
JAAS

PAPER

e
d 
by
 P
ur
du
e 
U
ni
ve
rs
ity
 o
n 
15
/1
0/
20
13
 1
3:
14
:2
2.
 

View Article Online
View Journal  | View Issue
Center for Materials Under Extreme Envir

Purdue University, West Lafayette, IN 47907

Cite this: J. Anal. At. Spectrom., 2013,
28, 1781

Received 18th June 2013
Accepted 4th September 2013

DOI: 10.1039/c3ja50200g

www.rsc.org/jaas

This journal is ª The Royal Society of
The effect of laser pulse duration on ICP-MS signal
intensity, elemental fractionation, and detection limits
in fs-LA-ICP-MS

Nicole L. LaHaye,* Sivanandan S. Harilal, Prasoon K. Diwakar and Ahmed Hassanein

We investigated the role that pulse width has on the analytical capabilities of laser ablation-inductively

coupled plasma-mass spectrometry (LA-ICP-MS), specifically in the range of 40 fs to 300 ps. Three main

results of LA-ICP-MS were examined: signal intensity or sensitivity, elemental fractionation or that the

ablated aerosol is representative of the bulk, and detection limits of various elements in the samples.

The samples used for this experiment were NIST glass standards, dielectrics that exhibit different

ablation properties compared to metal targets. Our results demonstrate that in the range of 40 fs to 1

ps, negligible differences occur in signal intensity, elemental ratios, and detection limits. The U/Pb and

U/Th ratios, which were examined to ensure limited fractionation, give comparable results at all pulse

widths investigated.
Introduction

Ultrafast laser ablation (LA) is a widely used technique in a
variety of elds, from analytical chemistry in the form of laser-
induced breakdown spectroscopy (LIBS)1 and laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS),2 to
pulsed laser deposition (PLD),3 to micromachining.4,5 LA-ICP-
MS in particular is useful for many different applications and
samples, including glasses,6 metals and alloys,7,8 geology,9

archaeology,6,10 biological samples,11 radioactive waste anal-
ysis,9 etc. The important parameters that affect LA-ICP-MS
performance include sample composition, laser properties
(wavelength, pulse energy, pulse duration, repetition rate, spot
size), carrier gas type and ow rate, ablation cell design, and ICP
torch properties.12,13 However, even aer optimization of all
these parameters, LA-ICP-MS can still experience elemental
fractionation and matrix effects. Elemental fractionation, or
non-stoichiometric ICP-MS results, can occur during laser
ablation, during transport from the ablation chamber to the ICP
torch, and within the ICP torch itself. Investigation into causes
and mitigation of elemental fractionation have been performed
using various techniques, including semiquantitative analysis14

and ICP torch simulations,15 but further investigation is
necessary to fully elucidate the causes.

Pulse width plays a critical role in LA. Fig. 1 shows the
approximate time scales of laser energy absorption and ablation
for both ns- and fs-LA in the presence of an ambient, along with
the various processes that occur16 which include laser absorp-
tion at the surface andmaterial excitation, temperature rise and
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surface melting, ablation and plasma formation, laser-plasma
interaction (for ns-LA), shock wave formation, and plume collapse
(in cases with sufficiently high ambient pressure). There are
signicant differences between ns- and fs-LA, originating from the
vast spread in laser pulse duration. As can be seen in Fig. 1, in fs-
LA case, plasma will be formed aer the end of the pulse, whereas
in ns-LA plasma is formed during the laser pulse, with part of
the pulse energy serving to reheat the plasma. Because of this
heating, persistence of the plasma is found to be higher for ns-LA
compared to fs-LA.17 The laser-plasma interaction is strongly
dependent on laser wavelength and hence excitation wavelength
plays a major role in ns-LA. However, our recent results showed
that excitation wavelength is also important for fs LA sample
introduction in ICP-MS.13 The particle generation through plume
condensation happens in the ms–ms time scales. Long duration ns
pulses are frequently used in LA-ICP-MS due to the commercial
availability of the lasers, but sample melting and mixing, as well
as redeposition of aerosol onto the sample surface, greatly affect
the accuracy and precision of analysis.2,18 However, the short time
scale of fs-LA prevents any signicant heating of the sample,
reducing the thermal effects that occur during ns-LA.19 The elec-
tron to ion energy transfer time (sei) ranges from �1 to 10's of ps
depending on the sample and is of the same order as the heat
conduction time (sheat), which is much longer than the pulse
duration (tp) in typical fs-LA (sei � sheat [ tp).

Our previous measurements, performed with a brass
sample, showed pulse width (40 fs–1 ps) did inuence particle
number density while the distribution remains unchanged.
Laser pulse energy affected both the distribution as well as the
particle number density. Signicant particle size based
elemental fractionation was also observed for all the pulse
widths including femtosecond laser pulses.20
J. Anal. At. Spectrom., 2013, 28, 1781–1787 | 1781
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Fig. 1 Approximate time scales of laser energy absorption and ablation, along with the various processes that accompany it, for ns- and fs-LA in the presence of an
ambient. 10 ns and 50 fs FWHM pulses were considered for ablation.
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Energy transport in fs-LA happens in two distinct steps:
energy absorption by electrons, ionizing the sample, and
redistribution of energy to the lattice, causing material removal.
In the range of uences generally used for fs-LA-ICP-MS, ioni-
zation will occur either through collisional impact or multi-
photon ionization. Collisional impact ionization (CII) occurs
when free electrons collide with bound electrons, transferring
energy and freeing the bound electrons.21,22 Multiphoton ioni-
zation (MPI) occurs when multiple photons contribute enough
energy to a valence electron to free it through excitation to
metastable quantum states.5,22,23 Coulomb explosion and
thermal vaporization are the main mechanisms for material
removal. In Coulomb explosion, free electrons form an electron
cloud with a strong electric eld, which serves to remove the
ions from the bulk,24 whereas in thermal vaporization, electron
collisions increase the temperature of the sample, allowing for
vaporization of material.25

Commercially available fs laser systems typically have pulse
durations between 40 and 150 fs, but it is important to under-
stand the effect that pulse widths closer to and greater than sei
and sheat have on LA and aerosol formation. Previous work has
investigated the role of fs laser pulse width on ICP-MS anal-
ysis;26,27 however, these works only investigated pulse width in
the maximum range of 60 fs to 3 ps. In this paper the laser pulse
duration was varied from 40 fs to 300 ps, showing the effect of
1782 | J. Anal. At. Spectrom., 2013, 28, 1781–1787
pulse duration at values well below, around, and above sei and
sheat. We examined how the laser pulse width affects elemental
fractionation, in addition to ICP-MS signal intensity and
elemental detection limits.
Experimental

The experimental congurations of the fs laser system, beam
delivery, and analyzer for fs-LA-ICP-MS are given elsewhere.13,20

The Ti:Sapphire laser is a chirped pulse amplication (CPA)-
based system (Amplitude Technologies), with output wave-
length �800 nm and repetition rate 10 Hz. The maximum
output laser energy is �10 mJ, but energy was reduced using a
combination of half-wave plate and thin lm polarizer to 400 mJ
or 1 mJ for the purposes of these experiments. The spot size was
kept constant throughout the experiments, so the only param-
eter that is changing is the power ux, due to the variation of the
laser pulse width. An energy of 400 mJ was used for LA in the
pulse width range 40 fs–1 ps. It is important to note that at 300
ps pulse width the laser energy is increased to 1 mJ to ensure
that the laser uence used in the experiment is well above the
ablation threshold for all pulse widths used, so no threshold
phenomena are observed.13 Energy variation of the laser was
below 2%. Pulse duration of the laser is variable from 40 fs to 1
ps through adjustment of the compressor grating, with
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Concentration (in ppm) of the elements analyzed in this study for NIST SRMs 610, 613, 615, and 616

Sample Fe Cu Sr Pb Th U

SRM-610 458 � 9 444 � 4 515.5 � 0.5 426 � 1 457.2 � 1.2 461.5 � 1.1
SRM-613 51 � 2 37.7 � 0.9 78.4 � 0.5 38.57 � 0.2 37.79 � 0.08 37.38 � 0.08
SRM-615 13.3 � 1.0 1.37 � 0.07 45.8 � 0.1 2.32 � 0.04 0.748 � 0.006 0.823 � 0.02
SRM-616 11 � 2 0.80 � 0.09 41.72 � 0.05 1.85 � 0.04 0.0252 � 0.0007 0.0721 � 0.0013
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additional pulse duration of 300 ps attainable through bypass-
ing the compressor. Laser pulse duration was measured using
an auto-correlator.

A series of high-reecting mirrors transport the beam to the
ablation chamber (J100 Series, Applied Spectra), with an
objective lens focusing the laser down to �75 mm spot size on
the target. The ablation chamber is mounted on an XYZ trans-
lation stage, allowing for movement of the target, and a CCD
camera mounted above the chamber allowed for visualization
and focusing. Single spot ablation mode was used for these
experiments to avoid surface effects; however, this will affect
ablation rate and elemental fractionation, as both are depen-
dent on crater formation. Four different NIST standard refer-
ence materials (SRMs) were used (610, 613, 615, and 616), and
the following isotopes were analyzed: 56Fe, 63Cu, 65Cu, 88Sr,
208Pb, 232Th, 235U, and 238U (concentrations given in Table 1).
Argon was used as carrier gas, owing at 1 L min�1, and the
ablation chamber was connected to the ICP-MS using Tygon
tubing. Important experimental parameters are summarized in
Table 2.

The aerosol was analyzed using a quadrupole-based ICP-MS
(ICP-MS 7700�, Agilent Technologies Inc.), operating at 1550 W
Table 2 Summary of important laser and ICP-MS experimental parameters, in
addition to a list of samples used, for fs-LA-ICP-MS

Experimental parameters

Laser system/beam delivery
Wavelength �800 nm
Pulse duration 40 fs–300 ps
Energy 400 mJ, 1 mJ
Repetition rate 10 Hz
Beam diameter 10 mm
Spot size �75 mm
Fluence 9–23 J cm�2

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

ICP-MS
Torch RF power 1550 W
Carrier gas 1.0 L min�1 Ar
Gas through torch 15 L min�1 Ar
Integration time per isotope 20 ms
Dwell time 180 ms

Sample material
Silicate glass NIST SRM 610, 613, 615, 616
Isotopes analyzed 56Fe, 63Cu, 65Cu, 88Sr, 208Pb,

232Th, 235U, 238U

This journal is ª The Royal Society of Chemistry 2013
and without use of the collision cell. Transient analysis mode
was employed, with duration of 90 seconds; the rst ten seconds
were blank, followed by 50 seconds with the laser triggered,
then nally 30 seconds of washout. The rst few seconds of
signal (aer initial laser triggering) were ignored so that surface
effects can be neglected. Data processing was performed by
averaging ve seconds of signal. The ICP-MS operating condi-
tions were optimized prior to the start of each experiment.

Results and discussion

The purpose of this work was to investigate the role that pulse
width has on the analytical capabilities of LA-ICP-MS, speci-
cally in the range of 40 fs to 300 ps. The ICP-MS signal intensity,
elemental fractionation, and detection limits were studied. The
pulse widths selected ranged from shorter to longer than the
electron-ion relaxation time; the laser-target coupling, laser-
plasma coupling as well as ablation mechanisms will therefore
vary as a function of pulse width, allowing for a better under-
standing of the effect of pulse width on LA.

Pulse width effect on ICP-MS signal

To study how pulse width affects LA rate, ICP-MS signal was
monitored for a variety of elements with ablation at a constant
energy of 400 mJ, constant uence of 9 J cm�2 for pulse widths
between 40 fs and 1 ps, and 1 mJ energy, uence 23 J cm�2 at 300
ps. The laser uences used in the present work is signicantly
higher than the ablation threshold values reported for glass
samples for various pulse widths, theoretically calculated to be 2 J
cm�2 below 1 ps and �21 J cm�2 at 300 ps.28 The eight isotopes
detected range from low to high mass (56Fe, 63Cu, 65Cu, 88Sr,
208Pb, 232Th, 235U, and 238U). The sum of their signals vs. time at
various pulse widths is displayed in Fig. 2; the signal is approx-
imately constant for pulse widths between 40 fs and 1 ps, with a
decrease of only a factor of two between the two extremes, while
the signal at 300 ps is only comparable to the other pulse widths
due to the increase in laser energy. This indicates that the abla-
tion rate is approximately constant for 40 fs to 1 ps pulse dura-
tions, but is lower for tp ¼ 300 ps. Freydier et al. also reported
similar results for pulse widths between 60 fs and 3 ps.27 The
signal shape is identical for 40–700 fs pulse widths, while the
signal shapes for 1 ps and 300 ps showed some similarities. The
differences in temporal features of ICP-MS signal with respect to
pulse width can be due to a few different effects, including
changes in power ux and thermal induced effects, and has been
previously observed in LA of brass samples20 and in NIST 612.27

The difference in signal background as a function of pulse width
has also been previously observed and is thought to be due to
J. Anal. At. Spectrom., 2013, 28, 1781–1787 | 1783
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Fig. 2 ICP-MS signal intensity vs. time for fs-LA-ICP-MS analysis of NIST 610, for
various pulse widths, using Ti:Sapphire laser with �800 nm wavelength at 400 mJ
energy for pulse widths 40 fs–1 ps, 1 mJ energy for 300 ps.
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memory effects due to accumulation of sample on the intro-
duction interface.26 Fig. 3 shows the signal for the four different
samples used in this experiment at laser pulse width of 100 fs.
The results shown are what is expected based on the relative
concentration of the elements detected in each sample. The
signal fromNIST 615 and 616 are approximately equal, with NIST
613 signal an order ofmagnitude higher andNIST 610 two orders
of magnitude higher than the NIST 616 signal. The agreement
between bulk concentration and ICP-MS signal demonstrates
that ablation rate is approximately constant for each sample,
despite differences in opacity (NIST 610 is opaque, while NIST
613-616 are transparent).

To demonstrate the consistency of ICP-MS signal strength
for pulse widths between 40 fs and 300 ps, the average ICP-MS
Fig. 3 ICP-MS signal intensity vs. time, 100 fs laser pulse width, 400 mJ energy, for
fs-LA-ICP-MS analysis of each NIST sample.

1784 | J. Anal. At. Spectrom., 2013, 28, 1781–1787
signal intensity was plotted vs. time in Fig. 4. The average signal
was calculated from 5 seconds of signal shortly aer laser trig-
gering, with initial signal ignored so that surface effects can be
neglected. The average signal is approximately constant as
pulse width increases from 40 fs to 1 ps; however, there is a
small decrease in signal when the pulse width changes from 1
ps to 300 ps. This again demonstrates that ablation rate is
approximately constant for pulse widths between 40 fs and 1 ps,
with a difference occurring between 1 ps and 300 ps. Since the
NIST sample predominantly contains SiO2 and considering the
electron-ion relaxation time of Si �5 ps, the ablation efficiency
will be more or less constant for pulse widths below sei. For
pulse widths well above characteristic relaxation times, the
ablation mechanism changes from electric eld-dominated to
thermal ablation (characteristic of long pulse ablation).28

Temporal relative standard deviation (TRSD) was also calcu-
lated for the 5 seconds used to compute the average signal. The
TRSD is consistent for pulse widths between 40 fs and 1 ps,
between 5 and 10%, but increases for higher pulse widths to
values generally observed in ns-LA-ICP-MS. Minimal error can
be achieved for pulse widths below 1 ps, where heating effects
are minimized.

Sample material will have a great effect on the inuence of
pulse width. Fig. 5 compares NIST 610 LA-ICP-MS signal from
this work to brass LA-ICP-MS signal from previous work.20 Laser
uence for brass sample was 1.5 J cm�2 for all pulse widths,
whereas laser uence for NIST 610 was 9 J cm�2 for pulse widths
40 fs–1 ps and 23 J cm�2 for 300 ps. The data for each sample
was normalized to the relative concentration of the elements
analysed for ease of comparison. As can be seen in Fig. 5, brass
gives lower signal levels and a muchmore constant response for
pulse widths between 40 fs and 1 ps, in comparison with glass
standard while the decrease in signal at 300 ps is more drastic
because similar uence was used for all brass measurements.
Signal is lower for brass due to use of a lower laser uence and
Fig. 4 Average signal vs. pulse width for all four NIST samples at 400 mJ laser
energy.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Comparison of ICP-MS signal vs. pulse width for brass sample and NIST
610 glass standard. Laser fluence for brass sample was 1.5 J cm�2 for all pulse
widths; laser fluence for NIST 610 was 9 J cm�2 for pulse widths 40 fs–1 ps and 23
J cm�2 for 300 ps. Brass signal is comprised of 65Cu signal; NIST 610 signal is a sum
of the 8 isotopes analyzed. Data is normalized to elemental concentration in each
sample.

Fig. 6 U/Th and U/Pb ratio for NIST 610. Expected value for U/Th ratio is 1.009
and for U/Pb ratio is 1.083, indicated by the dashed lines.
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differences in ablation mechanisms associated with metal and
dielectric targets. This phenomena is explained well by Gamaly
et al.28 Since LA for tp less than sei and sheat is electric eld-
motivated, free electron density is of extreme importance. In a
metal, these free electrons are readily available; in a dielectric
(such as NIST 610 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. Because the same energy was used at all
pulse widths, the only variable is the time of interaction, or the
laser pulse duration. Increased laser power ux (i.e., decreased
pulse width) will create more free electrons, which will in turn
create a stronger electric eld.

Elemental fractionation

Elemental fractionation is a very important consideration for
LA-ICP-MS. By minimizing fractionation through laser and
other parameters, it is possible to attain non-matrix-matched
calibration, which is especially important in samples where the
matrix is unknown or there does not exist a calibrated, matrix-
matched standard. Non-matrix-matched calibration has been
previously demonstrated for pulse widths �100 fs, but is very
difficult to obtain for ns-LA.8 However, it is important to
understand the inuence of pulse width in a wide range.

One way to measure elemental fractionation is through
detection of elemental ratios as a function of some parameter,
in this case, laser pulse duration. The U/Th and U/Pb ratios in
particular are a measure of laser- and transport-induced
elemental fractionation,29 which are the two aspects of
elemental fractionation that are of greatest interest here. Fig. 6
show U/Th and U/Pb ratios, as a function of pulse width in the
range 40 fs to 300 ps for LA of NIST 610. U/Th ratio results are
This journal is ª The Royal Society of Chemistry 2013
consistent, with the results at all pulse widths within �10% of
the expected ratio of 1.009, indicated by a dashed line on the
plot. Similarly, the U/Pb ratio results also match the expected
ratio of 1.083 at pulse widths between 40 fs and 1 ps, within
�10% variation, but is much higher than the expected ratio at
300 ps pulse width. This indicates that pulse width-induced
elemental fractionation does not occur in the range of 40 fs to 1
ps, whereas at 300 ps, sample heating affects the U/Pb ratio. The
close match to the expected ratio at all pulse widths gives
evidence that, for the laser parameters used here, similar
samples could be calibrated without perfectly matrix-matched
samples.
Calibration and detection limits

Standard reference materials, such as NIST 610-616 used in this
study, are commonly used to accurately quantify elemental
concentrations7 in samples where elemental content and
concentration is unknown. This is done through the use of
calibration curves, such as the calibrations curves for U at four
different pulse widths that are seen in Fig. 7. As the four NIST
SRMs used in this experiment contain different concentrations
of the different elements examined (see Table 1), plotting ICP-
MS signal vs. concentration of the element in the sample and
performing a linear t provides a way to calculate the concen-
tration of a certain element in an unknown sample from the
detected ICP-MS signal.

Another use for calibration plots is to calculate detection
limits, or the minimal concentration of a given element that can
be distinguished from background signal. Here, detection
limits are calculated as:

Detection limit ¼ 3sb/s (1)

where sb is the standard deviation of the background signal and
s is the slope of the calibration curve for the element in ques-
tion. The detection limits of Pb and U as a function of pulse
width are given in Fig. 8. Detection limits follow a linear trend
J. Anal. At. Spectrom., 2013, 28, 1781–1787 | 1785
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Fig. 7 Calibration plots for U at 100 fs, 500 fs, 1 ps, and 300 ps laser pulse
widths.

Fig. 8 Detection limits for Pb and U vs. laser pulse width.
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as a function of pulse width, with the increase in detection limit
being higher for Pb than for U. U detection limit increases from
�0.07 ppm at 40 fs to �0.2 ppm at 300 ps (1.5 orders of
magnitude), whereas Pb detection limit increases from �1 ppm
at 40 fs to�5 ppm at 300 ps. This indicates that for applications
where trace element detection is necessary, it is preferable to
use the shortest pulse width attainable. The results above show
very little difference in signal intensity and elemental ratio in
the range of 40 fs to 1 ps, but detection limits show, in the case
of uranium, a �50% increase in detection limits from 40 fs to 1
ps, which can be crucial in trace element analysis.
Conclusions

We investigated the pulse width effect on laser ablation particle
generation through ICP-MS signal response, U/Th and U/Pb
1786 | J. Anal. At. Spectrom., 2013, 28, 1781–1787
elemental ratios, and elemental detection limits. Laser pulse
widths were varied from 40 fs, which is considerably lower than
characteristic energy transfer times, to 300 ps, well above those
characteristic times. The ICP-MS response to LA with laser pulse
widths in the range of 40 fs to 300 ps was examined to study
changes in ablation rate. For pulse widths between 40 fs and 1
ps, ICP-MS signal was approximately constant; however, there
was a decrease in signal as pulse width increased from 1 ps to
300 ps. A comparison of NIST 610 to brass sample showed that
metals have a more consistent response between 40 fs and 1 ps.
TRSD is also approximately constant between 40 fs and 1 ps,
and is lower at these pulse widths than at 300 ps.

The U/Th and U/Pb ratios also match the expected value well
across the entire range of pulse widths studied, except for U/Pb
at 300 ps. This shows that under the conditions used in this
study, elemental fractionation is minimized as a function of
pulse width, an important result for studies in which non-
matrix-matched calibration would be employed. Detection
limits were also calculated through the use of calibration
curves. The lowest detection limits were achieved at 40 fs, with a
linear increase in detection limit as pulse width increased. In
applications where trace element detection is important, it is
best to use the shortest pulse width available, as lower detection
limits will allow accurate determination of elements even in the
ppb range.
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