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In situ monitoring of size distributions and characterization of nanoparticles
during W ablation in N 2 atmosphere
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Nanoparticles were generated by pulsed laser ablation of tungsten in a N2 ambient at atmospheric
pressure. Size distributions and concentrations were monitoredin situversus laser fluence, repetition
rate, and ablated spot size, by a differential mobility analyzer and a particle counter. The multishot
ablation threshold was determined to be;6 J/cm2 for the laser used~ArF excimer,l5193 nm).
Mostly small, nonlognormally, distributed particles (,20 nm in diameter! were generated below the
ablation threshold (f th), and the relative concentration of larger particulates (.20 nm in diameter!
increased abovef th . Modeling of the temperature and ablated depth dependence on fluence showed
that the formation of clusters belowf th could not be assigned to a thermal process, but are
connected to particle condensation from a photochemically desorbed thin layer. X-ray diffraction
and x-ray photoelectron spectroscopy analysis performed on polydisperse nanoparticles revealed an
amorphous phase of the particles, and the elemental composition was found to be WN0.3. © 2003
American Institute of Physics.@DOI: 10.1063/1.1587253#
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I. INTRODUCTION

Research in nanomaterials and nanopowders with g
sizes less than;100 nm is today one of the fastest growin
fields within materials science. This increasing interest ste
from the unique properties that these nanostructured ma
als exhibit, usually size dependent and well differing fro
the corresponding bulk.1,2

Nanoparticles and nanomaterials can be synthesize
various techniques, e.g., mechanical~ball-milling!,3

template-based,4 sol–gel,5 and gas phase synthesis@gas con-
densation, chemical vapor deposition~CVD! etc.#.6

Pulsed laser ablation~PLA!, whereby a material is
evaporated by an intense laser pulse, is a well known te
nique for thin-film deposition as well as for the preparati
of nanoparticles and nanomaterials.7,8 The main advantage o
PLA is the congruent~stoichiometric! material transport
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above the threshold fluence (f th), which is utilized for depo-
sition of complex compounds such as highTc superconduct-
ors. In addition, high melting point materials~e.g., C, W, and
refractory ceramics! are easily deposited. Chemistry can al
be performed if the ablation takes place in a reactive ba
ground gas.

Knowledge of the size distribution of the produced pa
ticles is crucial due to the size-dependent material proper
i.e., wide distributions may smear out the desired size
fects. The use of a differential mobility analyzer~DMA !
combined with a particle counter during nanoparticle prod
tion by PLA in an ambient gas allowsin situ monitoring of
the size distribution and concentration of the genera
nanoparticles.9–11 The high sensitivity of the condensatio
particle counter~CPC; 1 particle/cm3), assuming that mos
of the ablated material condenses to nanoparticles, all
one to monitor the ablated depth in the range of;1025

monolayer, which other techniques~e.g., atomic force and
scanning electron microscopy! cannot perform. Therefore
the DMA1CPC system makes it possible to study the ab
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tion well below the ablation threshold, giving useful info
mation about the ablation process.12

PLA of tungsten has been investigated for various diff
ent laser sources, e.g., Nd:YAG (l51064 and 532 nm),13–15

XeCl,16 and sub-ps KrF.17 Generation by Nd:YAG laser ab
lation and electron microscopy study of elemental nanop
ticles of tungsten in an inert gas ambient~1.3–67 kPa! com-
bined with a low-pressure DMA has also been reported.10

In this article, results on nanoparticle generation by A
excimer PLA of tungsten in a N2 ambient at atmospheri
pressure is presented. The aim of this work is twofold. Fi
by exploiting the high detection sensitivity of the detecti
system (DMA1CPC), the ablated mass is monitored w
below the ablation threshold. In addition, the temperat
and ablated depth increase on laser fluence is modeled
compared with measured data. This gives further insight c
cerning the ablation, and it is shown that the ablation proc
has a clear nonthermal~photochemical! part beside the well-
known thermal component. Second, the size distributi
and particle concentrations are monitored as the experim
tal parameters are altered~spot size, laser fluence, and re
etition rate!, revealing the advantages and disadvantage
nanoparticle production by PLA. Deposited particles we
also characterized by scanning electron microscopy~SEM!,
x-ray diffraction ~XRD!, and x-ray photoelectron spectro
copy ~XPS!.

II. EXPERIMENT

The experimental setup consisted of a stainless-stee
lindrical cross, see Fig. 1, with a quartz window and a rot
ing target on opposite sides. Perpendicular to the norma
the target was the gas inlet and outlet. The target was rot
with an angular speed of;2 rad/s to avoid piercing. An ArF
excimer laser@l5193 nm and laser pulse duration full widt
at half maximum (FWHM)515 ns] was focused onto th
target by a fused silica lens (f 510 cm), and the fluence an
repetition rate were varied between 1.428.3 J/cm2 and 1–25

FIG. 1. Cross-sectional view of the ablation setup~LB denotes laser beam!.
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Hz, respectively. The ablated spot size was varied, at c
stant fluence (8 J/cm2) and repetition rate~2 Hz!, from 50 to
420mm in diameter by changing the aperture in front of t
focusing lens~Fig. 1!. The DMA used was a TSI Inc. nano
DMA working at atmospheric pressure with the sheath fl
and sample flow set at 4 slpm and 1 slpm, respectively. T
instrument characterizes charged particles according to t
electrical mobility, and the charging takes place prior to t
DMA by a radioactive (85Kr) source. A CPC from TSI Inc.
analyzed the particle concentration. The flows used, co
bined with the size detection limit from the CPC, allowed
size window of 7 to 133 nm in diameter to be monitored f
the aerosol particles in N2 . Nitrogen gas at atmospheric pre
sure was used as the ambient gas since its gas propertie
similar to air ~for which the DMA system was calibrated!,
and also because this DMA is limited to operate at atm
spheric pressure. Measurements done with inert gases,
as argon, decreased the size window drastically due to
lower breakdown voltage of Ar compared to N2 ~or air!.
Furthermore, an impactor was applied before the DMA in
in order to filter out particles above;300 nm in diameter.

A polished polycrystalline W plate~purity ;99.9%) was
used as a target, and possible surface oxides and/or nit
were removed by desorption before measurements by 15
ablation~at 10 Hz repetition rate! below the ablation thresh
old for tungsten.

For deposition of the particles, a 0.5 mm diameter noz
was used in an electrostatic precipitator~since the particles
are charged! to increase the particle concentration per u
area. Both size-selected and polydisperse particles were
posited. The generated particles were collected on Si s
strates for SEM, XRD, and XPS analysis.

III. RESULTS AND DISCUSSION

A. Ablation process

The ablation process can be divided in two differe
parts. ~1! Above f th , the ablation plume consists of tw
components; the low yield desorptive part and the high yi
~stoichiometric! forward peaked part.~2! Below f th , only
the desorptive part can be found, and this part also exhib
more sensitive angular dependence compared to the forw
directed one.7,8 At an elevated background gas pressure, p
ticles are condensed within the plume and can be detecte
means of a DMA and CPC.

The ablated mass and ablated depth dependence on
fluence is depicted in Fig. 2. These values were obtained
assuming a density of 17.8 g/cm3 of the generated particle
~corresponding to W2N)18 and that all of the removed mate
rial condensed to clusters within the detection window~the
net effect of these assumptions will most likely underes
mate the amount of material removed!. As the fluence is
increased to;6 J/cm2, the increment of ablated mass
small, but an abrupt increase can be found at;6 J/cm2. Also
note the linear increase on fluence atf,5 J/cm2 ~see inset
in Fig. 2!. Since the ablation threshold (f th) is related to
significant material removal, it is thus concluded that t
multishot ablation threshold for tungsten is;6 J/cm2 for the
laser source used (l5193 nm). This is also consistent wit
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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other observed values found in literature for ArF excim
ablated metals~see, e.g., Refs. 7 and 19 and referen
therein!.

Interestingly, nanocluster formation was observed w
below f th , down to;1.4 J/cm2'f th/4, see Fig. 2. This is
an indication that some nonthermal process may be involv
To investigate the possibility of a purely thermal mechanis
the temperature and amount of ablated material was
mated on the basis of thermal ablation model.19

As a first approximation, if material removal is pure
thermal, then pronounced ablation by ns pulses is obse
at temperatures somewhat above boiling temperat
~;5830 K for tungsten!.19 Alternatively, one can estimat
which temperatures should be reached for tungsten in o
to ablate, say 1 Å per pulse during the timet,100 ns. These
temperatures lie in the range of;4700 K.20 Let us assume
that observed threshold corresponds to either of these va
and that below the ablation threshold maximum tempera
scales about linearly with fluence. Then, the temperatu
reached for;1.4 J/cm2 are about 1400–1600 K. The rate

FIG. 2. Total mass~in 7–133 nm size window, left-hand side scale assum
bulk W2N density of the particles! and ablated depth~right-hand side scale
assuming that all of the desorbed material forms nanoparticles! per laser
pulse vs laser fluence. Repetition rate 2 Hz and spot diameter 210mm. The
ablation threshold (f th) can be seen at;6 J/cm. Inset shows a linear in
crease of ablation yield at fluences below;5 J/cm2.
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evaporation ~sublimation! of tungsten is such, that only
;10216Å of W per pulse can desorb at such temperatur
This is clearly not enough to provide material for clust
formation.

The conclusions of these simple estimations were a
confirmed by more detailed calculations performed with
method of moments,21 that includes temperature depe
dences of some material parameters~see Table I!. These
more detailed calculations will, of course, result in somew
different absolute values~of ablated depth and temperature!,
compared to the earlier mentioned simple estimations.
laser intensity,I (t), of a typical excimer laser pulse wa
approximated by the following smooth function19

I ~ t !5I 0

t

t
expF2

t

tG , ~1!

where the laser fluence is given byf5I 0t and pulse width
at half maximumtFWHM'2.446t.

To speed up the calculations, constant average va
were taken for some of the parameters~see Table I!. Steplike
changes in material parameters at the melting point w
smoothened over a finite temperature interval. This does
strongly affect the final result. One should add, that not
parameters for tungsten above the melting point are kno
In particular, the evaporation rate given in Ref. 20 refers
solid state only~sublimation!.

Special comment is in place with respect to the opti
properties. High-temperature values of optical constants
tungsten at 193 nm have not been obtained by the auth
First, the Drude model was used to estimate hig
temperature dielectric constant. Room-temperature pla
and electron collision frequency extracted from IR measu
ments are listed in Ref. 22. The electron collision frequen
was assumed to increase proportionally to resistivity~taken
from Ref. 23!. Inserting this into Drude formulas for dielec
tric constant and Fresnel formulas for~normal incidence! ab-
sorptivity, resulted in a gradual increase in absorptivity up
0.84 at temperatures above 5000 K. This naturally led
TABLE I. Parameters used for thermal ablation calculations~T denotes the absolute temperature!.

Parameter Symbol Unit Value

Melting temperature Tm ~K! 3695
Boiling temperature Tb ~K! 5828
Density r (g/cm3) 19.3
Latent heat of fusion DHm ~J/g! 190
Latent heat of evaporation DHv ~kJ/g! 3.86
Evaporation rate n ~cm/s! n0 exp(2Ta /T)
Pre-exponential factor n0 ~cm/s! 2.6531010/AT
Activation temperature Ta ~K! 92 702
Absorption coefficient a (cm21) 23106

Absorptivity A 0.34
Thermal conductivity (T,Tm) K ~W/cm K! 1.24310214T421.24310210T314.931027T229.631024T

11.828
Thermal conductivity (T.Tm) K ~W/cm K! 21.06310217T417.25310213T321.9731028T211.8631024T

10.258
Specific heat (T,Tm) c ~J/g K! 8.41310216T423.91310213T324.831029T212.831025T

10.1243
Specific heat (T.Tm) c ~J/g K! 0.1935
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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higher ablation rates than depicted in Fig. 3~a!. ~Curve not
shown.!

But tungsten does not seem to be a Drude metal in
UV. The room-temperature data24 indicated strong decreas
in refractive index with wavelengths shorter than;250 nm.
Such behavior is impossible within the Drude model. B
sides, Drude formulas predict unreasonably lowa values
(;2.53104 cm21) at 193 nm even at room temperatur
Most importantly, the available temperature dependent~300–
3600 K! data in the 250–350 nm range show adecreaseof
absorptivity with increasing temperature.18,20 This effect can
be associated with some interband transitions or with
anomalous skin effect,22 though available data seem to pr
duce too small values for the overall absorptivity. For t
aforementioned reasons, reliable room-temperature va
for the absorptivity and absorption coefficient were us
over the whole range of temperatures.

The results from calculations~in ablated depth per pulse!
are shown in Fig. 3~a! together with the experimental value
from Fig. 2. One can see that at high fluences~above
;6 J/cm2), the calculated results agree with an Arrheniu
type behavior found in experiments and a good corresp
dence between the slopes can be observed. It is also n
that the simulated ablated depths give larger values than
experimentally observed ones. This discrepancy can be
plained by the fact that the values obtained from experime
were most likely underestimated~i.e., not all of the ablated

FIG. 3. ~a! Arrhenius type of plot of calculated ablated depth per laser pu
Solid line was obtained by the thermal ablation model and squares
experimental data, respectively. The lower axis represents inverse lase
ence 1/f. For convenience, fluence values are indicated on the upper
Note the log scale on the depth scale.~b! Calculated maximal temperature o
the ablated tungsten target.
Downloaded 01 Sep 2003 to 140.78.114.9. Redistribution subject to AI
e

-

.

e

es
d

-
n-
ted
he
x-
ts

material forms particulates and particles outside the detec
window were also generated!. The estimated temperatures
this region are up to 6000 K, but the amount of ablat
material is still too small to initiate noticeable deviation fro
an Arrhenius behavior, which occurs in the region of qua
stationary ablation.19

Interesting divergence between the calculated and
perimental results can be seen at low fluences. Cluster
mation was observed already at;1.4 J/cm2 where estimated
temperature is;2000 K @see Fig. 3~b!#. As can be inferred
from Fig. 3~a!, the corresponding expected ablated depth
in the order of 10216nm. This means desorption of ind
vidual atoms only and this correlates well with the absol
thermal stability of tungsten at these temperatures. Melt
which can be seen as a small kink in calculated tempera
and ablated depth plots~see Fig. 3!, is expected at around
3 J/cm2 only.

Even having in mind uncertainties in the absorptiv
value, it seems highly unlikely that the clusters are produ
thermally in the 122 J/cm2 fluence range. First, the amoun
of material that is thermally ablated at these fluences se
to be far too small. Second, the behavior of experimenta
measured cluster yield as a function of laser fluence does
show Arrhenius behavior at all. In fact, the ablated ma
increases linearly with laser fluence atf,5 J/cm2 ~see inset
in Fig. 2!. This linearity is an indication that a single-photo
photochemical process~i.e., nonthermal! is responsible for
the material removal at low fluences, since the amount
tungsten that is desorbed is proportional to the numbe
incident photons.19 Recalculating the fluence into the numb
of photons and comparing it with the amount of remov
material from Fig. 2, a quantum yield of 0.002 atoms p
photon was found in the low fluence range. However, fo
photochemical process, one expects the extrapolated cur
pass through the origin, which is not the case~ablated mass
equals zero atf'0.25 J/cm2, see inset in Fig. 2!. This effect
is again explained by the fact that clusters outside the de
tion limit are formed and that not all of the ablated mater
will condense into particles.

Typical size distributions are shown in Fig. 4~above and
below f th). Below f th , the distribution contains mostly
small particles (,20 nm in diameter! and increases slowly in
mass concentration with increasing fluence~see Fig. 2!. This

.
m
flu-
is.

FIG. 4. Typical size distributions obtained at 2 Hz repetition rate and
lated spot-size diameter 210mm, above~solid line at 8.3 J/cm2) and below
f th ~dotted line at 4.4 J/cm2).
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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small-sized contribution can be found at all fluences inve
gated, and it is noted that the shape of this distribution c
not be fitted to a lognormal distribution. Particles of larg
sizes (.20 nm) increase in concentration relative to t
smaller ones abovef th, and as the fluence is increased th
relative difference becomes more pronounced. If the shap
the distribution belowf th is taken as the background an
subtracted from the high fluence curve, a distribution~of the
particles .20 nm) that resembles a lognormal is foun
Since the appearance of the broad ‘‘peak’’ for larger parti
sizes takes place abovef th—combined with the fact that the
small-sized contribution is present at all investigat
fluences—it is thus concluded that the part at small siz
(,20 nm in diameter! emerges from the desorptive part a
the peak at larger diameters from the forward directed
ablation. It also follows from this discussion~concerning the
modeling of ablated depth and temperature! that this desorp-
tion exhibits a nonthermal characteristic.

The shape of both of these contributions to the size
tribution remains unchanged as the fluence is increased
these two different parts of the distribution are most like
separated in time~and/or space! during particle formation.
Agglomeration and coalescence would otherwise most p
ably occur, resulting in a different shape of the size distrib
tion. ~Agglomeration and/or coalescence results in an
crease in the concentration of the larger and decrease o
smaller mobility-diameter particles.!25

The ablated spot-area dependence on the ablated
can be seen in Fig. 5. For larger spot areas~corresponding to
diameters.100mm), the mass is proportional to the are
increase as expected, but at smaller spot areas~for diameters
,100mm), a deviation from a linear dependence is o
served. As the spot diameter is decreased, the width of
angular distribution of the ablated material increases.26 This
effect explains the slight nonlinearity of the ablated mass
small spot areas, due to the decrease of oversaturation
as the angular distribution is widened, resulting in the form
tion of smaller particles outside the detection limit of t
CPC. The shape of all recorded size distributions for
different ablated spot-area measurements were similar to
spectrum depicted in Fig. 4~upper trace!, i.e., abovef th .

The mass concentration dependence on laser repet

FIG. 5. Spot-size dependence on the ablated mass at repetition rate 2 H
fluence 8 J/cm2.
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rate is depicted in Fig. 6. Similar to the ablated spot-s
dependence, the shape of all recorded distributions du
repetition rate measurements resembled the size distribu
shown in Fig. 4~upper trace!. For the small particles~7–20
nm in diameter!, a linear dependence is observed in the m
sured frequency range~1–25 Hz!, but for the total mass con
centration~size window of 7–133 nm in diameter!, a slight
decrease of the slope can be seen at higher repetition r
At elevated pressures, nanoparticle formation takes place
ms ~or less! timescale,27 so as the repetition rate is increase
the interaction between the produced particles and follow
laser pulses becomes more significant. One effect of this
teraction is the absorption of the incoming laser light, resu
ing in heating of the particles to temperatures;3000 K or
higher.28 This heating induces evaporation of atoms from t
nanoparticles and may lead to significant size decrease
pending on the evaporation rate,29 resulting in a reduction in
the concentration of the small particles and, consequent
change in shape of the size distribution. However, for
experimental parameters used, such a change could no
observed since a linear dependence for the smaller-siz
(,20 nm in diameter! particles on the laser repetition ra
was detected~see Fig. 6, dashed line!. The slight decrease o
the slope in total mass at high repetition rates can be
plained by an attenuation of the laser light~e.g., by absorp-
tion and scattering! when high concentrations of particles a
formed, resulting in a slightly less effective ablation proce
In addition, the formation of larger particulates outside t
observed size window at higher repetition rates would a
decrease the total observed mass, but this effect does
seem to be significant since all of the observed distributi
were similar in shape.~Only an increase in the concentratio
independent of size, was observed as the repetition rate
increased.!

B. Characterization

SEM pictures of size-selected particles~40 nm in diam-
eter! can be seen in Fig. 7. For short deposition times@Fig.
7~a!#, the particles were found to be separated and one
observe the similarity in size. At longer deposition tim
@Fig. 7~b!#, a high degree of agglomeration of the deposit
particles was observed. Even though agglomeration occ

and

FIG. 6. Repetition rate dependence on ablated mass at laser fluence 72

and spot diameter 100mm. Total mass concentration in 7–133 nm diame
size-window (2¹2) and for small particles~7–20 nm in diameter,
22h22!. Inserted lines are a guide for the eyes.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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this deposition technique produces a high surface area m
rial that can be used for, e.g., catalytic or sensor applicatio

XPS analysis was performed on polydisperse partic
passing only through the impactor. From the W 4f region
@Fig. 8~a!#, one can observe the W—W bonding from the
4 f 7/2 and 4f 5/2 peaks at 31.0 and 33.2 eV, respectively. T
relative intensities between thef peaks and the shoulders
higher binding energies also suggest that tungsten bond
more electronegative elements~nitrogen and oxygen, in this
case!. Nitrogen and W—N bonding was also confirmed b
the shift of the N 1s peak toward lower binding energ
@;397.3 eV, Fig. 8~b!#. Taking the sensitivity factors into
consideration, and relative intensities from the W 4f and N 1s
peaks resulted in an elemental composition of WN0.3. Small
amounts of oxygen were also detected due to the rapid
dation of tungsten as the samples were exposed to labora
air.

The elemental composition reported here was obtai
from particles generated above the threshold fluence o
Since it was shown that different processes govern the

FIG. 7. SEM micrographs from size-selected~40 nm in diameter! particles
produced abovef th at different deposition times:~a! 5 min and~b! 45 min,
respectively.

FIG. 8. XPS spectra from~a! W 4f and ~b! N 1s regions, respectively.
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moval of material above and belowf th , one might expect a
different composition of the nanoparticles formed belowf th

compared to above the same. Current work addressing
question is in progress for both tungsten and graphite a
tion in a N2 ambient, and will be reported elsewhere.30

Grazing incidence XRD of polydisperse samples~laser
fluence 8 J/cm2, spot size 420mm, and repetition rate 2 Hz!
revealed an amorphous phase of the particles, i.e., no dis
diffraction pattern could be obtained. This amorphous ph
can be related to the small heat content and rapid quenc
of the generated particles~see discussion next!.

It is also noted that DMAs have been used for monit
ing nanoparticles during the ablation of various materi
using Nd:YAG lasers. For example, tungsten was ablate
He atmosphere at a pressure region of 1.3–67 kPa. A di
bution similar to lognormal with a peak at;10 nm in diam-
eter was observed at a pressure of 40 kPa, and crysta
tungsten particles were formed at higher fluences.10 A silicon
target was ablated in an Ar atmosphere of 70–400 T
which resulted in a bimodal size distribution. As the ambie
pressure and laser energy density increased, an enhance
of the concentration of larger particles was found.31 Also,
compound materials, such as CsI, have been monitored
ing Nd:YAG laser ablation of a cesium iodide rod in a
argon atmosphere of 75–760 Torr. A bimodal lognormal d
tribution was observed at a laser fluence of;1 J/cm2 and
100 Torr ambient pressure. The smaller-sized particles
creased in concentration as the ambient pressure and
fluence increased.32

In this study, it was shown that the size distribution
the nanoparticles formed from the quickly desorbed mate
was nonlognormal, but the condensation from the forw
directed ablative part~abovef th) yielded—most likely—a
lognormal type with lower concentrations but larger dia
eters of the particles. At this stage of the research, no c
explanation for these results can be presented, but i
pointed out that the maximum fluence (8.3 J/cm2) used in
this work was only;40% higher than the threshold fluenc
(;6 J/cm2) and, consequently, the desorptive contribution
the total evaporated material becomes rather significant. T
explains the unusual nonlognormal feature in our measu
distributions.

Furthermore, no crystalline particles were formed in th
present work. First, we note that crystalline tungsten na
particles could be generated if the particles were heated
subsequent laser pulses acting as postannealing with a
fluence of;160 mJ/cm2 during low-pressure laser-assiste
CVD ~LCVD! studies.28 Here, the laser fluence was es
mated to be;1 J/cm2 in the condensation volume, i.e.,
crystalline phase could be anticipated for the particles at
first glance. However, since the deposition for the mater
characterization was performed at 2 Hz repetition rate,
taking into account the linear velocity of the gas flow
(;1 cm/s), the plume size (;122 cm), and that the diam
eter of the laser beam was about 1.5 mm at a distance of
cm from the target surface; it follows that most of the co
densed particles were not heated by subsequent laser pu
Consequently, an amorphous phase could be expected
was observed as well. In addition, it is also noted that
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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atmospheric pressure ambient used during PLA meas
ments results in more than one order of magnitude hig
cooling rate of the particles compared to the low-press
LCVD experiments, and that may also effect the crystallin
of the deposited material. Finally, the fraction of W—N
bonding, as confirmed by XPS, will most probably also
terfere with the crystallization process.

IV. SUMMARY

Amorphous WN0.3 nanoparticles were generated b
pulsed excimer ablation of tungsten in a N2 ambient at at-
mospheric pressure and, most likely, the limited thermal b
get of the produced particles resulted in the amorph
phase. Size distributions and concentrations were monito
in situ by a DMA in combination with a CPC with respect t
different laser parameters and spot sizes. Ablated mass
pendence on the laser fluence in the investigated size
dow ~7–133 nm in diameter! gave information about the
multishot ablation threshold atl5193 nm (;6 J/cm2). In
addition, different stages of material removal could be mo
tored. It was concluded that the fast desorptive part for wh
a thermal process for material removal was ruled out and
‘‘real’’ ablation ~abovef th , that could be modeled by the
mal evaporation! gave rise to different types of size distribu
tions, and that the two stages were most likely separate
time and/or space.

The size distribution of the small-sized particles cou
not be assigned to a lognormal type, which is often enco
tered during nanoparticle production by other techniques
for the larger particles (.20 nm) that increase in concentr
tion abovef th a distribution that resembles a lognormal w
found. Deviation from a linear relation of the ablated ma
versus spot-size dependence could be observed for s
spot sizes~diameters,100mm), and explained by a widen
ing of the angular distribution of the ablated material.
slight deviation from a linear relation of the total mass vers
laser repetition rate dependence could be seen, reasone
an attenuation of the laser by the formed nanoparticle
higher repetition rates.

Importantly, concerning practical consequences, it
been shown that high concentrations of small nanoparti
(,20 nm in diameter! are formed below the ablation thres
old during PLA of tungsten at atmospheric pressure. In na
technology, it is usually these small particles that are de
able. Thus, to increase the yield, a fluence, somewhat be
f th , large spot size and high repetition rate, is to be p
ferred.
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