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Abstract—The review is devoted to one of currently most often used methods for the study of the elemental
composition of samples differing by origin and matrix, laser sampling (LS), in combination with inductively
coupled plasma mass spectrometry. The method ensures the analysis of samples without their transfer into
solution and with high spatial resolution, up to several micrometers. The main restriction of laser sampling is
due to elemental and isotopic fractionation, proceeding in the interaction of laser irradiance with the sample
surface, on which photoelectronic and thermal processes, resulting in the formation of sample aerosols of dif-
ferent nature, can occur depending on the characteristics of laser irradiance. The paper covers works on the
study of the effect of the laser wavelength, pulse duration, pulse fluence, plasma screening, explosive boiling,
and the crater geometry on elemental fractionation and works in which fractionation coefficients were calcu-
lated on the basis of experimental data.
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Many instrumental methods of chemical analysis
of different samples require the preliminary transfer
analytes into solution. Such procedures are often asso-
ciated both with problems of the dissolution of sam-
ples of complex composition and with a possibility of
their contamination with impurities present in the
reagents, which introduces significant errors into the
results of analysis. The development of methods of the
introduction of solid samples into analytical instru-
ments was always an urgent problem of methodologi-
cal research conducted by analytical chemists. A suc-
cessful solution of these problems was provided by the
laser sampling (LS) of solid samples. The LS method
in combination with inductively coupled plasma mass
spectrometry (LS—ICP—MS) appeared a rapid tech-
nique for the direct elemental and isotope analysis of
any solid sample with minimum preparations to the
analysis without the transfer of solid samples into
solution and, in most cases, without the introduction
of additional reagents. In addition, the method offers
a possibility of the local analysis of solid and liquid
microscopic inclusions and gives spatial information
about the composition of elements. Determination by
MS ensures the positive identification of elements

with lower spectral noises compared to atomic emis-
sion spectroscopy (AES). From several pico- to several
femtograms of a sample are sufficient for recording an
analytical signal, depending on the sensitivity of the
used analytical equipment. These values are much
lower than those typical for methods utilizing the
injection of sample solutions through a nebulizer
chamber. The rapid development of LS—ICP—
AES(MS) methods considerably increased interest of
researchers in these analytical techniques for the
determination of a great number of elements with very
low limits of detection [1—6]. The methods have
found application both in scientific academic and
applied research, including those in ecological, geo-
logical, metallurgical, archaeological, judicial, semi-
conductor, medicobiological, etc. branches [7]. Nev-
ertheless, the drift of the analytical signal observed
with all types of lasers and samples with different
matrices, so-called “elemental fractionation” appeared
to be one of the main problems in LS—ICP—MS. This
phenomenon may be due to different extents associ-
ated with LS, transportation, or excitation and ioniza-
tion processes in inductively coupled plasma. The
accuracy of the results of analysis is directly related to
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the successful overcoming of elemental fractionation
or with its account in recording and processing of the
results.

In foreign scientific periodical literature, processes
of laser sampling were described in different terms, for
example “laser probe,” “laser microprobe,” “laser
sampling,” or “laser ablation.” However, the term
“laser ablation,” which was copied in Russian litera-
ture as “lasernaya ablyatsiya,” has occupied the domi-
nant position and could assimilate in it, although
many scientists often notice their rejection of this
term. The word “ablation” has Latin origin and means
“to carry mass away.” We will try to avoid this expres-
sion invaded into Russian and quite dissonant and use
the term “laser probe sampling,” or “laser sampling”
with the abbreviation “LS.”

The first use of LS as a method of sample injection
into ICP—MS was described by Gray in 1985 [8]. At
the energy of laser pulse 0.5—1 J, craters 0.5—0.7 mm
in diameter and depth formed for 0.2-mg samples and
pulses of the energy 0.5 J, and the limits of detection
were reduced to 10 ng/g. Later LS as a method of sam-
ple injection into ICP—MS was used and described by
many authors [9—14]. The further development of the
local microanalysis of solid samples using LS led to the
reduction of diameters of the formed craters to 10 um
and smaller and allowed analysts to conduct research
with spatial resolution up to 4 um [1, 10, 15-21].
Today LS—ICP—MS as the most widespread and
available microprobe is used for the local microele-
mental quantitative analysis of different solid samples.

Lasers for sampling. In the early years, ruby and
carbon dioxide lasers with high pulse energies were
used for elemental analysis with LS [2, 7, 22, 23]. Later
solid-state lasers based on yttrium aluminum garnet
with a neodymium dopant (Nd:YAG), titanium—sap-
phire lasers (Ti—Al,O3), and excimer lasers utilizing
noble gas (Ar, Kr or Xe) mixtures with chemically
active gases fluorine or chlorine [4, 6, 24-—32]
accepted the widest distribution for laser sampling in
elemental analysis.

Inductively coupled plasma as an ion source. In
inductively coupled plasma, aerosol particles moved
with carrier gas flow from the LS place are vaporized,
atomized, and ionized. Elemental fractionation can
result from the incomplete dissociation of sufficiently
large particles on their injection into ICP; therefore,
the formation of smaller particles on the interaction of
laser irradiance with a sample surface favors not only
their more complete drift to the plasma but also the
higher probability of their complete ionization. The
role of ICP as an ion source was described in numer-
ous papers [for example, 33—37]. For the first time,
ICP was successfully used in combination with quad-
rupole mass analyzers in [38—40]. The detailed
description of functions and characteristics of all
ICP—MS systems can be found, for example, in [35,
36, 41].
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Effect of laser irradiance parameters on LS. Laser
irradiance parameters along with the nature of the
studied sample and other factors strongly affect ele-
mental fractionation, because they determine the
quality of aerosols formed by laser sampling. The
aerosols must consist of sufficiently small particles
with a uniform fractional and chemical composition,
independent of their size. Elemental fractionation in
the LS site can be minimized by optimizing the condi-
tions of laser impact: wavelength, pulse duration,
intensity, and frequency [42].

Advantages of UV radiation over IR radiation in LS.
Laser wavelength considerably affects sampling,
because, at shorter wavelengths, the energy of laser
irradiance is absorbed more efficiently, and bond
breaks and ionization of solid substances proceed
more efficiently because of the higher energy of pho-
tons. Wavelength plays a particularly important role in
sampling by nanosecond laser irradiance. It was found
that among the advantages of UV lasers over IR ones
are the overcoming of matrix effects and the better
stoichiometric representativity of the ablated samples;
the reduction of plasma screening; more efficient
interaction of laser irradiance with the sample surface;
the reduction of spatial resolution up to 4 um; high
sensitivity; and possibility of analyzing any solid sam-
ple, including transparent ones [21, 43, 44]. It was
shown that the shorter laser wavelength led to the
higher rate of sampling and the lower fractionation [6,
13, 24, 45—48]. A comparison of the most often used
UV wavelengths, 266, 213, and 193 nm, of the
Nd:YAG-laser and also 157 and 193 nm of the excimer
laser showed that laser irradiance of the deep UV
(DUYV) region (157 and 193 nm) is most suitable for
LS, because it is absorbed by the majority of samples
and produces small particles, which particle size dis-
tribution is the least dependent on the matrix and
which are easily moved with the carrier gas and effi-
ciently atomized and ionized in the ICP. Hence, laser
irradiance with wavelengths shorter than 213 nm was
recommended for use in LS—ICP—MS [13, 49-—51].

Effect of pulse duration on LS. It was found that
rather strong fractionation in the LS of brass at 30 ns
(248 nm) in an argon atmosphere was insignificant for
LS with 35 ps pulses (266 nm) [52], and that the dom-
inant process for the 3 ns Nd:YAG-laser and the 30 ns
pulses of excimer laser for power densities below
0.3 GW/cm? was thermal evaporation, whereas at
35 ps, the nonthermal mechanism (see below) was
prevailing in LS at all three wavelengths 1064, 532,
and 266 nm, which points to the best suitability of the
picosecond UV laser for elemental analysis [53].

Le Harzic et al. [54] observed the dependence of
LS thresholds and the depth of penetration of laser
energy on pulse duration in the range from 100 fs to
5 ps. Increasing pulse duration enhanced the thresh-
old fluence and reduced the penetration depth of
effective energy. It was also shown that thermal pro-
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cesses proceeded even in the femtosecond region and
deteriorated the quality, accuracy, and efficiency of
the LS of substances.

When comparing 370-fs and 5-ns LS, Perdian et al.
showed that shorter pulses considerably reduced the
frequency and amplitude of signal spikes in ICP—MS
due to the evaporation, atomization, and ionization of
large particles, which were the main reasons for frac-
tionation in ICP—MS [55]. It was also shown that near
IR (NIR) femtosecond LS (785 nm, 130 fs) weakly
depended on matrix effects and elemental fraction-
ation was much weaker or absent compared to nano-
second LS, depending on the element [56]. Freydier
etal. [57] showed that analytical characteristics of
measurements at IR pulses (800 nm) improved by a
factor of up to 4 with transition from picosecond to
60 fs pulses, while no improvement was observed at
266 nm.

Comparing three LS—ICP—MS systems (213 nm
nanosecond, 193 nm nanosecond, and 200 nm femto-
second) in the analysis of sulfide minerals [58], Wohl-
gemuth-Ueberwasser did not observe melting of any
of sulfides using femtosecond LS in contrast to nano-
second ones. Matrix effects in femtosecond LS were
insignificant. The majority of fractionation indices
(FI) were near unity for all three LS systems. Elemen-
tal fractionation appeared to be independent of the LS
process and an increase in the crater depth, and the
uncertainties in FI were related to the nonuniform dis-
tribution of platinum-group metals in a corresponding
sample rather than to elemental fractionation in the
crater.

Poitrasson et al. [59] showed an advantage of UV fs
over ns LS—ICP—MS at 266 nm for decreasing of
chemical fractionation due to thermal processes (see
below), resulted in more precise, better reproducible,
and more accurate elemental (Pb/U, Pb/Th) ratios
and lead isotopic ratios. Femtosecond calibration of
LS—ICP—MS was less dependent on the matrix
matching and, therefore, more universal. Pulse dura-
tion didn’t effect on elemental ratios 2°°Pb/?*U and
208pb/232Th in monazite in the range 60—300 fs,
noticeable matrix effects were not revealed either [60].
In comparing 150 fs and 15 ns LS—ICP—MS using
wavelengths of 795, 265, and 193 nm for the analysis of
SRM NIST612, BCR-2G, GSE-1G, and BAM-
SO005A Ohata et al. showed in [61] that fs LS did not
ensure the accuracy of analysis improved in compari-
son with ns LS, especially in the analysis of opaque
samples and in using DUYV laser irradiance. In addi-
tion, element concentrations for glasses agree with the
certified values even better in DUV-ns-LS than in
NIR fs LS—ICP—MS and the use of DUV fs LS sys-
tems is always preferable in the analysis of samples
with a wide variety of matrices.

The advantages of femtosecond over nanosecond
UV (196 nm) LS for the determination of the isotope
ratios of heavy stable isotope systems were considered
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in [26, 62—65]. In using nanosecond UV pulses, sub-
stantial isotope fractionation, introducing noticeable
errors in the determination of the isotope ratios of
heavy metals, for example *°Fe/*’Fe [66] and
65Cu/%3Cu [67] was observed. The authors of works
[26, 68] supposed that isotopic ratio shifts were due to
irregular and irreproducible conditions of LS, such as
thermal deformations (see below) and particle size dis-
tribution influence. To overcome the problems of
nanosecond LS, it was proposed to use fs lasers work-
ing at 196 or 266 nm. Studies [62—64, 69] of the isoto-
pic composition of Fe and Si in silicate matrices sup-
ported observations [26] of the substantial indepen-
dence of the UV fs LS—ICP—MS method of matrix
effects and of a possibility of using standard samples
(SRM) without matrix matching.

Shaheen et al. [42] showed that fs laser irradiance
produced more intense and stable [CP—MS signals in
comparison with ns LS, despite lower power and
smaller craters, (30 mJ and ~35 um in diameter for
130 fs; 800 mJ and ~85 um in diameter for 8 ns)
because of the formation of much smaller particles
with more uniform particle size distribution. In com-
paring [70, 71] 130 fs and 110 ps LS of electrolytic iron
and SRM NIST 610 of glass and SRM 1107B of brass,
researchers in both cases revealed the presence of ther-
mal effects at high laser fluences; however, at low laser
fluences, thermal effects were insignificant for fs LS.
In addition, fs LS gave particles of smaller size in com-
parison with those obtained by ps LS. A dependence of
elemental fractionation on pulse frequency was found.
Elemental ratios measured for %Zn/®*Cu, 2%Pb/?3U,
22Th/?8U, %Zn/*Th, and %Zn/?**Pb changed with
the number of laser pulses at both pulse durations;
however, the reproducibility, fractionation, and ele-
ment ratios in themselves were much better for fs
pulses (RSD ~3—6%) than for ps pulses (RSD ~ 7—
11%).

Physical processes in laser-induced plasma. Ther-
mal and nonthermal processes. Laser systems with pulse
duration from 100 fs to several ns allowed the research-
ers to perform the detailed analysis of the interaction
of laser pulses of different duration with the substance
at the invariance of other characteristics of laser irradi-
ance and to explain the almost complete absence of
elemental fractionation in these cases. A number of
works, for example [6, 72, 73], demonstrated that the
interaction of laser irradiance with the sample surface
may include, depending on the wavelength and dura-
tion of laser pulses, both thermal and nonthermal
mechanisms and also their combinations.

‘Works considering characteristics of the LS of met-
alsin a low fluence regime at femto-, pico-, and nano-
second laser pulses were summarized in [74]. The con-
ditions were determined by the electron cooling times,
the lattice heating time, and pulse duration. It was
shown in [75—77] that the process of sampling by fs
and ps pulses can be considered a direct phase transi-
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Fig. 1. Laser sampling craters in steel foil 100 um thick using laser pulses at 780 nm: (a) 200 fs, 120 wJ, F= 0.5 J/cmz; (b) 80 ps,

900 W, F=3.7J/cm*; (c)3.3ns, I mJ, F=4.2 J/cm2 [74].

tion of a solid substance to vapor (or plasma) with the
minimum fractionation. Evaporation from the liquid
phase at nanosecond pulses occurs under the action of
thermal processes; it results in the transfer of sub-
stance both to vaporous and liquid phases. The differ-
ence in the heats of phase transition in the evaporation
of different chemical elements in thermal processes
can induce strong fractionation [6].

Figure 1 shows craters obtained in [74] under the
action of laser irradiance with a fluence of 0.1—5 J/cm?
on a 100-um thick steel foil with 10* laser pulses in fs,
ps, and ns modes and clearly demonstrates results of
thermal processes in the transition from fs to ns pulses.

Stuart et al. in [78] showed that, for laser pulses up
to 10 psat 1053 and 526 nm, the LS of quartz glass and
calcium fluoride proceeded due to the rapid formation
of plasma and the removal of the surface layer, and for
pulses longer than 100 ps, due to usual melting and
boiling. A conclusion was drawn in [79] that the LS of
oxide ceramics (Al,O;, MgO, ZrO,) with fs and ps
laser pulses can be considered a direct transition of a
solid substance into vapor.

As was shown [72, 80] for the ps LS of silicon, the
main mechanism of electron emission from the sur-
face for laser fluences below the melting threshold is
the emission of photoelectrons (nonthermal process),
whereas thermionic emission (thermal process) can
occur near the melting threshold.

In the conditional time scale (Fig. 2) [81], one can
see stages of absorption of laser energy and substance
ablation in ns and fs modes of laser pulse duration and
processes proceeding under these conditions. In the fs
LS, plasma formed after the termination of the laser
pulse, while in ns LS, it formed during the laser pulse
with part of pulse energy consumed for repeated
plasma heating. It was shown that the lifetime of the
plasma was longer for ns LS compared to fs LS. It
appeared that elemental fractionation was not
observed in the range of pulse durations from 40 fs to
1 ps, which could significantly improve the analytical
characteristics of the LS—ICP—MS method.

The authors of works [82—86] showed that thermal
processes occurring in ns LS can include normal evap-
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oration, normal boiling, and explosive boiling. The
last process remains the only thermal mechanism that
can explain laser sputtering at high fluences [84] and is
a factor responsible for the inhomogenous transition
of sample matter to the vapor and, therefore, for errors
in the results of analysis. The detailed theoretical
model and a possible mechanism of explosive boiling
were described in [87—89]. It was shown that, for
wider beams and longer wavelengths of laser irradi-
ance, higher density of laser irradiance is required for
phase explosion.

Plasma screening. Processes of plasma screening,
studied in a number of works, e.g. [90—97], in which
the laser beam could interact with an expanding
plasma torch produced at an early stage of LS,
depending on the pulse duration, also strongly
depended on the laser wavelength. Depending on the
wavelength, laser irradiance can be intensely absorbed
or reflected by the plasma. Photon of short-wave UV
radiation more efficiently penetrate into plasma and
directly initiate bond breaks in a sample, which results
in a higher rate of LS and smaller fractionation, and,
therefore, in smaller errors and better reproducibility
of elemental analysis with LS. As was shown in [98],
high-energy photoelectrons emitted from a copper
sample in passing the leading edge of the wave of a ps
laser pulse form plasma in the gas over the target while
absorbing inverse bremsstrahlung. The degree of
plasma expansion depends on the gas properties. The
absorption of plasma in the ps LS of a solid substance
can be reduced using either an ambient gas environ-
ment with a high ionization energy or low gas pressure.
On an example of a brass sample, Kuhn et al. showed
in [99] that, under the conditions of laser-induced
plasma, heating and partially evaporating emitted par-
ticles, the gas phase at this stage was enriched and the
particles were depleted with zinc.

Amoruso et al. [94] found out that a laser beam of
low fluence passed to the target almost without atten-
uation by the formed vapor. Heat transfer resulted in
the melting and evaporation of the target. For laser
irradiance  exceeding the fluence threshold
(=2 J/cm?), the temperature of the vapor was rather
high to cause noticeable atomic excitation and ioniza-

No. 11 2016



LASER SAMPLING

Nanosecond laser sampling

Surface absorption
Substance excitation
Temperature jump

Laser
beam

—
—
—

Thermal evaporation

Plasma reflection

Plasma reflection
Plasma absorption
Self-regulated mode

—>
Plasma interaction
with the environment
Shock wave propagation

Plasma confinement

Excitation by laser-induced
breakdown

D Particle emission
Ld iy .
SRR - Torch compaction
. 9"
~ms * Lade

100fs

Nonthermal substance carry over

1073

Femtosecond laser sampling
0 Laser —— Inverse bremsstahlung
beam > Multiphoton absorption
—_
Coulomb explosion

Energy transfer
(from electrons to ions)

Electron-lattice heating

lpsv

Thermal evaporation

Ins Y

Plasma interaction
with the environment
Shock wave propagation

100 nsv

u Plasma confinement
Excitation by laser-induced
breakdown
Particle emission
Torch compaction

-y

Fig. 2. Approximate time intervals in energy absorption and substance ablation along with processes occurring for 50 fs and 10 ns

LS [81].

tion of atoms, after which the vapor started to absorb
incident laser irradiance, which, in turn, resulted in
the decomposition of vapor and the formation of
plasma. As was shown in [93, 100], depending on the
wavelength of laser irradiance, electron density,
plasma sizes, and its electron temperature, the target
can be efficiently shielded from laser pulses, up to the
total reflection of the laser beam, which results in the
reduction of the interaction of laser irradiance with the
sample and, consequently, in a decrease in the amount
of laser ablated substance with an increase in fraction-
ation. Eggins et al. showed in [47] that the high laser
fluence could lead to an increase in the contribution of
the plasma sampling of the target matter, which can
become the prevailing process, significantly increas-
ing fractionation at a rather high pulse energy.

Effect of laser intensity. Laser fluence is also an
important factor affecting the productivity and quality
of LS—ICP—MS, because it determines the degree of
elemental fractionation [6, 42]. The dependence of the
processes of melting, explosive boiling, and substance
ablation, responsible for elemental fractionation, on
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the density of laser fluence was investigated in [54,
101, 102]. It was shown that in the low fluence regime
penetration depth is close to the theoretical depth of
optical penetration and the thresholds of LS are quite
low; at higher fluences, the efficient penetration depth
increased from 10- to 20-fold and LS thresholds also
increased. Shaheen et al. distinguished four threshold
transitions characterizing changes in the prevailing LS
mechanism for different ranges of laser fluence: the
beginning of LS, screening by ionized mass, explosive
mass ablation, and screening by electron plasma [42].
They described in detail changes in the degree of frac-
tionation depending on the intensity of laser irradi-
ance and physical mechanisms of processes responsi-
ble for elemental fractionation. As was shown in [103],
the dependence of elemental fractionation on the den-
sity of laser fluence is individual for each sample,
because, for samples optically transparent at the given
wavelength, high intensity laser fluences are required,
whereas for samples with high heat conductivity and
low melting points, low intensities are required even at
fs pulses. When the laser fluences considerably exceed
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the LS threshold for particular samples, e.g., for stan-
dard samples of brass, Al, and silicate glass >5 J/cm?,
elemental fractionation becomes insignificant [104].

It was shown in [105] that elemental fractionation
in LS, both for nanosecond and femtosecond lasers,
could be reduced if the laser fluence was much higher
than the LS threshold for the irradiated sample. How-
ever, preferable evaporation and losses in the diffusion
of volatile elements from the melt in the crater (for ns
LS and metal samples) will be present, but can be
reduced using low-intensity and low-frequency pulses.

Different mechanisms of processes of the evapora-
tion of the target substance in the range of laser inten-
sities 200—350 MW/cm? were considered in [106]. It
was also shown in [107—109] that normal evaporation
from an irradiated surface occurred at the laser fluence
below 5.2 J/cm? and explosive phase transition pre-
vailed in the course of evaporation at laser fluences
higher than 5.2 J/cm?. The study of the composition of
glass aerosols formed in NIR fs LS (200—250 fs) [100]
showed that the concentrations of Ca, Zn, Sr, Ba, and
Pb in them corresponded to that of the bulk material if
the selected laser fluence considerably exceeded
5J/cm?. However, for the LS of metals, intensity
should not be higher than 5 J/cm? because of elemen-
tal fractionation and intense formation of micrometer
particles. In addition, it was shown that, at shorter
pulses (<150 fs), the stoichiometric sampling of brass
was possible for fluences up to 50 J/cm?. However, the
data [110] indicate that, in the LS of brass (785 nm;
130 fs), the direct transfer of the solid substance to
vapor with the formation of small particles of nanome-
ter sizes proceeded at fluences <19.14 J/cm?, and, at
fluences of >20.47 J/cm?, the ejection of molten sub-
stance droplets was observed, which points to the
prevalence of thermal processes.

It was shown [111], that in the LS of glass (266 nm,
5 ns), laser power density of 0.4—0.5 GW/cm? was the
threshold value for changing of the particle size distri-
bution of the aerosol towards the formation of smaller
particles, plasma screening, and the ablation rate of
many materials.

Elemental fractionation. The main source of errors
in measurements of concentrations of elements, iso-
topes, and isotope ratios by LS—ICP—MS is provided
with fractionation effects. The first type of fraction-
ation relates to space charge effects in the ICP region
and also in the expansion chamber between the sam-
pling and scimmer cones. This effect favors the scat-
tering of light isotopes from the ion trajectory. The
second type of fractionation occurs in the region of the
sampling cone and system of focusing lenses and
depends on ion energy, which, in turn, depends on the
element. The third type of fractionation, which we call
fractionation in LS, makes the main contribution to
the instability of measurements by LS—ICP—MS
[112]. This source of fractionation is arranged in the

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 71

SHAZZO, KARPOV

place of target irradiation and affects the degree of
fractionation, which may occur at the further steps of
the process, both during the transportation of the
aerosol and in the evaporation and ionization of the
transferred particles and aggregates. Just this type of
fractionation will be considered further in more detail.

Elemental fractionation was considered by many
authors for all types of lasers, including fs ones, and for
different wavelengths of laser irradiance [see, e.g., 4,
47, 51, 113—116]. A considerable decrease in elemental
fractionation with UV lasers in comparison with
IR lasers was shown; however, the complete elimina-
tion of matrix effects was not attained. As was noted in
[116—118], the degree of elemental fractionation may
be determined by the redistribution of elements
between the phases formed in the region of the crater
in the course of laser heating and sample evaporation,
differences in the degrees of element evaporation from
the melt in the crater region because of differences in
their volatilities, fractional condensation of vapors
with the formation of refractory element condensates,
gravity sedimentation or the diffusion of particles in
the substance transfer to the ICP, incomplete evapora-
tion and ionization of big particles (larger than
150 nm) with an increase in the MS signal from more
volatile elements, the suppression of the signal of vol-
atile elements in the plasma by the big masses of aero-
sols (mass load). All these factors can be responsible
for the distortion of the measured concentrations of
elements and isotopes.

Mass transfer based on thermophysical properties,
accompanied by elemental fractionation depending on
the physical and chemical properties of the sample
and characteristics of laser irradiance during the laser
pulse, was noted in [21, 28, 47, 53, 113, 114, 117—129].
Elemental fractionation depending on the position of
the target inside the LS chamber was also observed in
[130] and related to distinctions in the behavior of
refractory and volatile elements during condensation
from laser-induced plasma and correlated with the
local velocity of helium rather than with the interac-
tion of laser irradiance with the solid sample. Studies
[117, 131] demonstrated that elemental fractionation
and matrix effects due to mass load in LS at 213 and
193 nm with Nd:YAG lasers were insignificant for
refractory litophile elements, particularly, for the
193 nm laser (<5%). However, for chalcophile and
siderophile trace elements with low boiling points,
these effects were up to 40 and 20% for 213 and 193 nm
lasers, respectively, and nonstable for NIST glasses
and carbonates. Besides, the effect of mass load was
much weaker for laser irradiance with the wavelength
193 nm.

In a number of studies, for example [111, 132, 133],
it was shown that the sizes of particles formed in the
LS of aerosols strongly affect the efficiency of evapo-
ration and ionization in the ICP; for sufficiently large
sizes of particles, the evaporation and ionization pro-
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ceeded incompletely, resulted in elemental fraction-
ation, and affected the analytical characteristics of
ICP-MS. The size, fractional, and chemical composi-
tion of the ablated particles directly depended on the
wavelength, power density, beam diameter, and pulse
duration of laser irradiance, and also on sample matrix
and ambient gas. Smaller particles from fs LS resulted
in an increased intensity and stability of the ICP—MS
signal in comparison with ns LS. However, the depen-
dence of element distribution in aerosols on particle
size was different for different elements. As was shown
on an example of the LS of brass samples in [99], cop-
per and zinc in the aerosol were distributed heteroge-
nously: particles larger than 100 nm were enriched
with copper up to 100% and particles of the size
<100 nm and vapor phase were enriched with zinc by
more than for 40%. In the study of the fs LS of an
intermetallic NiAl compound, Jorgensen et al. showed
that nanoparticles of the size 1—30 nm were amor-
phous and enriched with aluminum, while larger par-
ticles (>100 nm) were crystalline and depleted with
aluminum [134].

A dependence of the sizes of particles and aggre-
gates formed in the aerosol in the LS on gas flow rate
at the LS place was shown in [135]: larger particles and
aggregates formed in the zones of the low flow rate of
helium, which led to the incomplete evaporation and
depletion of the acrosol with refractory elements in the
ICP. To reduce fractionation, Guillong et al. removed
almost all particles larger than 0.8 um [136]. However,
as was shown in [99], elements in LS were distributed
heterogenously within the various particle size frac-
tions. For this reason, large particles must not be
removed from the aerosol, because this could change
its overall stoichiometry.

As was shown in [137], the LS of biogenic carbon-
ates and NIST SRM 612 gave micro- and nanosized
particles. This distinction was determined by the
method of their formation: in the laser sampling of sil-
icates (NIST 612), microparticles formed by hydrody-
namic spraying, while in the sampling of biogenic car-
bonates, by a photomechanical breakdown. The effect
of these distinctions can be minimized using a 193 nm
laser, which gave smaller particles than the 213 nm
one.

Fractionation coefficients. Fractionation indices for
60 elements in a silicate NIST glass were first calcu-
lated by Fryer et al. in [12] relative to calcium as an
internal standard (IS). The FIs were calculated as inte-
grated signals for each element in the second half of
continuous LS normalized to calcium divided by sig-
nals in the first half of LS normalized to calcium. Such
FlIs were measures of fractionation of each element in
LS relative to the IS element. The value FI = 1 pointed
to the absence of elemental fractionation under the
experimental conditions. The FI values of elements in
different matrices were distributed between three
groups: for the majority of litophile elements forming

JOURNAL OF ANALYTICAL CHEMISTRY Vol. 71

No. 11

1075

sulfate, carbonate, phosphate, borate, and halide min-
erals, FI ~1; for many chalcophile elements forming
the group of sulfide and telluride minerals, FI ~2 and
higher; siderophile elements forming the major part of
polymetallic ores were characterized by intermediate
coefficients (Fig. 3).

FI were calculated later by other researchers, e.g.,
[28, 46, 48, 113, 114, 117, 129, 138, 139]. In [56], FI
values determined in 130 fs LS at 785 nm were compa-
rable with FI calculated by Fryer et al. [12] using a
nanosecond 266 nm installation; however, for P, Cu,
Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Sb, W, Re,
Au, Ti, Pb, and Bi with FI >1.5 at 266 nm ns LS [12],
the FI values for NIR fs laser pulses were close to unity
[56].

Significant elemental fractionation was found for
Cu, Zn, Pb, P, Ga, Ge, Cd, Sb, Tl, and Bi: FI differed
from 1 at 193 and 213 nm LS of silicate (NIST SRM
612), basalt (KL2-G), and carbonate (MACS-1)
glasses [131]. A change in the diameter of laser spot
from 20 to 110 um led to a change in FI by 10—20%. A
significant effect of the laser spot size on elemental
fractionation was shown based on calculations of FI in
brass and NIST samples [140].

In [129], FI values based on #*Ca in UV fs LS—
ICP—MS at the laser fluence <6 J/cm? in the average
mass range (*’Fe < m < "'Cd) strongly deviated from
unity. The deviations of FI values were much smaller
for fluences esceeded by far 6 J/cm?. Chen et al. pro-
posed a procedure for the correction of interelemental
fractionation using the “internal standard normalized
fractionation factor” for the calculation of analyte
concentrations [114]. However, as follows from the
work [141], FIs do not serve fundamental indicators of
laser sampling, they strongly depend on the character-
istics of laser irradiance and sample properties, and
show only how masses of different elements are
ablated during the formation of a crater in using spe-
cific characteristics.

In [71], FI values were determined for 11 NIST 610
isotopes in fs and ps LS—ICP—MS with different pulse
frequencies. The largest deviation of FIs was observed
at 10 and 5 Hz in fs and ps modes, respectively. An
increase in frequency from 5 to 50 Hz reduced frac-
tionation for all isotopes at both pulse durations.
Machida et al observed changes in FIs with time for
34 elements [142]. Depending on the change in FlIs,
elements were divided into two groups. It was recom-
mended to select an IS element from the group of ele-
ments to be determined. Luo et al. calculated FI values
for 63 isotopes relative to calcium in 50-s intervals and
showed that both types of elemental fractionation,
from laser irradiance and in ICP, equally depended on
the temperatures of element condensation [135].

Influence of laser operation parameters. In IR LS
(1064 nm), in contrast to 266 nm LS, plasma screen-
ing of laser irradiance occurs and increases the risk of
selective evaporation [43]. Substance fractionation,
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Fig. 3. Fractionation indices for 59 elements [1] (signs designate element assignment to the groups).

resulting in the poor representativity of the ablated
sample [128], and a dependence of elemental fraction-
ation on laser focusing (spot size), i.e., intensity of
incident irradiance and melting points of element
oxides [45], were observed. A significant increase in
elemental fractionation for 14 elements with the
reduction of the size of laser spot from 44 to 16 um at
a constant laser fluence was observed in natural sili-
cates in contrast to NIST SRM 610-614, in which
laser-induced elemental fractionation was quite insig-
nificant [139]. The absence of elemental fractionation
in LS at 266 nm and significant elemental fraction-
ation in LS at 1064 and 532 nm, depending on laser
focusing, allowed Figg et al. to conclude [45] that, in
the last two cases, there was a local heating of the sam-
ple surface, which evaporated the most volatile ele-
ments and formed larger particles that did not decom-
pose completely and were thermally extracted by more
volatile elements in ICP. These and similar observa-
tions assume the use of UV irradiance with low pulse
energies for gaining improved analytical results. The
dependence of the selective evaporation of elements in
LS on the frequency and power of laser pulses was
shown in [124].

Jeffries et al. found a considerable reduction of
fractionation with the improvement of analytical char-
acteristics in UV ns LS at 266 nm in comparison with
IR ns LS at 1064 nm [24]. On the contrary, Eggins
et al. observed systematic elemental fractionation in
LS at 193 nm and pulse duration of ~20 ns and drew a
conclusion about the strong dependence of elemental
fractionation on the energy and duration of laser
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pulses and about its probable independence of the
wavelength of UV radiation [47]. For 6 ns LS with
pulses at 266 and 213 nm, Liu et al. did not observe
considerable distinctions in elemental fractionation
[25]. In [49], elemental fractionation was observed for
all three wavelengths of UV radiation, 157 nm (30 ns)
and 213 and 266 nm (6 ns). The authors drew a con-
clusion that fractionation depends on the energy and
number of laser pulses, i.e., for all wavelengths the
researcher can select laser fluence at which fraction-
ation is minimized or absolutely eliminated. However,
a comparison of 193 and 266 nm nanosecond laser
irradiance in [46, 48] has shown that elemental frac-
tionation depends mainly on the wavelength of laser
irradiance and is independent of the nature of the car-
rier gas (He or Ar). The elimination of elemental frac-
tionation using 196 and 266 nm fs laser pulses was
shown in [26, 65]. It was noted that element and iso-
tope fractionation as the main restrictions of LS occur
for nanosecond irradiance.

The study of elemental fractionation in fs LS—
ICP—MS on binary metal and semiconductor samples
and on multielement glasses in [143] was performed
using successive single laser pulses. Fractionation was
observed in the first laser pulses; it was quite signifi-
cant at the laser fluence close to the LS threshold of
samples. The ratio of elements in the ablated masses
changed from one pulse to another to the achievement
of a limiting fluence-independent value representing
stoichiometric sampling. It was shown that limiting
stoichiometric ratios could be attained with a smaller
number of pulses if higher fluences were used. It was
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also shown that elements with low first ionization
potentials (IPs) are characterized by higher probabili-
ties of LS, and in LS with almost equal IPs, fraction-
ation was not observed or was very weak. A linear
dependence of the depth of LS and crater diameter on
the number of laser pulses in the fluence range 1.14—
24.89 J/cm? was shown in [110].

As was shown in [23, 144], in the range of densities
of incident radiation 0.6—2.0 GW/cm? in 5—6 ns LS,
the fluctuation of element ratios of ablated mass was
statistically insignificant.

Effect of crater geometry. The laser beam spatial
energy profile is an important property determining
the shape and morphology of LS craters. In a number
of studies [e.g., 6,42, 142, 143], it was noted that solid-
state Nd:YAG lasers usually had Gaussian beam pro-
files, which could be easily focused on the target sur-
face to a very small beam area, and the craters formed
under these conditions were cone-shaped. However,
the optical systems of the newest LS installations
allowed the formation of beams with the top close to
flat [42].

The number of laser pulses at their fixed positions
on the sample also considerably affects the shape and
depth of the forming craters, and consequently, the
proceeding physical processes and elemental fraction-
ation caused by these processes. A correlation between
the geometry of LS pits and surface processes during
LS (193 nm, 20 ns) was found in [47]. Fractionation
was enhanced with the development of a crater [142]
and became significant at actual radiation intensities
below 0.2—0.3 GW/cm? [144]; however, the degree of
fractionation was not directly related to the laser beam
profile [6]. As was shown in [47, 144, 145], the degree
of elemental fractionation became significant at the
ratio of the width of an LS crater to its depth higher
than six. An assumption was made in [25, 47] that the
geometry of the crater affects elemental fractionation
because of a contribution of plasma sampling and a
decrease in irradiance efficiency during mass transfer.
Russo et al. supposed that, at a proper choice of laser
parameters and the ratio of crater sides, preferable
evaporation and fractionation could be eliminated
[146].

It was shown [147] that laser-induced elemental
fractionation is a function of the number of laser
pulses and is exponentially inversely proportional to
the spot area. To minimize the fractionation of Pb/U,
an increase in the LS spot size to >150 um was used.
The absence of fractionation effects was shown in the
determination of trace elements in zeolites, basalt, and
andesite, rare-earth elements in NIST SRM 612 glass
by LS—ICP—MS (266 nm, 5 ns) at spot diameters of
200, 320, and 340 wm [148—150].

k ok ok

The LS—ICP—MS method provided analytical
chemists with an efficient tool for elemental analysis
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and the determination of element and isotope ratios in
different solid samples with limits of detection down to
several ppm, high spatial resolution down to several
um, and without chemical sample preparation. The
main contribution to the instability of the measure-
ments is made by fractionation during the evaporation
of chemical elements, associated with thermal pro-
cesses in LS. The dependence of thermal processes on
the wavelength, pulse duration, and power character-
istics of laser irradiance, and also on the geometry of
the crater and the ratio of'its sides and the composition
and properties of the sample was shown. The advan-
tages of an UV laser over an IR one were revealed.
They consist in the elimination of matrix effects, the
reduction of spatial resolution up to 4 um, higher sen-
sitivity, and possibility of analyzing any solid sample.
Shorter laser wavelengths ensure higher rates of abla-
tion and lower degrees of elemental fractionation. At
nanosecond pulses, thermal processes are prevailing
mechanisms of matter ablation for particles of micron
size, and, in fs LS, photomechanical mechanisms are
prevailing, which lead to the matter ablation of parti-
cles with uniform and small particle size distribution,
transferred by the gas stream without significant losses
and completely ionized in ICP with the minimum
total fractionation. Depending on the characteristics
of laser irradiance and sample properties, fs LS—1CP—
MS exceeds the ns version in sensitivity by approxi-
mately one order of magnitude. The UV fs LS—ICP—
MS method is substantially independent of matrix
effects, which favors use in the analysis of standard
samples without matrix matching. A measure of ele-
mental fractionation in laser sampling relatively to an
internal standard element is provided by fractionation
indices.
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