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Ultrafast laser ablation ICP-MS: role of spot size,
laser fluence, and repetition rate in signal intensity
and elemental fractionation

Prasoon K. Diwakar,*a Jhanis J. Gonzalez,b Sivanandan S. Harilal,a Richard E. Russob

and Ahmed Hassaneina

Ultrafast laser ablation inductively coupled plasmamass spectrometry (LA-ICP-MS) has gained prominence

in recent times owing to its superior capabilities in eliminating fractionation effects providing the possibility

of developing a non-matrix matched calibration system. Though ultrafast laser ablation sample introduction

provides better accuracy and precision compared to long-pulse nanosecond lasers, the fundamental

ablation mechanisms using femtosecond lasers are still not clearly understood. In this study, the role of

spot size, fluence and repetition rate has been studied using brass and NIST 612 samples to understand

their signal intensity and fractionation effects. A white light interferometric microscope has been used

for crater analysis and the results are correlated with the LA-ICP-MS signal intensity and measured

elemental ratios. The results show that the spot size, laser fluence and repetition rate can play an

important role in overall performance of the LA-ICP-MS system as well as in elemental fractionation.

Crater measurements also show that the ablation mechanisms are different for the NIST 612 sample and

brass and the observed differences are discussed using ultrafast ablation theories.
I. Introduction

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has become a widely used analytical technique for
solid sample analysis1–6 in a variety of applications including
depth analysis,7,8 biological samples,9–14 geological samples,15,16

art,17 archaeology and anthropology,18 forensics,19,20 etc. In a
typical LA-ICP-MS setup three stages can be considered: (1) laser
ablation for generation of sample aerosols, (2) aerosol trans-
port, and (3) atomization, vaporization and ionization of the
aerosols in the ICP torch. The accuracy and precision of the
sample is dependent on optimization of each stage of LA-ICP-
MS processes, beginning with laser ablation. In this study, the
focus has been to understand the processes and parameters
during the laser ablation stage which could inuence the
ICP-MS signal and thereby affect the accuracy of quantitative
analysis. There are various parameters which could inuence
the laser ablation process that include laser pulse energy,21–23

wavelength,22,24–26 laser pulse duration,27–31 laser spot size,32,33

repetition rate,34,35 laser beam prole and focusing, ablation
modes (same spot or scanning modes),27 ambient gases,35,36 gas
ow rate,1 ablation cell volume, etc. Many of these parameters
have been studied extensively by various groups. Even aer
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careful optimization of all the parameters, there are certain
issues which pose challenges to the technique viz. elemental
fractionation effects and matrix effects.19,23,24,27,30,32,33,36

Elemental fractionation occurs due to preferential ablation of
certain elements (low volatility or low vapor pressure elements,
low ionization potential) present in the sample resulting in
enrichment of one element over the other in laser produced
aerosols leading to non-stoichiometric sampling and analysis.
This elemental fractionation can occur during different stages
of LA-ICP-MS processes including laser ablation, aerosol
transport, and during atomization and ionization in the ICP
torch. Elemental fractionation poses a challenge for analysis of
certain samples such as brass and requires further parametric
studies to better understand and minimize fractionation. ICP
and laser ablation processes are argued to be the most impor-
tant sources of fractionation. Here the focus of this study will be
to understand the laser spot size effect on ablation properties
and its inuence on LA-ICP-MS signal intensity and its overall
performance.

Typically, nanosecond laser pulses have been used for
LA-ICP-MS and has being shown that UV nanosecond laser
pulses help in minimizing fractionation effects.22,26 More
recently, ultra short laser pulses have been used for LA-ICP-MS
which has been shown to considerably improve the accuracy
and precision of the technique.2,3,30,37 Fs-LA-ICP-MS showed the
possibility of developing matrix free calibrations, can be a
signicant advancement for the technique.38 Ultra-short laser
pulses with pulse duration shorter than the timescales required
J. Anal. At. Spectrom., 2014, 29, 339–346 | 339



Table 1 Summary of important laser, samples, and ICP-MS parame-
ters for 1030 nm fs-LA-ICP-MS

Experimental parameters

Laser system/beam delivery
Wavelength/pulse duration 1030 nm, 400 fs
Energy 120 mJ
Repetition rate 10, 100 Hz
Beam diameter 10 mm
Spot size �20–120 mm
Fluence �1–38 J cm�2

Angle of incidence Normal to the target
Objective lens NA 0.13
Sampling mode Single spot and raster

ICP-MS
Torch RF power 1000 W
Carrier gas 0.5 L min�1 Ar + 0.5 L min�1 He
Gas through torch 10 L min�1 Ar
Integration time per isotope 10 ms
Dwell time 100 ms
Data acquisition mode Time resolved (TRA)

Sample materials
Brass isotopes analyzed 63Cu, 65Cu, 64Zn, 66Zn, 67Zn, 68Zn,

70Zn (Cu-68%, Zn-31% by weight)
NIST 610 isotopes analyzed 63Cu, 65Cu, 64Zn, 66Zn, 67Zn, 68Zn,

27Al, 29Si, 43Ca, 44Ca, 63Cu, 65Cu,
83Kr, 85Rb, 86Sr, 87Sr, 88Sr, 107Ag,
109Ag, 115In, 118Sn, 206Pb, 207Pb,
208Pb, 232Th, 235U, 238U
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for heat diffusion to occur in the sample lattice can minimize
fractionation effects as has been shown by numerous studies.

Ablation mechanisms using femtosecond lasers have been
studied by different groups in recent times, but the funda-
mental processes are still not completely understood. For fs LA,
the intense laser beam is focused onto the sample surface
(sometimes the defocused beam is also used for LA-ICP-MS)
where the laser pulse energy transfer takes place in two steps. In
the rst step, photons are absorbed on the surface layer and
single or multiphoton ionization processes occur which excite
the electrons during the rst few fs of the laser pulse. In the
second step, the absorbed energy is transferred to the lattice by
electron–phonon coupling leading to thermal vaporization of
the sample which occurs in a few 100 fs–ps time scales (strong
ablation) or excited electrons can pull out heavy atoms and ions
when they move out resulting in so ablation. The occurrence
of both modes of ablation mechanisms will depend on laser
characteristics and sample material properties. In either case,
the ablation occurs in ps time duration resulting in explosion
like removal of electrons from the sample followed by ion
removal.

There are multiple parameters which can affect the laser
ablation process and in turn affect the formation of laser
produced aerosols. In this study, the focus is on understanding
the effect of spot size, laser uence, ablation modes (same spot
vs. scanning) and repetition rate on the LA-ICP-MS signal
response. The effect of the spot size on LA-ICP-MS signal
intensity has not been studied systematically, especially in the
fs regime and needs further understanding. The spot size, crater
dimensions and laser uence in laser ablation are interlinked.
The crater size, which corresponds to the volume of the sample
removed from the laser spot aer ablation, changes with
properties of the laser pulse (wavelength, pulse width, energy,
repetition rate, etc.) as well as the target properties (melting
temperature, density, hardness, etc.). Smaller spot sizes mini-
mize the damage of the surface, however, they will affect the
ablated mass and hence the sensitivity in LA-ICP-MS. So,
systematic fundamental research is required to understand the
role of the spot size in ablation processes and fractionation
effects with implications to ICP-MS signal intensity.

II. Experimental set up

The details of the experimental setup were described else-
where.4 In brief, the setup included a laser ablation unit, aerosol
transportation system and ICP-MS for elemental analysis. A
femtosecond laser system (Amplitude Systems, S-pulse) oper-
ating at 1030 nm wavelength and 10 Hz and 100 Hz frequencies
was used in this study which works on the basis of a chirped-
pulse amplication (CPA) technique. Laser ablation was per-
formed in an argon and helium environment (0.5 lpm Ar,
0.5 lpm He) as it has been shown to improve the LA-ICP-MS
system. The laser energy used for this study was 120 mJ irre-
spective of the spot size. Laser pulse energy variation was below
2%. The pulse duration of the femtosecond laser pulse was
400 fs. The laser beam was diverted to an ablation chamber
(J100 Series, Applied Spectra) using a set of mirrors and nally
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was focused into the ablation chamber using an objective lens.
The spot size on the sample was varied from 20–120 mm. The
spot sizes were measured using a white light interferometric
microscope (Zygo, New view 200). The ablation chamber was
mounted on an XYZ translation stage which facilitated the
movement of the sample. Rastering as well as the same spot
ablation modes were used in this study. For the same spot
ablation mode, the stage was kept xed at one location while for
raster mode, the stage traversed in X and Y directions at a pre-
dened constant speed of�100 mm s�1. Samples included brass
(Goodfellow, USA) and multi-element glass reference from
National Institute of Standard and Technologies (NIST 612).
Brass was chosen as a sample for this study because of its
known elemental fractionation issues using ICP systems as well
as extensive studies conducted on brass by other research
groups.27,38,39 NIST 612 is a multi-element glass reference stan-
dard which has been extensively studied for monitoring and
understanding fractionation effects and shows a good
comparison with other studies. About 60 trace elements are
present in the NIST 612 glass reference material, the matrix of
which consists of SiO2 (72.27%), Na2O (13.79%), CaO (11.82%),
and Al2O3 (2.10%).40 Additionally, brass and NIST standards
provide the opportunity for comparing ultrafast ablation char-
acteristics of metals and dielectrics. Seven different isotopes
were analyzed from brass: 63Cu, 65Cu, 64Zn, 66Zn, 67Zn, 68Zn,
70Zn while 21 different isotopes were analyzed for the NIST 612
sample: 27Al, 29Si, 43Ca, 44Ca, 63Cu, 65Cu, 83Kr, 85Rb, 86Sr, 87Sr,
88Sr, 107Ag, 109Ag, 115In, 118Sn, 206Pb, 207Pb, 208Pb, 232Th, 235U,
This journal is © The Royal Society of Chemistry 2014
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238U. ICP-MS measurements were performed in transient anal-
ysis mode with an integration time of 10 ms for each isotope.
Laser ablation was initiated 10 seconds aer the gas blank
measurement. An acquisition time (time resolved analysis, TRA)
was set to 10 seconds of ablation followed by �30 seconds of
wash out time. ICP-MS was tuned to maximize sensitivity before
start of each experiment. Data processing was performed by
integrating 10 seconds of the signal counts aer attaining a
maximum signal. Table 1 lists the important experimental
operating conditions used in this study.
Fig. 2 (a) ICP-MS signal intensity of the representative 63Cu isotope
for various spot sizes is shown at 10 Hz and 100 Hz laser repetition
rates. (b) Elemental ratio of Cu/(Cu + Zn) for various spot sizes is shown
at 10 Hz and 100 Hz laser repetition rates. The laser energy used was
120 mJ and raster mode was used for ablation.
III. Results and discussion
(a) Ultrafast laser ablation and elemental fractionation in
brass

The ICP-MS signal intensity and elemental ratios were moni-
tored for varying spot sizes. Fig. 1 and 2 show the effect of the
spot size on ICP-MS signal intensity of 63Cu and 64Zn using the
1030 nm wavelength laser pulse in raster mode of ablation. It
can be seen that there is an increase in ICP-MS signal counts,
though not drastic, as the spot size increases. An incremental
increase in ICP-MS signal intensity could be due to increased
ablation area as well as reduced uence with increasing spot
size. Fig. 2(a) shows the signal intensity of the 63Cu isotope as a
function of spot size at 10 and 100 Hz. As the ablation stage
moves at a constant speed of 100 mm s�1, by increasing the
repetition rate, there is more overlap of the laser shots at a
particular location on the sample leading to an increase in
ablation. For example, at a constant scan speed of 100 mm s�1

for the 100 mm spot size, there is an overlap of 100 laser pulses
at 100 Hz repetition rate while for 10 Hz only 10 pulses overlap.
As expected, the signal intensity is signicantly higher at 100 Hz
since more mass is ablated from the sample.34 Fig. 2(b) shows
the Cu/(Cu + Zn) ratio as a function of spot size and repetition
rate. The optimum elemental ratio for the brass target (�0.68) is
obtained for spot sizes >70 mm (�3 J cm�2), for both 10 Hz and
Fig. 1 Effect of the increasing spot size on LA-ICP-MS signal intensity
for brass in rastering mode at 10 Hz repletion rate. Spot size was varied
from �20 mm to 120 mm with incremental steps of 20 mm.

This journal is © The Royal Society of Chemistry 2014
100 Hz. For smaller spot sizes, the ratios differ considerably; for
10 Hz the ratio is lower than the expected value while at higher
repetition rate, the values are higher than expected. At higher
repetition rate, spot size effects are less signicant compared to
lower repetition rate as observed in the elemental ratio. Smaller
spot size results in fractionation effects for brass possibly due to
a combined effect of increased uence leading to changes in
material ablation, deep crater formation, changes in particle
size distribution27 and changes in mass loading conditions32 in
ICP.

The spot size as well as crater depth was measured using a
white light interferometric microscope as shown in Fig. 3(a) for
varying spot sizes. It can be seen that, with increasing spot size,
the crater depth decreases due to reduced laser uence. The
crater depth and volume are shown as a function of spot size for
the brass sample in Fig. 3(b) and (c) at 100 Hz and 10 Hz
repetition rates. It can be deduced from the gures that the
crater depth decreases with increasing spot size due to a
J. Anal. At. Spectrom., 2014, 29, 339–346 | 341



Fig. 3 (a) Crater depths with varying spot sizes in 100 Hz raster mode
measured using white light interferometry for the brass sample.(b)
Effect of spot size on crater depth, volume and aspect ratio for the
brass sample in 100 Hz raster mode.(c) Effect of spot size on crater
depth, volume and aspect ratio for the brass sample in 10 Hz raster
mode. The laser pulse energy of 120 mJ was used.

Fig. 4 Crater depths with varying number of laser shots for the 20 mm
spot size using white light interferometry for the brass sample. The
laser pulse energy of 120 mJ was used.
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decrease in laser uence from 38 J cm�2 to 1 J cm�2. The ablated
crater volume as determined by the conical shape of the craters
increases with increasing spot size. The aspect ratio determined
crater depth/diameter is well below 1 for all the spot sizes at
both 10 and 100 Hz repetition rates. The aspect ratio ranges
from 0.14–0.01 and from 0.8–0.1 for 10 Hz and 100 Hz cases
respectively. As shown in Fig. 2, the optimal Cu/Zn ratio was
obtained for spot sizes >70 mm (uence > 3J cm�2). At 10 Hz
repetition rate, the craters are shallow and the aerosol sampling
might not be representative of the bulk composition. Zn is
preferably ablated from the sample surface which can result in
bias of the Cu/(Cu + Zn) ratio towards higher Zn content.
342 | J. Anal. At. Spectrom., 2014, 29, 339–346
Additionally, the mass loading effects in ICP can inuence the
ICP-MS signal intensity affecting the Cu/Zn ratio. At higher
repetition rate, there is an overlap of multiple pulses at the
same spot. For the smallest spot size at 10 Hz, only 2 laser
pulses overlap at the same spot while for 100 Hz, 20 laser pulses
overlap resulting in changes in the Cu/Zn ratio. It has been
shown that a certain number of pulses are required for gener-
ating representative aerosols for accurate measurement of
elemental ratios.23 At larger spot size, with more overlap of laser
pulses, reduced crater depths and higher mass ablation resul-
ted in the optimized Cu/(Cu + Zn) ratio. These are indirect
measurements and additionally mass loading effects as well as
changes in particle size distribution can further affect the
accuracy of the measured ratio.

Fig. 4 shows the crater depth changes when different
numbers of laser pulses are red at the same spot. By tting a
linear curve, for 20 mm spot size (38 J cm�2), an average ablation
rate for the brass sample is found to be �300 nm per pulse. A
deviation from the linear trend could be observed for more
number of laser pulses red at the same spot which could be
attributed to the crater effect as the aspect ratio increases to >1.
(b) Ultrafast laser ablation and elemental fractionation in
NIST 612 glass reference materials

Experiments were also repeated with NIST 612 samples to study
the spot size effect on laser ablation mechanisms as well as
elemental fractionation in dielectric materials in comparison to
metals. A typical signal from NIST 612 samples is shown with
increasing spot size using 27Al as the representative isotope in
Fig. 5(a). An ICP-MS signal increase can be seen with increasing
spot size similar to results shown for brass. Fig. 5(b) compares
signal intensity for different spot sizes as well as repetition
rates. As observed for brass, the total intensity is higher for
higher repetition rate.
This journal is © The Royal Society of Chemistry 2014



Fig. 6 Effect of spot size on crater depth, volume and aspect ratio for
the NIST 612 sample. The laser pulse energy of 120 mJ was used at a
repetition rate of 100 Hz.

Fig. 5 (a) Effect of the increasing spot size on LA-ICP-MS signal
intensity using NIST 612 samples. (b) Effect of the repetition rate and
spot size on LA-ICP-MS signal intensity. The 27Al signal is shown as the
representative isotope.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 shows the measured crater depth and volume for the
NIST 612 standard using 120 mJ per pulse laser energy at 100 Hz
repetition rate. Similar trends were observed as seen for the
brass sample, although, crater depths were signicantly higher
for the NIST 612 standard as compared to brass. The crater
depth is lower for brass due to differences in ablation mecha-
nisms associated with metal and dielectric targets. This
phenomenon was explained well by Gamaly et al.41 Since laser
ablation for pulse duration (tp), less than electron-ion relaxation
time (sei), and heat diffusion time (sheat), is electric eld-moti-
vated, free electron density is of extreme importance. In a metal,
these free electrons are readily available; in a dielectric (such as
NIST 612 used here), energy is needed to promote electrons
from the conduction to the valence band. This promotion of
electrons is dependent upon the laser energy and time of
interaction. Increased laser uence will create more free elec-
trons, which will in turn create a stronger electric eld. For
dielectrics, part of laser pulse energy is used for ionization of
the sample and once the ionization of the sample is complete,
the ablation processes and mechanisms are similar to dielec-
trics and metals. It has been shown by Gamaly that for high
uence cases (>10 J cm�2), the ionization process of the
dielectric sample occurs in the rst few femtoseconds of
the laser pulse, thereaer the laser pulse interacts with the
ionized sample.41 The laser ablation depth per pulse can be
estimated as42
labl ¼ (AF)/{na(3b + Ji)} (for dielectrics) (1)

labl ¼ (AF)/{na(3b + 3esc)} (for metals) (2)

where A is the absorption coefficient, F is the uence, na is the
atomic density, 3b is the binding energy function, 3esc is the
work function of metals and Ji is the average ionization poten-
tial per atom for dielectrics (Table 2). Under the same uence
conditions,

labl,Si/labl,Cu ¼ (ASi/ACu) (na,Cu/na,Si) {(3b + 3esc)Cu/(3b + Ji)Si}

Assuming the properties of Cu and Si as themajor constituent
of brass and NIST 612 samples, it can be roughly estimated that
the ablation depth for Si will be roughly 1.45 times the ablation
depth for Cu at the same uence. In our measurements, the
crater depths for NIST 612 are twice as deep as brass craters.
There are multiple assumptions involved and the calculations
might not exactly reveal the exact reason for deeper craters for
NIST as compared to brass but it gives a premise for under-
standing the role of various optical and physical parameters of
the samples in the ablation process. The optical and thermal
properties of the NIST 612 sample can differ considerably from
Si, but the estimation shows that optical properties of the sample
can play a big role in the ablation characteristics as well as partly
explains the reason for bigger crater depths for NIST 612.

Fig. 7 shows crater depth changes for the same spot ablation
at 10 and 100 Hz. The trends are similar to as observed for brass.
For larger spot size, the crater depth increase is more linear with
number of laser shots as compared to smaller spot size. In
J. Anal. At. Spectrom., 2014, 29, 339–346 | 343



Table 2 Physical properties of Si and Cu42

Properties Si Cu

A, absorption coefficient 0.8 0.48
na, atomic number density (1022 cm�3) 4.8 8.45
3b, binding energy per atom (eV) 3.7 3.125
3esc, work function (eV) — 4.65
Ji, average ionization energy per atom (eV) 12 —
n, refractive index at 1030 nm 1.45

Fig. 7 Crater depths and aspect ratios with varying number of laser
shots for 20 and 100 mm spot sizes using white light interferometry for
the NIST 612 sample. The laser pulse energy of 120 mJ was used.

Fig. 8 Elemental ratio as estimated by measuring 29Si/27Al, 238U/232Th
and 208Pb/238U isotopes for different spot sizes as well as repetition
rates. The laser pulse energy of 120 mJ was used.
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general for aspect ratio <1 a linear trend in ablation depth is
observed. An ablation depth per laser shot is estimated to be
�2.2 mm and �0.9 mm for 20 mm and 120 mm spot sizes
respectively for the rst 5 laser shots.

Fig. 8 shows the elemental ratio measured from the NIST 612
sample using 29Si, 27Al, 238U, 208Pb and 232Th isotopes. Higher
laser repetition rate as well as spot size >70 mm resulted in better
estimation of elemental ratios. Lower laser repetition rate
always resulted in large variation in the elemental ratio from the
expected values which could be due to combinations of effects
at the laser ablation site as well as in ICP. Low repetition rates
with shallow craters, reduced mass loading can affect the
elemental ratios as measured by the LA-ICP-MS system. More-
over, it has to be mentioned that at higher repetition rates,
improved S/N and S/B can provide better sampling and stable
conditions.

Fractionation indices of various elements were also esti-
mated with respect to spot size in scanning ablation mode as
shown in Fig. 9 for 208Pb, 232Th, 238U, 27Al, 29Si, 65Cu, 88Sr.
Fractionation index is dened as the ratio of signal intensity of
any element normalized to an internal standard signal intensity
during the second half of the ICP-MS temporal signal to its
normalized signal intensity during the rst half of the ICP-MS
signal.43 Here the 43Ca isotope has been used as an internal
344 | J. Anal. At. Spectrom., 2014, 29, 339–346 This journal is © The Royal Society of Chemistry 2014



Fig. 9 Fractionation index for scanning mode ablation for the laser
pulse energy of 120 mJ at a scanning speed of 100 mm s�1.

Fig. 10 Fractionation index for the same spot ablation case.
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standard. 100 Hz raster mode resulted in the least amount of
fractionation for all the elements studied. At 10 Hz repletion
rate, the largest deviation in the fractionation index was
observed for 238U, 208Pb, 29Si and 65Cu especially at the smallest
spot size studied. The main differences between 10 Hz and
100 Hz repetition rates of ablation are the increased mass
ablation rate due to higher laser power deposited at the target
surface as well as overlapping of laser pulses on a particular
spot at higher laser repetition rate. This indicates that the
higher ablation rate may reduce the fractionation effect. Several
factors could contribute to observed fractionation effects at
smaller spot sizes which could be a combination of crater
effects, mass loading effects in ICP, volatility and other thermal
properties of different elements, etc. The present results repre-
sent the role of various laser ablation parameters in the overall
performance of the LA-ICP-MS system. Further direct
measurements are required to decouple the effects due to laser
ablation as well as ICP on the accuracy of elemental ratios
measured by the LA-ICP-MS system.

Fig. 10 shows the fractionation index calculated in the same
spot ablation mode for various elements. Higher fractionation
(deviation from fractionation index of (1) is observed for smaller
spot size while the most affected elements are Cu, U and Pb and
to some extent Si. Considering all elemental studies, it can be
argued that ionization potential of the elements may play an
important role not only in ionization of the aerosols in the ICP
This journal is © The Royal Society of Chemistry 2014
torch but also in dictating preferential ablation at the laser
ablation site for ultrafast ablation. Garcia et al.23 showed that
elements with lower ionization potential have tendency for
preferential ablation in multi-element samples. The correlation
of ionization potential with fractionation is not clear here,
although it could not been ruled out and further systematic
studies are need.
IV. Conclusions

A study on the effect of spot size, uence and repetition rate on
signal intensity, fractionation effects and overall performance
of LA-ICP-MS was performed using brass and NIST samples. It
was observed that the LA-ICP-MS overall performance is
affected by changing various parameters. The spot size can play
an important role in fractionation effects and to a lesser extent
in signal intensity (for constant laser pulse energy). The spot
size effect was explained with respect to the combined effect of
uence, mass ablation rate and crater aspect ratios. It was
shown that smaller spot sizes induce greater variation in
LA-ICP-MS signal intensity as well as elemental ratio and could
be due to the fractionation effect at the crater site due to the
formation of deep craters with large aspect ratios. However, the
inuence of mass loading and changes in particle distribution
size on ICP induced fractionation effects cannot be neglected
and need further studies. Larger spot sizes resulted in accurate
estimation of the Cu/Zn ratio for the brass sample. For the same
uence, NIST 612 samples resulted in deeper crater formation
as compared to brass elucidating differences in ablation
mechanisms for brass (metal) and NIST (dielectric) samples.
Fractionation indices of various elements were estimated and it
was shown that smaller spot sizes resulted in an increased
fractionation effect, especially for Cu, U, Pb and Si at 10 Hz
repletion rate. Various experimental parameters such as spot
size, laser uence, laser ablation mode, repetition rate, and
laser pulse overlap play an important interconnected role
affecting the resulting LA-ICP-MS signal intensity. Further
studies are needed to understand the role of laser ablation spot
J. Anal. At. Spectrom., 2014, 29, 339–346 | 345
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size and uence in mass loading effects in ICP and changes in
particle size distribution for a clear understanding of elemental
fractionation in ultrafast LA-ICP-MS.
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