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Femtosecond laser ablation: Experimental study of the repetition rate
influence on inductively coupled plasma mass spectrometry performance☆
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Abstract

This paper demonstrates the feasibility of performing bulk chemical analysis based on laser ablation for good lateral resolution with only nominal
mass ablated per pulse. The influence of repetition rate (1–1000 Hz) and scan speed (1–200 µm/s) using a low energy (30 µJ) and a small spot size
(~10 µm) UV-femtosecond laser beam was evaluated for chemical analysis of silica glass samples, based on laser ablation sampling and inductively
coupled plasma mass spectrometry (ICP-MS). Accuracy to approximately 14% and precision of 6% relative standard deviation (RSD) were measured.
Published by Elsevier B.V.
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Table 1
Experimental conditions

Laser ablation
devices

Spectra Physics Mai Tai Ti:sapphire (150 fs)
Energy=30 µJ
Spot size on the sample=~10 µm
Fluence=38 J/cm2

ICP-MS PQ3, VG-Elemental
Detector Simultaneous mode detector

ICP-MS parameters
RF power 1350 V
Plasma Ar gas 14.2 L/min
1. Introduction

Laser ablation sampling for inductively coupled plasma mass
spectrometry (LA-ICP-MS) has become one of the most
popular approaches for analysis of solid samples. When
compared with conventional dissolution techniques, laser
ablation offers direct characterization of solids, reduced risk
of contamination and sample loss, analysis of very small
samples not separable for solution analysis, rapid analysis, and
spatial resolution. Chemical analysis using laser ablation is a
straightforward process in which a high energy laser pulse is
used to transform a portion of a solid sample into aerosol for
subsequent chemical analysis. LA-ICP-MS can be divided into
three stages, namely: laser–material interaction (stage 1);
ablated mass transport (stage 2), and ICP digestion-detection
(stage 3). These stages are interrelated since stage 1 will affect
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stage 2, and stage 2 will affect stage 3. However, each of these
stages can be studied and optimized separately.

The laser–material interaction (stage 1) depends on several
of the beam properties; among these are: pulse duration, energy,
flow rate
Auxiliary Ar gas
flow rate

1.02 L/min

Carrier (Ar)
flow rate

1.25 L/min

ICP-MS
dwell time

10 ms

Isotopes 7Li, 43Ca, 55Mn, 59Co, 88Sr, 115In, 139La, 208Pb, 232Th, 238U
Data acquisition
mode

Time resolved (TRA)
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Table 2
Compositions of the reference standard series NIST 610–616

Element concentration (ppm)

610 612

Li 484.6±21.7 a 41.54±2.87 a

Co 405±22.9 a 35.26±2.44 a

La 457.4±72.4 a 35.77±2.15 a

Pb 426±1 b 38.57±0.2 b

Th 457.2±1.2 b 37.79±0.08 b

U 461.5±1.1 b 37.38±0.08 b

[U/Th] 1.009 0.989
a From Pearce N.J.G. et al. Geostandards Newsletter. 1997.21. 115–144.
b Certified concentration (NIST).
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wavelength, spatial energy profile, fluence, and repetition rate.
These parameters play a dominant role in defining the quantity
and chemistry of the ablated aerosol. The influence of these
properties has been well documented for nanosecond laser
ablation [9,14], and only investigated recently for femtosecond
laser ablation chemical analysis. Research into femtosecond
laser ablation is based on improved performance expectations
by controlling the amount of ablated material, particle size
distribution, matrix dependence, and fractionation. Femtose-
Fig. 1. NIST 612 particle size distribution (SMPS) at different pulse repetition rates
maximum. c) Total number of particle versus repetition rate.
cond laser ablation sampling into the ICP-MS has been shown
to provide good chemical analysis precision and accuracy by
reducing systematic errors related to the particle size distribu-
tion and resultant spikes in the ICP-MS response [4,5,10]. A
relaxation of matrix dependence also has been shown for the
analysis of glass and metal alloy samples when using
femtosecond laser pulses [1,2,5,8,10].

In this work, the influence of repetition rate and scan speed
using low energy (~30 µJ) UV-femtosecond laser pulses on the
particle size distribution and LA-ICP-MS performance (accu-
racy and precision) was studied. Crater profiles also were
investigated for two silica glass samples (NIST 610 and 612).

2. Experimental

The experimental system included a femtosecond laser
consisting of a Spectra Physics Mai Tai Ti:sapphire seed laser
and Spitfire regenerative amplifier. The 150 fs pulses at 800 nm
were frequency tripled to obtain the 266-nm wavelength. An
ICP-MS (PQ3 from VG Elemental) was used to chemically
analyze the ablated mass and a SMPS (Scanning Mobility
Particle System, TSI incorporated) 3936 series system was used
for particle size measurements.
. a) Number density of particles. b) Number density of particles normalized to
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Laser ablation was performed in an argon environment under
atmospheric pressure. For the particle size distribution mea-
surements, a flow switch was installed before the inlet to the
SMPS to ensure the working flow rate of 0.3 L/min; the
remainder of the flow was discarded through a filter. Table 1
shows the experimental conditions.

Silica glasses from the National Institute of Standards and
Technology (NIST 610 and 612) having a common matrix
(SiO2, CaO, Na2O, and Al2O3) were used as samples in this
work. The concentrations of lithium, cobalt, lanthanum, lead,
thorium and uranium (Table 2) in NIST 612 glass (transparent
sample) were determined by using NIST 610 (opaque sample) as
a calibration standard and calcium (43Ca) as an internal standard.

3. Results and discussion

3.1. Qualitative study

Most particle size distribution functions can be described
using the following parameters: number density, particle
diameter and span. Number density: when using the differential
mobility analyzer (DMA) system the primary measurement is
the differential number concentration (dN) of the aerosol per
unit volume of gas sampled, which is the concentration of
particles in a given channel. The DMA system is sensitive to the
number of particles in the aerosol sample as opposed to particle
Fig. 2. NIST 612 crater profiles generated at differ
mass, color, shape composition or other characteristics. The
normalized number concentration, dN/dlogDp, is calculated by
dividing dN by the geometric width of the size channel. This
normalized concentration format allows particle size distribu-
tions to be compared regardless of the channel resolution.

Particle size distributions for different laser pulse repetition
rates with a fixed sample scan speed of 10 µm/s are shown in
Fig. 1; Fig. 1a shows the number density versus particle size and
Fig. 1b shows the number density of particles normalized to the
maximum value. The distribution functions show little change
when increasing the repetition rate from 1 to 1000 Hz at this
sample scan speed. The number density of particles increases
when the repetition rate increased from 1 to 50 Hz and then the
slope decreases by a factor of ~3 after 100 Hz (Fig. 1c). The
steep increase in the number density of particles between 1 and
50 Hz is due to an increased amount of ablated mass. As can be
seen in Fig. 2, the crater profiles measured with a white light
interferometric microscope (Zygo, New View 200) show an
analogous behavior to the number density of particles in which
there is a steep increase in the crater depth between 1 and 50 Hz;
a slower increase in the crater depth is manifested at higher
repetition rates.

A rim forms around the craters at repetition rates greater than
50 Hz; Fig. 3 shows the crater profile at each repetition rate
using a white light interferometric microscope. Rim growth
indicates that there is a heat accumulation effect from
ent laser repetition rates. Scan speed 10 µm/s.



Fig. 3. NIST 612 interferometric images of ablation craters generated at different laser repetition rates. Scan speed 10 µm/s.
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Fig. 4. NIST 612 crater profiles generated at different scan speeds.

Fig. 5. NIST 612 comparisons of crater profiles with different numbers of pulses overlapping by changing repetition rate or scan speed. a) 50 pulses, b) 100 pulses, and
c) 200 pulses overlapping.
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Fig. 6. NIST 612 particle size distribution (SMPS) at different scan speeds. a) Number density of particles. b) Number density of particles normalized to maximum.

Fig. 7. 115In integrated counts per second (ICPS) from NIST 612. Comparisons of ICP-MS signals with different numbers of pulses overlapping by changing repetition
rate or scan speed. a) 50 pulses, b) 100 pulses, and c) 200 pulses overlapping.
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overlapping laser pulses in the same sample area. In these
experiments with increasing repetition rate at fixed scan speed
(10 µm/s), the only parameter changing is the number of
overlapping laser pulses. The number of overlapping pulses was
calculated using the beam spot size (10 µm), the scan speed
(10 µm/s), and the repetition rate (Hz). For example, at the point
when the slope of the total concentration of particles changes
(50 Hz), there are 50 laser pulses overlapping; and for 1 Hz
there is only one pulse per position (10 µm/s). To test that pulse
overlap is causing a heat accumulation effect, the repetition rate
was fixed at 1000 Hz and the scan speed was varied from 1 to
200 µm/s (Fig. 4). The crater rim was reduced when the scan
speed was increased (decreasing the number of overlapping
pulses) until it disappeared at 200 µm/s.

Comparison of the different approaches for overlapping
pulses is presented in Fig. 5. It can be seen that at 50 (Fig. 5a),
100 (Fig. 5b), and 200 (Fig. 5c) overlapping pulses, the results
were similar in term of the rim formation; no matter the
approach used to produce the overlap. However, when 50 pulses
overlapped (Fig. 5a), there was a difference in the crater depth;
the crater was deeper at a combination of the highest scan speed
and repetition rate (200 µm/s and 1000 Hz). One possible
explanation is that the highest scan speed of 200 µm/s avoided
the effect of particles accumulating in front of the sample and/or
within the trench causing shielding. Thus there was a more
Fig. 8. a) NIST 612 interferometric images of the ablation craters generated under d
efficient coupling of the incoming beam to the sample, resulting
in additional ablated mass.

Particle size distribution measurements also were completed
for this approach (Fig. 6). Similar to the data when the scan
speed was fixed (10 µm/s), there was no significant systematic
difference between the distribution functions (b10%). How-
ever, there was an increased amount of particles reaching the
SMPS as well as an increased ICP-MS signal when using the
fastest scan speed of 200 µm/s (fewest overlapping pulses 50).
Fig. 7 shows ICP-MS signals for the two approaches of pulse
overlapping. It is noticeable that even though the particle size
distribution function does not change significantly, the higher
speed and fixed repetition rate produce stronger signals
compared to the fixed low speed. The differences in ablation
or/and transport efficiency at different combinations of scan
speeds and repetition rates could be the effect of absorption/
diffusion of the laser beam by particles accumulated in front of
the sample surface and/or particles trap inside the trench. To
address this hypothesis, the influence of carrier gas flow rate on
the particle size distribution was evaluated. Fig. 8 shows
interferometric images of the craters generated using a scan
speed of 10 µm/s and repetition rate of 1000 Hz when the carrier
gas (argon) flow rate was varied. The argon flow rate did not
significantly influence the formation of the crater rim. However,
the flow rate affects the particle size distribution, shifting the
ifferent Ar flow rates. b) Number density of particles normalized to maximum.
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distribution to larger sizes with decreasing flow rate (Fig. 8b).
As has been reported in studies of particle formation by flame
aerosol reactors [12,13,15,16] the particle size strongly depends
on the residence time in the flame; longer residence times
prolongs particle coalescence increasing the primary particle
size. As a parallelism to the laser ablation case, low gas flow
rates increase the transport time between the ablation chamber
and the detection system, increasing the collision time and
agglomeration of particles.

3.2. Quantitative study

The ICP-MS response was monitored when varying the scan
speed at fixed repetition rate (1000 Hz). Fig. 9 shows that the
ICP-MS response of a matrix element 43Ca (a) and a trace
Fig. 9. ICP-MS signals at
element 115In (b) increased with the scan speed. This behavior
was similar to that measured for the number density of particles
with the SMPS. Therefore, the low ICP-MS response at low
scan speed also could be attributed to the accumulation of
particles in front of the surface, decreasing the ablation and/or
transport efficiency due to the absorption/diffusion of the laser
beam as reported by Brygo et al. [3].

At a scan speed of 200 µm/s, rim formation was minimum
and the ICP-MS response was greatest; all studies of analytical
performance were conducted at 1000 Hz and 200 µm/s. The
analytical performance of the low energy (µJ) UV-femtosecond
laser (accuracy and precision) was evaluated by performing
bulk analysis of NIST 612 (“unknown” sample) and NIST 610
as standard sample with 43Ca as internal standard (as in a
previous report [6]).
different scan speeds.



Fig. 10. NIST 610–612: a) 232Th and 238U ICP-MS signal. b) ICP-MS response curves.
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Fig. 10a shows the 232Th and 238U response from NIST 610
and 612 and the temporal relative standard deviation (TRSD) as
a measure of the transient signal precision [7]. The TRSD is
very similar for both samples even though the difference in
concentration was about ~10 times NIST 610/NIST 612. For
ICP-MS chemical analysis (liquid nebulization or laser abla-
tion), the accuracy of the measurements will depend on the
closeness of the response curves between the “unknown”
sample (NIST 612) and the “standard” (NIST 610); the closer
the response curves more accurate the analysis. Fig. 10b shows
the closeness of the response curve normalized to the internal
standard for these two samples. Table 3 shows that the average
concentrations under the conditions in this study (~10 µm spot
size, 1000 Hz and 200 µm/s) were very accurate and agree with
the values reported in the literature [11]. These data demonstrate
the feasibility of performing bulk chemical analysis with a small
spot size for good lateral resolution and good analytical
performance.

4. Summary

The combination of spot size ~10 µm, repetition rate of
1000Hz, and scan speed of 200 µm/s can be successfully used for
Table 3
Measured concentration for selected elements in NIST 612 using NIST 610 as a
standard and calcium (43Ca response) as internal standard

Ar-fs-1000 Hz Average SD %RSD %Accuracy

Li 40 ± 1 2 −3
Co 37 ± 1 3 5
La 41 ± 1 3 14
Pb 42 ± 1 3 10
Th 38 ± 2 6 −0.03
U 40 ± 2 6 6
Th/U 0.96 ± 0.01 1 −3

Concentrations in ppm (μ/g).
bulk analysis of glass samples with good lateral resolution. At low
repetition rates (b100 Hz) with fixed scan speed (10 µm/s), there
was a linear increase in the crater depth, with much slower
increase (~1/3) at higher repetition rates (N100Hz). For particular
combinations of scan speed and repetition rates, a heat
accumulation effect in the samples led to the formation of a rim
surrounding the crater. Accumulation of particles in front of the
sample surface may absorb or diffuse the incident laser beam,
reducing the coupling efficiency and decreasing particle transport
efficiency.
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