious, improvements in many 
applications can be gleaned faster through empirical efforts. 
Empirical studies have the goal to achieve enhanced perfor-
mance and reproducible behavior—the backbone for most 
industrial applications. For example, there are approximately 
700,000 LASIK surgeries per year although no first principle 
model exists to predict the amount of ablation. The process 
is reproducible of course. One of the key questions in laser 
ablation research is—how much mass will be ablated. The 
question has no simple answer as the amount depends criti-
cally on the laser and material parameters.

2 � Spectroscopy

Spectroscopy (optical and mass) has served a dual purpose 
in ablation research and development. Optical emission 
measurements provide fundamental knowledge of the laser-
induced plasma at (in) the sample (temperature, electron 
number density, etc.) and the luminous optical plasma spec-
troscopically represents the elemental and isotopic content 
of the material being ablated. The first published account 
of ablation for optical spectroscopy is an abstract of a talk 
given by Breech in 1962 [39]. Mass spectrometers with abla-
tion serve both to understand ionization behavior and mass 
to charge ratio for analysis. Laser ablation as an ion source 
for mass spectrometry first appeared by Honig and Woolston 
[11]. Miller and others summarized early laser ablation R&D 
including studying the fundamental properties and analytical 
applications based on spectroscopy in several laser ablation 
manuscripts [7, 9, 19, 21, 24]. Many fundamental processes 
in the ablation plasma have been established by optical time-
resolved spectroscopy measurements.

3 � Chemical analysis

Laser ablation is an ideal approach for the analytical commu-
nity to use light energy to replace mechanical and chemical 
energy. The traditional approach to analysis is to digest sam-
ples (solids) in acids, and although archaic and cumbersome, 
digestion is still widely used today. Even though the 1962 
paper presented the new opportunity [39], technology adop-
tion takes decades. The application for chemical analysis 
herein deals with ablating a sample at atmospheric pressure 
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(not inside a mass spectrometer). Two common configura-
tions for LA chemical analysis include optical spectroscopy 
and mass spectrometry [40–50]. Figure 4 shows an example 
configuration for a Tandem instrument approach to chemical 
analysis in which the plasma photons are measured simul-
taneously with the ablated aerosol that is transported to an 
ICP (inductively coupled plasma using MS (mass emission 
spectrometry) or OES (optical emission spectroscopy) for 
detection. The optical-based chemical analysis application 
(measuring the light at the sample surface) is commonly 
referred to as laser induced breakdown spectroscopy (LIBS). 
The atomic and ionic emission wavelengths represent the 
samples’ elemental content and the intensity of the emission 
lines represents their concentrations. The choice of detection 
modality (measuring photons in the plasma or transport-
ing aerosol to an ICP) depends on the requirements of the 
analysis—which elements and isotopes in a sample need to 
be measured and at what concentration levels. The analy-
sis requirements also govern the optimum laser parameters 
(energy, pulse duration, irradiance). In 1982 arriving at the 
Lawrence Berkeley National Laboratory a high-power laser 
was available and there was a potential application that could 
be marketed to the DOE (Department of Energy)—cleanup 
of legacy waste sites that had tons of contaminated solid 
materials requiring analysis before disposal. Thanks to the 

DOE for recognizing the potential of LA, a 25+ year fun-
damental, focused-applied research project was supported 
to understand and develop LA using LIBS and ICP for this 
application. Through years of R&D, the international ana-
lytical community has established metrics for accurate and 
precise elemental and isotopic analysis for almost every ele-
ment on the periodic chart.

LIBS was not adopted for many years because of the 
instability of the ablation process, due in large part to the 
instability of early lasers. Criticism included that the pro-
cess was too irreproducible and no standards existed, it 
was challenging to perform quantitative analysis and the 
approach was subject to matrix effects (ablation behavior 
dependent on the chemical and physical properties of the 
sample). Although a transient laser plasma is not an ideal 
atomic emission source, arc and spark sources are widely 
utilized in industry. The laser allows spatial analysis (map-
ping), and any sample can be ablated compared to an arc/
spark-based instrument. To bypass the early challenges of 
LIBS, the approach was not to use the plasma emission but 
instead send the ablated aerosol into a secondary stable ana-
lytical source and everything was tried, flames, arcs, micro-
waves without real interest until the ICP. The ablated aerosol 
contains the mass in the form of ejected particles (spalla-
tion), atoms, ions, and as the plasma cools, the nucleation 

Fig. 4   Diagram showing a Tandem laser ablation sampling instru-
ment configuration with simultaneous measurements of optical emis-
sion spectroscopy using LIBS and LAMIS, with aerosol transport to 

an ICP. Any combination of detectors can be used depending on the 
elements and isotopes of interest to be measured
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and condensation of nanoparticles. Particles from spallation 
versus nucleation and condensation will have a diverse size 
range, the size distribution established by the laser wave-
length, pulse duration, energy density on the material and the 
material properties. Optimization of the laser parameters for 
material classes can produce particles with a narrow nanom-
eter size distribution. Of course, laser ablation is recognized 
as a technology for fabrication of nanomaterials. For years, a 
general belief was that the ICP was the panacea for LA based 
chemical analysis, blast away and the ICP would efficiently 
digest and ionize the ablated aerosol. It was quickly realized 
that the ICP was responsible for many of the perceived prob-
lems with ablation; elemental fractionation was not from LA 
itself but a manifestation of the particle size distribution in 
the ICP. Many questioned how fractionation could be severe 

using LA for chemical analysis when stoichiometric materi-
als could be fabricated using PLD. Numerous studies have 
been undertaken to improve the performance of LA-ICP-MS 
by investigating every adjustable parameter including laser 
pulse duration, wavelength, repetition rate, sampling mode 
(drilling versus raster scanning) and energy density. LA-
ICP-MS has become a mainstay technology for geochemical 
age dating, direct solid sample qualitative and quantitative 
analysis, 2D/3D mapping, depth profiling, forensics, nuclear 
safeguards, and many industrial applications (examples in 
Fig. 5). Laser ablation for chemical analysis is a compelling 
value proposition—any sample, no sample preparation, min-
imal sample quantity, green, bulk or single particle analysis, 
spatial analysis (2D/3D mapping), multi-elemental/isotopic 

Fig. 5   Example analytical chemistry measurements using LIBS and 
LA-ICP-MS. A LIBS spectral intensity for Hg and Pb measured in a 
sample with the inset showing linear calibration. B An example of the 
H line intensity in a LIBS plasma as a measurement of water content. 
C The use of successive femtosecond laser pulsed to depth profile 
critical elements in a Li-ion battery electrode, with 7 nm depth reso-
lution for this case. D An example of repetitively pulsed femtosecond 

laser ablation analysis of uranium particles on filter paper with analy-
sis using ICP-MS sowing 235U and 238U isotopes, and excellent line-
arity in calibration with femtogram limits of detection. 5E is an exam-
ple 2D/3D spatial mapping of chemistry. Spatial resolution is defined 
by the spot size of the laser beam and depth resolution is defined by 
the energy density of the laser and material properties
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characterization, all this information from every laser abla-
tion event on a sample.

With modern-day computers and chemometrics algo-
rithms, a broadband optical spectrum represents all elements 
in a sample (the matrix) essentially providing a barcode 
chemical identification for every material (Fig. 6). Similar 
to a product barcode, every item (natural, manmade) could 
be linked to a chemical barcode. One of the most value-
added applications of LIBS is remote or standoff chemical 
analysis. Figure 7 shows a few examples of LIBS used for 
remote analysis [51–53]. LIBS gained significant attention 
when NASA utilized this technology on the Mars Curios-
ity Rover in 2011 [51]. To best of my knowledge, no other 
technology can provide elemental or isotopic analysis at dis-
tance. For industrial real-time monitoring of chemistry (in-
line metrology), no other analytical technology provides the 
breath of elements that can be measured. The benefits of this 
technology are significant for many industrial measurements 
including energy (battery, solar), advanced manufacturing, 
environmental analysis, medical, materials, food safety, 
nuclear nonproliferation and essentially every aspect of 
society where chemistry is important in defining a material.

4 � LIBS and LAMIS for isotopes

LIBS has primarily been addressed for elemental analysis, 
although several early papers demonstrated isotopic analysis 
particularly when working with the sample at reduced pres-
sure [54]. Isotopic splitting is only a few picometers for most 
atomic and ionic spectral emission lines [55]. LIBS can be 
used for isotopic analysis at atmospheric pressure by using 
appropriate detector gating, delay time, and high-resolution 
spectrometers. Figure 8A shows an example time response 
for ionic, atomic, and molecular LIBS plasma emission, 
when ablating a boron nitride sample using a nanosecond 
pulsed laser. Ionic and atomic emission (Fig. 8 B) dominate 
initially after the laser pulse with the formation of molecular 
species (BO) later in time as the plasma cools. A technology 
developed by the LBNL and ASI scientists named LAMIS 
(laser ablation molecular isotopic spectroscopy) measures 
isotope ratios in laser plasmas at atmospheric pressure from 
molecular emission band spectra [56–58]. The concept is 
based on a manuscript from 1924 demonstrating isotope 
shifts of boron-oxide molecular band emission [59]. Fig-
ure 8B shows 10/11B atomic line 209 nm wavelength with 

Fig. 6   Examples of using broadband LIBS spectra for classification. Every sample will have a distinct spectral signature that can be assigned a 
barcode. Barcode labels on products for example would represent the chemical composition as well as class of material
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a 2.5 pm isotopic split. The measurement was at low pres-
sure; the lines would be difficult to resolve in an atmospheric 
pressure LIBS plasma. Figure 8C shows a LIBS spectrum 
for BO emission in an atmospheric pressure LIBS plasma. 
The 10/11BO split is 730 pm for this spectral emission, which 
is easily resolved. In addition, with molecular emission, a 
synthetic spectrum can be calculated and fit to the meas-
ured spectrum to extract the isotope ratio (isotope standards 
are not required for analysis). The energy level diagrams in 
Fig. 8B and C give an example of the underlying principles 
for atomic versus molecular isotope splitting.

Figure 9 shows examples of LAMIS and LIBS spectra for 
extracting isotope information. Figure 9A and B are theoreti-
cal and measured LAMIS emission for SrO, respectively. 
Figure 9C shows 12/13C isotopes in C2 molecular spectra—
both the synthetic and measured spectra. The structure on 

the lines is from the rotational emission as well as the back-
ground noise. LAMIS mitigates the small atomic and ionic 
line splitting problem, but in general, molecular emission 
in the plasma is not as intense as atomic and ionic emission 
lines, although efforts are underway to enhance molecular 
emission intensities in LIBS plasmas. Figure 9D shows a 
LIBS (ionic line emission) measurement of 235/238U isotopic 
splitting at 424.4 nm which has a 25 pm split and can be 
resolved using a high-resolution spectrometer and appropri-
ate detector gate delay. In this case, the background is from 
other atomic and ionic lines in the spectral vicinity as well 
as the S/N (signal to noise). Lorentzian line fitting is used 
to extract the isotopic ratio. For LIBS and LAMIS measure-
ments, the critical parameter for achieving good isotope ratio 
measurements is the S/N ratio; the better the fit, the more 
accurate and precise are the results.

Fig. 7   Examples of remote (standoff) LIBS. A and B Photos from an 
Applied Spectra, Inc. project to demonstrate LIBS for standoff detec-
tion of explosives at 50 m. C Taken from the NASA website (51). D 
The experimental concept showing classical diffraction limited focus-

ing versus filamentation focusing using a high-power femtosecond 
pulsed laser. E Images of filaments produced at the Lawrence Berke-
ley National Laboratory (52). F An image of a femtosecond laser fila-
ment produced by the Teramobile project (53)
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5 � Laser ablation R&D: the next 60 years

The future is bright for laser ablation. The number of appli-
cations continues to increase led by improvements in com-
mercial lasers and technology recognition. Early instrumen-
tation could not meet the needs of industrial requirements; 
not because of the technology but because lasers were just 
being developed, were unreliable and did not have the high 
power of today’s lasers. Lasers with higher energy, shorter 
pulses and high repetition rates continue to become more 
efficient, reliable, and affordable. Laser ablation has been 
advanced (always more to come) to the point that it is now 
a routine approach for many industrial processes. It will 
be intriguing to see what new esoteric applications will be 
invented, as many of the applications of today were not envi-
sioned when the laser was first developed. Machine learning 
and artificial intelligence will contribute to advancements in 
laser ablation applications, and possibly help in understand-
ing the process. It also will be interesting to see if a particu-
lar application will justify the need for fundamental research 
to establish the underlying mechanisms of laser ablation, 
where an empirical approach does not make sense.

In my area of expertise, laser ablation is a twenty-first 
century approach to chemical analysis, and companies are 
seeing increased demand for laboratory-based commer-
cial instruments to rapidly measure every element (and 
isotope) in a sample with excellent sensitivity, accuracy, 
and precision. In addition, laser ablation allows field-based 
chemical analysis applications, including real-time metrol-
ogy in advanced manufacturing (batteries, solar cells) 
lines, standoff analysis during food and pharmaceutical 
production, remote sensing, and many other industrial pro-
cesses where chemistry is critical to performance. Isotopic 
analysis using LIBS and LAMIS will continue to advance 
in applications that cannot be addressed by mass spectrom-
etry [51–53, 60, 61]. Laser ablation changes the paradigm 
for chemical analysis—bring the lab to the sample instead 
of vice versa. NASA successfully demonstrated that LIBS 
instruments can be operated in remote harsh environments, 
much more challenging than most commercial industrial 
applications. The technology has moved beyond early 
adopters and becoming mainstay. Automation, machine 
learning and artificial intelligence will expedite adoption 
towards a non-user analytical experience.

Fig. 8   Persistence of a laser induced plasma showing time behavior 
for ionic, atomic, and molecular emission after ablation of a boron 
nitride sample using a nanosecond pulsed laser (A). Boron oxide 
(BO) species form during recombination with oxygen in the ambient; 
two molecular bands are shown. B A diagram of electronic energy 

level splitting due to isotopic structure of the atom/ion with an exam-
ple of an optical spectrum for B. C A diagram for molecular energy 
level transitions with rotational and vibrational structure related to 
isotope splitting, and a LIBS spectrum from BO emission
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