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The composition and fractionation properties of dielectric aerosols generated by near-infrared femtosecond
laser ablation of silicate glass (carrier gas: helium, 1 atm) have been examined. Aerosols were classified using
low-pressure impaction of particles with diameters from 7 nm up to 7 mm. The element-selective analyses of
impacted material has been restricted to minor matrix constituents (nominal concentration B4.5%) applying
total reflection X-ray fluorescence. It has been found that for fluences larger than 5 J cm�2 the total Zn-,
Ca-, Sr-, Ba-, and Pb-specific composition of these aerosols corresponds to that of the bulk material even
though the size-dependent particle composition strongly altered. Typical deviations were of the order of
5–10%. In contrast, fluences below 5 J cm�2 usually resulted in stronger differences from the bulk
composition indicating intensified fractionation during the ablation process. Our results furthermore
demonstrate, that the major fraction of the aerosol mass is located within the mesoscopic size range, i.e.
from 10 up to 100 nm, fairly independent on the fluence applied. However, the relative percentage of
micrometer particles has been found to significantly decrease for higher fluences. Scanning electron
microscopy of impacted brass particles moreover revealed a fractal-like structure of deposits. Implications
for the classification of such structures using low-pressure impaction are discussed.

Introduction

Laser ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS) is being considered as one of the most versatile
methods for the element-selective analysis of solid material due
to its sensitivity and conceptual simplicity. Ever since the first
feasibility studies carried out during the 1980s1,2 the perfor-
mance characteristics of LA-ICP-MS have constantly been
enhanced. For instance, various laser wavelengths, carrier
gases, and cell designs have been examined to specify optimum
conditions for improving the efficiency and accuracy of anal-
ysis.3–5 Moreover, great effort has been made for the develop-
ment of different calibration strategies to further increase the
flexibility.6,7 As a result, LA-ICP-MS using UV-type laser
sources has been brought up to a powerful method, in parti-
cular, with respect to the non-matrix-matched analysis of
silicate glasses and minerals.8,9 Nevertheless, LA-ICP-MS is
still far from being completely accepted as a universal method
due to the persistent deficiency of adequate reference materials
leading to non-accurate quantification due to elemental frac-
tionation. In order to achieve an optimum performance of
analysis, evaporated sample material (i) should reflect the exact
bulk composition, (ii) is converted into an aerosol that can
efficiently be transported to the detector site, and (iii) must
completely be decomposed within the ICP source. The exam-
ination of these effects represents a crucial issue due to their
obvious complexity involving laser-, transport-, and ICP-, i.e.
plasma-induced phenomena. Among these, the investigation of
laser-induced effects is of particular interest as it pre-defines
transport- and plasma-induced fractionation.

As pointed out earlier (see, e.g. ref. 10) laser-induced frac-
tionation results from the thermal character of nanosecond
LA, involving processes such as preferential evaporation and
heat penetration into the target due to thermal diffusion, which

hold the risk of material re-distribution and cumulative enrich-
ment of certain constituents. Furthermore, strong energy dis-
sipation within the expanding material as a result of plasma
shielding may intensify ‘‘non-stoichiometric’’ etching of the
target surface particularly at the edges of the exposed area. In
addition, material ejection partly overlaps with the pulse dura-
tion implying that vapour and particulate matter (grown as
well as splashed particles) underly persistent laser interaction,
which might also affect the aerosol formation or composition.
In order to eliminate or at least efficiently suppress such

collateral effects the pulse duration has to be chosen to be
sufficiently small compared to the material-specific thermal
relaxation time of the electronic subsystem. According to
Chichkov et al.11 these are of the order of a few picoseconds,
depending on the material considered. In fact, the application
of pulse durations below these time constants has been proven
favourable for the analysis of solid matter concerning the
suppression of elemental fractionation. For instance, Russo
et al.12 found fractionation during the analysis of silicate
glasses by near-IR (NIR) femtosecond (fs) LA-ICP-MS to be
minor if the sampling process is accomplished in the low
fluence regime (B3 J cm�2). In contrast, Bian et al.13 recently
demonstrated accurate, non-matrix matched analyses of var-
ious brass, Al, and silicate glass standards applying NIR-fs-
LA-ICP optical emission spectrometry (OES) at higher flu-
ences (45 J cm�2).
However, the direct quantification of laser-produced aero-

sols by ICP spectrometry provides only information about the
overall fractionation which is blamed to be system-dependent
thus giving no insight into laser-induced processes. Therefore,
the composition of primary aerosols has lately been studied.14

It could be shown that NIR-fs-LA of brass using moderate
fluences (o5 J cm�2) enables the production of ultra-fine,
nearly stoichiometric aerosols. For non-conducting, i.e. di-
electric matter, however, these conditions certainly depart from
those specified since such materials only provide a minor
number of free electrons that can directly couple to the incident

w Presented at the 2005 European Winter Conference on Plasma
Spectrochemistry, January 30–February 3, 2005, Budapest, Hungary.
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laser radiation and are moreover characterized by a compara-
tively high evaporation enthalpy. Therefore, the fluence range
for ‘‘stoichiometric’’ or ‘‘congruent’’ ablation is supposed to be
different, in particular, if UV-transparent materials such as
fused silica, MgF2, CaF2, or LiF2 are under investigation.

The present article reports on laser-induced fractionation of
dielectric aerosols produced by NIR-fs-LA of multi-compo-
nent silicate glasses. According to investigations previously
published14 the aerosols were classified using low-pressure
impaction of particles covering a size range from about 7 nm
up to 7 mm. After classification the collected material was Zn-,
Ca-, Sr-, Ba-, and Pb-specifically analysed by TXRF. To specify
conditions advantageous for the suppression of laser-induced
fractionation, analyses were carried out for varying fluences,
ranging from threshold-close values of 1 up to 20 J cm�2.

Experimental

A sketch of the experimental arrangement used for aerosol
production and classification is shown in Fig. 1. Femtosecond
pulses (pulse duration 100 fs, center wavelength 795 nm) were
generated by a CPA-type Ti : Sa laser system (Hurricane,
Spectra Physics, Mountain View, CA, USA). The radiation
was delivered to a plano-convex lens (f ¼ 100 mm) using a set
of dielectric mirrors and subsequently focused onto the surface
of a glass sample (multi-component glass, NIST 1412) posi-
tioned in the centre of a cylindrical, Al-made ablation cell (Vcell

¼ 15 cm3, inlay material: Teflons). The lateral sample position
was adjusted from outside using a pair of micrometer screws,
both integrated in the bottom of the ablation cell. Therefore,
the relative positions of laser spot and ablation cell remained
unchanged throughout sampling. In order to keep particle
losses due to diffusion and electrostatic settling during trans-
portation as small as possible, the ablation cell and outlet
connection piece were grounded and directly attached to the
inlet stage of the impactor unit. A series of 25 craters with a
diameter of about 50 mm was shot each run. For better
comparison, the laser repetition rate and exposure time per
spot were set to conditions previously chosen for the investiga-
tions on brass, i.e. 10 Hz and 32 s, respectively. Helium was
chosen as the carrier gas.

The spot size of the laser beam at the sample surface was
estimated via crater diameters or damage radii, respectively
evaluated for ascending pulse energies assuming the beam
profile to be gaussian-type. As a result, energy densities
specified in the present article refer to peak fluences instead
of mean values. A complete description of this procedure can
be found, for instance, in ref. 15.

Classification and low-pressure impaction of particles

Aerosols were classified using a 13-stage, low-pressure impac-
tor (DLPI, Dekatis, Tampere, Finland) which is designed for
the collection of airborne particles ranging from 10 nm up to 10
mm aerodynamic diameter. Taking into account a particle
density of the NIST standard used (B3 g cm�3) this range
corresponds to about 7 nm r dp r 7 mm physical or so-called
Stokes diameter. Detailed information on operational and
general performance characteristics of the impactor used can
be found in ref. 16. The composition of the glass standard used
can be extracted from Table 1. Please note that the constituents
specified refer to those elements which can be measured by
TXRF with sufficient sensitivity.
The particles were deposited on flat PMMA discs (diameter

26 mm, thickness 3 mm), which were inserted into special
home-made collection plates. The outer dimensions of these
plates were exactly adapted to the design of the original ones.
In order to prevent bounce- and blow-off effects during classi-
fication the central part of the PMMA discs was pre-treated
using a minor quantity of pure Vaselines.

TXRF analysis

After classification, the collected material was Zn-, Ca-, Sr-,
Ba-, and Pb-specifically analysed by total reflection X-ray
fluorescence spectrometry. For this purpose, an amount of
about 10 mL Ge-containing alkaline solution—corresponding
to 1–5 ng Ge absolute—was applied to each PMMA disc as
internal standard and evaporated by infrared radiation. Ele-
ment-specific analyses were subsequently performed using a
commercial TXRF instrument (EXTRA II, R. Seifert & Co,
Ahrensberg, Germany) equipped with a Si(Li) detector/analy-
ser system (QX 2000, Link System, Oxford Instruments, High
Wycombe, UK). Masses were calculated directly from relative
line intensities taking into account the response of the internal
standard used. The deposits were irradiated by a Mo X-ray
tube applying a voltage of 50 kV at a maximum current of 38
mA. Depending on the quantity of material to be analysed an
acquisition time between 100 and 300 s was chosen. Experi-
mental uncertainties were of the order of 5–10% relative which,
however, drastically increased up to 40% when working close
to the detection limit.

Results and discussion

Accuracy of low-pressure impaction

The application of low-pressure impaction enables the classi-
fication of particles according to their so-called relaxation time
T which is defined by the product of mass and mobility. In a
few words, T represents the duration a particle needs to be
redirected to the streamlines after being accelerated through
the jet plate nozzle. Obviously, particles with Tupper r T r
Tlower settle down on the same stage independent of their
individual size or shape. Considering, for instance, fluffy or
fractal-like structures the relaxation time of single particles and
agglomerates can nearly remain constant provided that the

Fig. 1 Experimental arrangement used for the classification of laser-
produced glass aerosols. Working principle of low-pressure impaction:
(1) ablation cell, (2) focussing lens (f ¼ 100 mm), (3) movable sample
holder, (4) micrometer screw, (5) impactor stage, (6) pressure gauge.

Table 1 Ca-, Zn-, Sr-, Ba-, and Pb-specific composition of the NIST

1412 silicate glass standard and corresponding weight ratios relative

to Zn

Constituentb Percent by weightb Element/Zn weight ratio/g g�1

Ca 4.53 0.90

Zna 4.48 1.00

Sr 4.55 1.07

Ba 4.67 1.16

Pb 4.40 1.14

a Internal standard. b Refers to the element oxide.
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particle size distribution of the primary aerosol is sufficiently
narrow and the fractal dimension df is less than two.17

Furthermore, agglomerates formed should be smaller than
the molecular mean free path which is usually fulfilled under
conditions prevalent during low-pressure impaction. In the late
1980s, it has already been shown that such fractal structures
are formed, for instance, during continuous wave (CW) LA of
solid matter or the combustion process of diesel fuels resulting
in the emission of soot particles.18,19 In fact, the morphology of
deposits studied in the present work is quite similar to these
particles implying that particles produced by NIR-fs-LA and
corresponding agglomerates may, in principle, be deposited on
the same stage if the rules of fractal particle growth apply and
df r 2. In Fig. 2 the fractal-like structure of soot and laser-
produced particles is depicted.z

To prove the accuracy of classification during impaction,
particles from laser-produced brass aerosols deposited on
different stages were examined via high-resolution scanning
electron microscopy (SEM; instrument: H-S4500 FEG, Hitachi
High Technology Europe GmbH, Krefeld, Germany). The
particles were collected on clean aluminium substrates. In
Fig. 3 and 4, SEM micrographs of deposits taken from the
impactor stages 4, 6, and 9—corresponding to mean particle
sizes of 38 nm, 120 nm, and 620 nm, respectively—are shown
as examples. Apparently, the major part of the material
collected on stage 4 consists of agglomerates composed of
primary particles whose size complies with the diameter range
specified for this particular stage. It is, however, questionable
whether these agglomerates were exclusively formed during the
ablation process and transport period since their overall size
ranges up to about 5 mm. Most intuitively, clustering or
stacking of smaller agglomerates and single particles right
before impaction in front of the collection plate appears to
be the most reasonable mechanism for creating such structures.
Nevertheless, the above-mentioned concept of corresponding
relaxation times theoretically permits the deposition of such
large agglomerates on stages which are designed for the
collection of nanoparticles or small clusters only. It is interest-
ing to note that the deposits shown in Fig. 4 obviously form a
self-affinity pattern rather than a uniform one, i.e. both ag-
glomeration and deposition of agglomerates during impaction
seem to follow the same rules of fractal growth. In Fig. 4(a)
and (c) , the self-affinity of laser-produced deposits is illustrated
by comparing the complete micrograph with a substructure
blown up to the same size.

In contrast, particles which were deposited on stages 6 and 9
were found to match to the expected size range, i.e. in between
90 r dp r 160 nm and 480 r dp r 800 nm (see Fig. 3).

However, it has also been observed that the impaction of
micrometer particles is usually accompanied by the deposition
of smaller, nano-sized structures as a result of diffusional
settling. According to the manufacturer corresponding losses
should be smaller than 5% even for particles whose diameter is
of the order of 10 nm. Consequently, these deposits cannot
significantly contribute to the total mass collected on this stage.
In extreme cases (mono-disperse aerosols with dp{10 nm),
however, material loss due to diffusional settling might alter
the aerosol composition (totally and size-dependent) or shift
the real particle size distribution towards larger particle dia-
meters.

Mass and number distributions

In Fig. 5 a mass distribution of an aerosol produced by NIR-fs-
LA of glass at a fluence of 9.5 J cm�2 using He as carrier gas is
shown. Please note that the data depicted correspond to the
cumulative Ca-, Zn-, Sr-, Ba-, and Pb-specific values. Appar-
ently, the aerosol mainly consists of particles within the meso-
scopic size range, i.e. roughly in between 10 and 100 nm. The
corresponding number distribution which was calculated as-
suming a spherical particle shape has been found to be shifted
down by 85 nm towards a mean diameter to about 15 nm.
Furthermore, the width of the number size distribution
(FWHM criterion) shown in Fig. 6 has been determined as
less than about 25 nm. It is evident that such aerosols can be
treated as nearly mono-disperse therefore meeting the above-
mentioned requirement of fractal clustering or particle growth,
respectively. Both mean diameter and width have been derived
taking into account a log-normal fitting function. The assump-
tion of log-normal distributions has no theoretical basis yet but
has been found to be applicable to most aerosols originating
from a single source.20 However, efforts to explain the log-

Fig. 2 Comparison of the fractal-like structure of laser-produced
brass (a) and soot particles (b), by courtesy of C. Van Gulijk (Delft
University of Technology, Netherlands).

Fig. 3 SEM micrographs of brass deposits taken from the impactor
stages 6 and 9—corresponding to mean particle sizes of 120 nm (a) and
620 nm (b), respectively.

Fig. 4 SEM micrographs of brass deposits taken from impactor stage
4—corresponding to a mean particle size of 38 nm (see (a) and (b)). In
(a) and (c), the self-affinity of laser-produced deposits is illustrated by
comparing the complete micrograph with a substructure blown up to
the same size (dashed rectangle). Please note that the structure shown
in (b) was scanned separately and represents no digital magnification of
the cut-out.

z The fractal dimension df of agglomerates refers to their average
density, i.e. the smaller the df the less dense the agglomerate. Here, a
dimension of 3 indicates the limiting case of a solid sphere. Assuming
the agglomerate to be composed of almost mono-disperse aerosol
particles df is therefore correlated to the surface area which is exposed
to the ambient. As a consequence, the fractal dimension may be
regarded as an indicator for the dissociation capability of agglomerates
when penetrating a plasma source that is operated at a given tempera-
ture. Methods to determine df are discussed, for instance, in ref. 17.
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normal nature of measured particle size distributions from first
principles in a physically realistic way are presently being
made.21

It should be re-emphasized that the data given in Fig. 5 refer
to a certain fraction of the total mass deposited since the
analysis has been restricted to the quantification of Zn, Ca,
Sr, Ba, and Pb only. However, a comprehensive analysis of the
deposits should result in similar size distributions as long as
condensation from supersaturated vapour can be assumed to
be the dominant mechanism of particle growth. In order to
demonstrate the conformance of individual, i.e. elemental and
cumulative mass distributions, in Fig. 7, the Zn- and (Ca þ
Sr þ Pb þ Ba)-specific data are compared as examples.

Although most of the aerosol mass ablated was found to
settle down within stages covering the mesoscopic size range it
has been observed that there always exists a certain fraction of
micrometer particles, as can be seen from Fig. 5. Those
particles, however, cannot be grown from supersaturated
vapour due to an extremely high cooling rate of the expanding
material which is of the order of 1010–1011 K s�1.22 Mechan-
isms potentially relevant for the formation of such particles
are, for instance, splashing or hydrodynamic instabilities.
From an analytical point of view, the production of mm-sized
particles is known to reinforce elemental fractionation as a
result of incomplete evaporation within the ICP source, as
indicated by Kuhn et al.23 In Fig. 8, the relative percentage of
particles, i.e. aerosol mass, beyond a diameter of 0.5 mm is
plotted versus the fluence applied. Apparently, the total mass of

particles 40.5 mm reaches a maximum value of nearly 20% at
2 J cm�2 which, however, drops below 5% for fluences greater
than 10 J cm�2.

Elemental fractionation

As already suggested above, the examination of laser-induced
fractionation represents a key issue for developing strategies
that enable the accuracy of LA-ICP spectrometry to be in-
creased to the maximum extend possible. In order to specify
conditions favourable for the production of stoichiometric
glass aerosols, in the present work, the deviation of the
elemental mass ratio dMelement has been determined using Zn
as internal reference. By definition dMelement was calculated
from

dMelement ¼
Melement

MZn

����
exp :

�Melement

MZn

����
cert:

" #,
Melement

MZn
jcert:

withMelement ¼
X
i

melement i

ð1Þ

where Melement/MZn |exp. refers to the experimental mass ratio,
and Melement/MZn |cert. to the certified value. The index i
denotes the overall number of impactor stages. In Fig. 9, the
size dependence of dMelement referred to as dmelement,i is gra-
phically shown for Ca, Sr, Ba, and Pb (see Fig. 9 caption).
Please note that the size-dependent deviation dmelement,i has
been calculated setting Sidmelement,i ¼ 0. Therefore, the zero

Fig. 5 Typical mass distribution of an aerosol produced by NIR-fs-
LA of glass at 9.5 J cm�2 using He as carrier gas. The masses given
refer to cumulative Ca-, Zn-, Sr-, Ba-, and Pb-specific values.

Fig. 6 Number distribution based on the data shown in Fig. 5. Values
were determined assuming a spherical particle shape. The regression
(grey curve) was performed using a log-normal fitting function.

Fig. 7 Comparison of the individual Zn- and cumulative (Ca þ Sr þ
Pbþ Ba)-specific mass distributions for NIR-fs-LA of silicate glass at a
fluence 9.5 J cm�2.

Fig. 8 The relative percentage of particles (aerosol mass) beyond a
particle diameter of 0.5 mm plotted vs. the fluence applied.
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line indicates the actual aerosol composition. Total deviations
from the certified elemental ratios dMelement are given as
numbers in the lower part of Fig. 9. As can be seen, the
deviations for Ba, Sr, and Pb are of the order 5 up to 10%.
It has also been observed that these values marginally improve
to less than 2% for increasing fluences. Taking into account a
total experimental uncertainty of about 10%, these results
imply an acceptable agreement between the Ba-, Sr-, and Pb-
specific composition of laser-produced aerosol and bulk mate-
rial, respectively.

Compared to this, the Ca-specific value showed a stronger
deviation of more than 20% below 5 J cm�2 which continu-
ously decreases for increasing fluences. As a consequence, the
average fractionation index—defined as the arithmetic mean
from all |dMelement | considered—which is shown in Fig. 8(a)
has been found to converge towards a level of less than 10%
for fluences beyond 5 J cm�2. The origin of the Ca-specific
deviation for fluences smaller than 5 J cm�2 is unclear parti-
cularly because the corresponding TXRF responses have been
systematically corrected for the relevant interference, namely
Kb line of potassium. Therefore, residual fractionation during
the ablation process as well as non-stoichiometric aerosol
formation with respect to Ca cannot completely be excluded.y

Conclusion

The elemental fractionation of dielectric aerosols produced by
NIR-fs-LA of glass has been studied. Our results indicate that
the Ca-, Zn-, Sr-, Ba-, and Pb-specific stoichiometry of these
aerosols reflects the bulk composition if the fluence is chosen to
be well above 5 J cm�2. The composition of different aerosol
fractions has been found to be size-dependent. Using Zn as
internal standard it could be shown that particles larger than
about 100 nm tend to accumulate less volatile compounds
namely Ca, Sr, and Ba. In contrast, particles smaller than 100
nm were generally Zn-enriched. The Pb-specific results, how-
ever, contradict this finding since the corresponding Pb/Zn
ratios have been found to follow the opposite trend, i.e.
particles were Pb-enriched below a size of about 100 nm and
depleted above. The origin of this reversal is unknown yet.

It has furthermore been demonstrated that aerosols pro-
duced by NIR-fs-LA of silicate glasses mainly consist of
particles within the mesoscopic size range, i.e. roughly in
between 10 and 100 nm. Apparently, such aerosols experience

minor losses due to diffusion or inertial forces and can there-
fore efficiently be transported over larger distances.
Scanning electron microscopy of impacted brass particles

revealed the existence of fractal-like agglomerates which were
composed of primary nanoparticles. The morphology of these
deposits appears to be self-affine as a result of fractal growth
during impaction. According to the hydrodynamic properties
of fractal objects both single particles and corresponding
agglomerates of arbitrary size may, in principle, be deposited
in the same stage. It is, however, unclear whether objects whose
size even exceeds several micrometers can be formed during the
ablation process or transport period. Most intuitively, cluster-
ing of smaller agglomerates and single particles at the surface
or right before impaction are the most likely mechanisms for
creating these micrometer-sized deposits. From an analytical
point of view, the formation of fractal-like agglomerates gen-
erally proves favourable as it reduces potential diffusion losses.
Taking into account results previously published on the

classification of brass aerosols14 it is obvious that NIR-fs-LA
enables the accomplishment of stoichiometric sampling of both
metallic and dielectric material if the fluence is properly chosen.
According to our investigations, fs-LA of opaque glasses
produces stoichiometric aerosols in a fluence range 45 J
cm�2 while for metals a value of about 5 J cm�2 should not
be exceeded due to the occurrence of elemental fractionation
and intensified production of micrometer particles. These
fluence ranges, however, should not be taken as benchmark
values for all materials since they are supposed to vary, in
particular, if UV-transparent matrices are under investigation.
The latter finding moreover refers to fs-LA applying pulse
durations of 200–250 fs and main to pre(post)-laser pulse
intensity ratios of about 102. Recent measurements carried
out in our laboratory have shown that stoichiometric sampling
of brass can even be realized for fluences up to 50 J cm�2 if
shorter pulses (o150 fs duration) with an improved pre(post)-
pulse intensity ratio of 5 � 103 are used.25
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