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1. Introduction

This paper deals with the heating of nanoparticles by UV 
irradiation (pulsed laser). The nanoparticles (diameters 
up to 1 μm) are confined in and synthesized by a reac-
tive argon–acetylene plasma at 10 Pa gas pressure. Upon 
irradiation with short ∼150 ps and high-energy (∼63 mJ) 
UV (355 nm) laser pulses, the particles reach a sufficient 
temperature to visibly thermally radiate, usually referred 
to as incandescence. This results in a white-ish trace in the 
plasma where irradiated particles are present (figure 2). 
The phenomenon is in this case usually referred to as laser-
induced incandescence (LII) and can be used as a particle 
diagnostic [1–4].

In situ diagnostics for plasma-confined particles are an 
indispensable tool for the understanding of the physics and 
chemistry of reactive dusty plasmas. These discharges allow 
for the synthesis of well-defined nanoparticles [5–9]. Any 
information (such as particle size and thermodynamic proper-
ties) obtained in situ opens up possibilities for better on-line 
control of the production processes. Moreover, amorphous 
carbonaceous particles produced by reactive hydrocarbon 
plasmas (such as the one employed in this research) are 
believed to be very similar to dust particles present in outer 
space, the so-called cosmic dust, and are frequently referred to 
as ‘cosmic dust analogues’, see e.g. [10–12]. The (thermody-
namic) properties of the dust particles presented in this paper 
are therefore also useful to the field of astrophysics.
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Abstract
This paper reports on the laser heating of nanoparticles (diameters ⩽ 1 μm) confined in a 
reactive plasma by short (150 ps) and intense (∼63 mJ) UV (355 nm) laser pulses (laser-
induced incandescence, LII). Important parameters such as the particle temperature and 
radius follow from analysis of the emission spectrum of the heated nanoparticles. The 
nanoparticles are not ideal black bodies, which is taken into account by calculating their 
emissivity using a light-scattering theory relevant to our conditions (Mie theory). Three 
sets of refractive index data from the literature serve as model input.

The obtained radii range between 100 and 165 nm, depending on the choice of refractive 
index data set. By fitting the temperature decay of the particles to a heat exchange model, 
the product of their mass density and specific heat is determined as ( )±1.3 0.5  J K−1 cm−3, 
which is considerably smaller than the value for bulk graphite at the temperature our 
particles attain (3000 K): 4.8 J K−1 cm−3.

The particle sizes obtained in situ with LII are compared with ex situ scanning electron 
microscopy analysis of collected particles. Quantitative assessment of the LII measurements 
is hampered by transport of particles in the plasma volume and the fact that LII probes 
locally, whereas the samples with collected particles have a more global character.

Keywords: dusty plasma, laser-induced incandescence, Mie theory, thermal radiation,  
particle heating
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Laser-induced incandescence was earlier applied to dusty 
plasmas by Stoffels et al [1] and Eom et al [2]. The former 
looked at particle temperatures and the energy balance for  
1 μm Teflon-like particles formed in an Ar–CCl2F2 RF 
plasma. The latter determined the size of particles synthe-
sized in an argon–silane RF plasma by calibrating against  
ex situ size measurements using electron microscopy. Both 
did not calculate/model the emissivity or determine the ther-
modynamic properties of the dust particles. In this paper, we 
report on LII experiments using pulsed (10 Hz) laser irradia-
tion of an argon–acetylene dusty plasma. The thermal radia-
tion is collected spectrally resolved (400–1000 nm) and with 
microsecond time resolution following the laser pulse, so that 
the subsequent cooling down of the particles can be followed 
with great accuracy. The emissivity of the particles is taken 
into account by modeling it with Mie theory using complex 
refractive index data from literature, which enables the in situ 
determination of the particle size. Under our conditions, in 
the approximately first 100 μs after laser irradiation, the heat 
exchange of the particles with the surroundings is driven by 
thermal radiation. This enables us to determine the product of 
the particles’ mass density and specific heat from the meas-
ured temperature decay.

2. Methods

The global setup is schematically shown in figure  1. A 
(dusty) plasma is generated between an RF-driven shower-
head electrode (diameter 13 cm) through which acetylene 
enters the vessel. At a distance of 4 cm below this shower 
head, a grounded mesh electrode (diameter 15 cm) is placed. 
At a distance of 2.5 cm below this electrode, a similar 
platform is present. On this platform, five small (∼1 cm2)  
silicon wafers are placed, used for the collection of nanopar-
ticles. During an experiment, nanoparticles will be ejected 
from the plasma when it cannot confine them any longer. 
They will fall en masse when the power is switched off. 

Some of these falling particles collide with and stick to a 
wafer. Power is coupled capacitively to the plasma using 
an in-house built L-type matching circuit at a frequency 
of 13.56 MHz. Gas pressure inside the vessel is 10 Pa. 
Nanoparticles are synthesized by the plasma following 
initial polymerization of acetylene. From a size of about 
20 nm, the particles become permanently negatively charged 
and are trapped in the plasma. Light emitted from a volume 
of about × ×8 8 8 mm3 in the plasma is coupled into an 
optical fiber by a positive lens ( ≈f 12 cm). The position of 
the focal volume was chosen for maximum incandescence 
intensity. The fiber is connected to a spectrometer (Avantes 
Avaspec 2048-TEC-USB2). The transfer function of the 
complete optical system was determined using a calibrated 
Oriel 63350 tungsten halogen lamp placed at the position 
of the plasma. All spectra are corrected with the measured 
transfer function. The laser is an Ekspla SL312 Nd:YAG 
laser producing pulses about 150 ps long, at a wavelength 
of 355 nm, a maximum pulse energy of about 90 mJ and at 
a pulse repetition frequency of 10 Hz. The laser beam has a 
diameter of about 8 mm (the measured beam profile reveals 
that most energy is contained within a    ×7 mm 6 mm ellipse) 
and enters the vacuum vessel through a quartz window of an 
extended side port of the vessel. The laser beam is directed 
radially through the electrode system roughly midway 
between the powered and grounded electrode. The beam 
passes through a hole in a metallic screen before entering 
the plasma volume. Argon gas enters the vessel via a gas 
inlet in the same side port. Both the screen and argon flow 
limit the flux of nanoparticles from the plasma volume to 
the quartz window. These measures prevent the develop-
ment of a layer of ‘soot’ on the inside of the quartz window 
where the laser beam enters the vessel. Such a steadily 
growing layer would decrease the transmission of the UV 
pulses and thus could negatively impact the reproducibility 
of the experiments. A photograph of the used setup during a 
dusty-plasma experiment showing a visible incandescence 
trace is shown in figure 2.

Figure 1. Schematic top view of the setup. A dusty plasma is generated in a parallel-plate capacitively coupled RF discharge. Argon gas 
enters the vessel through an extended side port, whereas acetylene enters through the RF-driven shower head. A laser generates short  
(∼150 ps) UV (355 nm) laser pulses with a repetition frequency of 10 Hz. The incandescence emission (as well as the plasma emission) 
from a small spot in the plasma (∼ × ×8 8 8 mm3) is collected by a lens and coupled into an optical fiber connected to a spectrometer, 
which is triggered by the laser.

J. Phys. D: Appl. Phys. 49 (2016) 295206
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2.1. Thermal radiation

The spectral irradiance for thermal radiation is given by 
Planck’s law [1]

( ) ( )
( / )

π
λ λ

=
−

λ
λεF T

hc T

hc k T

2

exp 1
,

2

5
B

 (1)

with h being the Planck constant, c the speed of light, λ the 
wavelength of radiation, T the temperature of the radiating 
body, ( )λε T  the temperature-dependent spectral emissivity of 
the body, and kB the Boltzmann constant.

It can be shown (using the principle of detailed balancing 
[13, p 125]) that for a spherical particle the emissivity equals 
the so-called absorption efficiency, Qabs. Scattering theory can 
be used to calculate Qabs and therefore ε. The input parameters 
for this calculation, i.e. the physical properties of the particle, 
can be varied and the resulting emission spectra can be fitted to 
measured ones. The scattering theory relevant to this research 
is Mie theory, which is able to provide Qabs for a spherical 
particle as a function of the size parameter ( /π λ≡x r2 d , with 
rd being the radius of the particle) and its complex refractive 
index ( = +m n ki ).

This means that in equation (1), ( )λε T  is replaced by Qabs 
and that in this way two particle properties can be obtained 
from fitting this function to a measured spectrum: the nano-
particle temperature and the nanoparticle radius. This is the 
crucial point of laser-induced incandescence as a nanoparticle 
diagnostic. It should be noted that the above assumes single 
scattering, i.e. the nanoparticle cloud is assumed sufficiently 
dilute to not significantly alter the scattering parameters for a 
single particle.

The particles formed by the dusty plasma in this research 
are amorphous hydrogenated carbonaceous particles [12, 
14–18]. For these particles, the complex refractive index (as 
function of wavelength and temperature) is not readily avail-
able. Refractive index values are taken from literature for 
comparable particles. Zubko et al [10] determined the refrac-
tive index for nanoparticles produced in an arc discharge oper-
ated in a 10 mbar ambient of either argon or hydrogen. These 
samples are referred to as ‘ACAR’ and ‘ACH2’, respectively. 
The nanoparticles originate in both cases from the sputtering 
of carbon electrodes (and possible subsequent growth in 
the plasma). The diameter of the produced particles ranges 
between 10 and 12 nm. Optical constants were derived from 
extinction measurements using theoretical models.

Standard refractive index data for graphite is used as a 
third source and is merely chosen for comparison since our 
plasma-produced particles contain a large amount of carbon. 
Data from the hexagonal α form of graphite was used, using 
linearly polarized light with the electric field perpendicular to 
the c-axis of the hexagonal crystal structure [19].

All refractive index data (ACAR, ACH2 and graphite) were 
obtained at room temperature. This could pose problems since, 
ideally, the refractive index data should be known as function 
of temperature in the range relevant to our laser-heated parti-
cles. After all, the only way a temperature dependence could 
enter the Mie framework is through a temperature dependent 
refractive index. The practical implications are assumed to be 

small, however, since the emissivity is generally a weak func-
tion of temperature for non-metallics, see for example [20] 
and figure 2 in [21].

Look-up tables for Qabs are produced for the three sample 
data (ACAR, ACH2 and graphite) at the wavelengths given 
by the input data and for particle radii between 1 and 1000 nm 
in steps of 1 nm. Qabs is calculated with Christian Mätzler’s 
MATLAB version [22] of the FORTRAN BHMIE algorithm 
[13, appendix A]. The results are visualized in figure  3. It 
should be stressed that the particles are assumed monodis-
perse in the Mie model, which is a fair assumption if the size 
distribution is narrow. However, this is not necessarily true for 
the particles present in the laser-heated volume.

2.2. Measurement principle

The smallest integration time of the spectrometer is 1.05 ms. 
However, roughly 200 μs after the laser pulse, the incandes-
cence emission has decreased below the noise level of the 
spectro meter. This means that it is impossible to directly 
resolve the emission intensity in time following a laser-
heating event. To overcome this problem, multiple spectra are 
recorded consecutively with an integration time of 1.05 ms, 
with an ever increasing delay with respect to the moment 
the laser pulse enters the plasma (t  =  0). This delay can be 
set on the laser with a resolution of 125 ns. The jitter of the 
spectrometer with respect to external triggering is ⩽ 21 ns. 
If spectrum A is recorded at a time =t tA and spectrum B 
at =t tB, the difference spectrum −A B corresponds to the 
spectrum emitted between =t tA and =t tB, provided that the 
experimental conditions have not changed and that the incan-
descence emission has decreased to zero within the integra-
tion time window of 1.05 ms. Figure 4 shows schematically 
the measurement principle. Since the incandescence inten-
sity decreases over time, the time difference between tA and 
tB is increased for subsequent delays to obtain an adequate 
signal-to-noise ratio. The used delays (in microseconds) are 
( ) ( )=t t, 0, 1.25A B , (1.25, 3.75), (3.75, 8.75), (8.75, 13.75), 
(13.75, 20), (20, 26.25), (26.25, 38.75), (38.75, 63.75), and 
(63.75, 101.25). The signal-to-noise ratio is increased even 
further by averaging over 1000 pulses per delay. Taking into 
account the repetition frequency of the laser (10 Hz), each 
measurement at a certain delay takes 100 s. For this method to 

Figure 2. Photograph of the used setup during a dusty-plasma 
experiment showing a visible incandescence trace.

J. Phys. D: Appl. Phys. 49 (2016) 295206
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work, the dusty plasma and incandescence need to be repro-
ducible (stable) during several of these measurements, which 
was verified during the experiment (see below).

3. Energy balance

Nanoparticles will cool down after they have been irradi-
ated by the laser pulse. This temperature decay is driven by 
the nanoparticle properties and environmental conditions, 
meaning specifically that thermodynamic properties of the 
particles can be obtained from this decay (in addition to the 
particle size and temperature obtained from the individual 
radiation spectra). To this end, the energy balance of the par-
ticles is considered. Nanoparticles exchange heat with their 
surroundings by several processes [1–3]:

 1. Radiative cooling, which is the process that produces the 
thermal radiation discussed above. It is most significant 
at high temperatures (radiated intensity ∝ T 4 for black 
bodies), i.e. just after laser-induced heating.

 2. Heat transfer to the surrounding gas. Nanoparticles can 
heat up the surrounding gas atoms and molecules by 
conduction, lowering in this way the particle temperature.

  For the low-pressure plasmas considered here, the 
Knudsen number with respect to the nanoparticle size 
( /= � rKn mfp,n d, with �mfp,n the mean free path of the 

neutrals) is much larger than unity. More specifically, 
using kinetic theory, the mean free path for argon at room 
temper ature and 10 Pa is about 0.7 mm, yielding a Knudsen 
number of = ×Kn 7 103 for a typical particle radius of 
100 nm. The power loss due to conduction to argon gas is

( )
( )
π κ

=
−

+
P

r T T

r G

4

1 Kn
,cond

d
2

a

d
 (2)

  with κ = 17.7 mW m−1 K−1 the thermal conductivity of 
argon at room temperature =T 300a  K [23] and ≈G 8 a 
geometry-dependent heat transfer factor [3]. The corresp-
onding power loss due to radiative cooling (see above) 
can be approximated by

( )π σ= −P r T T4 ,rad d
2 4

a
4 (3)

  with σ the Stefan–Boltzmann constant. Figure 5 presents 
/P Prad cond for a 100 nm particle as function of particle 

temper ature T, which shows that for T  >  700 K the power 
loss due to radiative cooling is at least one order of magni-
tude higher than that due to conduction. It will be shown 
in the results section, that during the first 100 μs after 
laser irradiation, the particles heat up to approximately 
3000 K and subsequently cool down to about 1500 K  
(see figure 8(a)). In this temperature range, conduction is 
insignificant.

Figure 3. Visualization of the look-up tables for the three refractive index samples: ACAR, ACH2 and graphite. The dips present near 
100 nm (particularly visible for ACH2 and graphite) are real and are caused by the rich behavior of the refractive index in the visible part of 
the spectrum. The diagonal black–white pattern means Qabs is undefined there. (a) ACAR, (b) ACH2, (c) graphite.

(a) (b) (c)

Figure 4. Measurement principle to obtain a microsecond time resolution in obtained emission spectra. Two spectra are measured with a 
fixed integration time of 1.05 ms, but differing in the delay with respect to the time at which the laser pulse enters the plasma volume, t  =  0. 
At the end of both recording periods, the incandescence has decreased to zero. This means that the difference spectrum −A B corresponds 
to the spectral emission between tA and tB.

J. Phys. D: Appl. Phys. 49 (2016) 295206
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 3. Melting/evaporation/ablation and thermionic emission as 
well as energetic surface reactions (ion bombardment and 
recombination) are ignored. Evaporation would result in 
a particle size decrease after laser heating (which is not 
observed) and energetic surface reactions are negligible 
under our conditions [24].

With these assumptions, heat exchange is dominated by 
radiative cooling. The change in internal energy of the particle 
is thus given by

( ) ( ) ( ) ( )π ρ= =R T C T
T

t
r T C T

T

t

d

d

4

3

d

d
,d

3
d s (4)

with C being the heat capacity of the particle, ρd its mass den-
sity and Cs its specific heat.

The radiated power is obtained by integrating (1) over all 
wavelengths and multiplying it by the nanoparticle surface 
area. Equating this to the change in internal energy yields

( ) ( ) ρΦ −Φ =−T r T r C r
T

t
, ,

1

3

d

d
,d a d d s d (5)

with Φ the equivalent of ∫ λλF d  for a wavelength-dependent 
absorption coefficient,

( ) ( )
( / )∫

π
λ

λ
λ

λΦ ≡
−

∞
T r

hc Q r

hc k T
,

2 ,

exp 1
d .d

0

2

5
abs d

B
 (6)

Since the temperature of the laser-heated nanoparticles is 
much higher than the ambient temperature, �T Ta, the power 
radiated away at the elevated temperature, ( )Φ T r, d , will 
exceed the power absorbed from the ambient, ( )Φ T r,a d , by sev-
eral orders of magnitude. Consequently, ( )Φ T r,a d  can be safely 
ignored. Φ is calculated numerically using trapezoidal integra-
tion. For each data set, the experimentally obtained rd is used.

If ( ) ( )ρ T C Td s  is assumed to be temperature independent 
in the temperature range of interest, equation (5) reduces to 
an ordinary differential equation  and can easily be solved 
and fitted to a measured temperature decay. This will yield 
the combined particle property ρ Cd s. Solid materials have a 

small coefficient of thermal expansion, meaning that the mass 
density does not change significantly when the temperature 
increases. A temperature increase of 3000 K (as measured) 
results in a density change of only several percent for typ-
ical thermal expansion coefficients of the order of 10−5 K−1. 
However, the specific heat may depend heavily on temper-
ature. For bulk graphite this is especially the case up to about 
1500 K, after which the specific heat levels off to a value 
of about 2.2 J g−1 K−1 [25]. In the 100 μs following laser 
heating, the nanoparticles cool down from about 3000 K to 
1500 K (figure 8(a)), meaning that the temperature depend-
ence is expected to be small in this range. In any case, the 
determined values for ρ Cd s are averaged between about 1500 K  
and 3000 K.

4. Results and discussion

4.1. Nanoparticle properties

For a stable dusty plasma LII experiment, the temperature and 
radius are determined by fitting consecutive difference spectra. 
Experimental parameters are as follows: argon and acetylene 
flow: 16.4 and 0.94 sccm, respectively, at 10 Pa. Laser pulse 
energy: roughly 63 mJ. Plasma-dissipated power: about 7 W.  
A typical fit of the measured incandescence spectrum using the 
ACAR data set is shown in figure 6, demonstrating the excel-
lent agreement between measurement and fit. Please note that 
the increased noise towards the end of the wavelength range 
(800 nm to 1000 nm) is related to the sensitivity of the spectro-
meter, which is below 10% of its maximum value in this 
region and decreases towards higher wavelengths. This means 
that noise gets increasingly amplified towards the edges of the 
wavelength range. Incandescence spectra are collected over 
a period of roughly 35 min. Emission spectra with a delay of 
t  =  0, containing both the plasma and incandescence emis-
sion integrated over 1.05 ms, and spectra with a delay of about 

Figure 5. Ratio of radiative power loss (Prad) and conductive power 
loss (Pcond) for =r 100d  nm particles in an argon ambient at 10 Pa 
and 300 K as a function of particle temperature.

Figure 6. A typical difference spectrum (blue) fitted with 
equation (1) (black, dashed) using the ACAR data set. In this 
case, =t 38.75A  μs and =t 63.75B  μs. The fitted temperature 
is ( )± ×2.17 0.04 103 K and the radius is ( )±124 4  nm (95% 
confidence intervals). There is excellent agreement between the 
measurement and fit.

J. Phys. D: Appl. Phys. 49 (2016) 295206
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t  =  975 μs (containing plasma emission only), measured at 
several moments during the experiment are shown in figure 7. 
This shows that the dusty plasma and LII signal are, indeed, 
fairly constant throughout the experiment.

It should be noted that this stable ‘mode’ is induced by con-
tinuous laser irradiation of the dusty plasma at 10 Hz. Without 
laser irradiation, cyclic dust void formation is observed and 
the discharge is far from stable [26]. A dust void is a macro-
scopic region free of large (coagulated) nanoparticles and is 
frequently encountered in dusty plasmas [27–32]. In [26], it 
is shown that UV laser pulses are able to suppress the for-
mation of a void, thereby stabilizing the dusty plasma. More 
specifically, the formation of a void is related to growing 
nanoparticles and expands due to increased drag forces [33]. 
Without laser irradiation, voids appear successively, related 
to the cyclic formation of dust particles [31]. Coagulation 
occurs at specific moments only and the resulting size distri-
bution of the particles is narrow. The effect of laser irradia-
tion on the dusty plasma is a suppression of the voids, and 
therefore also of the cyclic formation of particles, resulting in 

a continuous formation of particles. As is clear from figure 7, 
both the plasma itself as well as the incandescence signal 
are constant throughout the complete experiment that takes 
roughly 35 min. Both observations indicate that the dusty 
plasma is stable and that we probe particles of the same size 
distribution and composition over the complete course of the 
experiment.

Figure 7. Plasma and incandescence stability during the LII experiment. The emission intensity is obtained with an integration time of 
1.05 ms at several moments in time during the experiment; the time in the legend is with respect to the start of the LII experiment as a 
whole. (a) Both plasma and incandescence emission. (b) Plasma emission only.

Figure 8. (a) Fitted nanoparticle temperature for the three emissivity data sets. Vertical error bars signify a 95% confidence interval of the 
associated spectral fit. Dashed curves: temperature decay predicted by the energy balance of equation (5). Dotted vertical lines indicate the 
(boundaries of the) delays tA and tB and coincide with the horizontal error bars. (b) Fitted nanoparticle radius.

Table 1. Calculated (thermodynamic) properties for the 
plasma-produced nanoparticles determined using laser-induced 
incandescence.

Data set rd (nm) ρ Cd s (106 J K−1 m−3)

ACH2 ±167 1 ±1.3 0.3
ACAR ±122 2 ±1.4 0.4
Graphite ±100 2 ±1.2 0.4

Note: The errors for rd signify a 95% confidence interval of the average 
value, taking into account the errors of the spectral fits only. The errors for 
ρ Cd s signify a 95% confidence interval of the fit of the energy balance, where 
the spread in rd is taken into account.

J. Phys. D: Appl. Phys. 49 (2016) 295206
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For all emissivity data sets, the resulting particle temper-
ature and radius are shown in figure 8. The time associated 
with the values is the midpoint between tA and tB for the 
spectra in question. The dotted lines indicate the (boundaries 
of the) delays tA and tB.

It is seen that the particles reach a temperature of roughly 
3000 K. The particle radius stays fairly constant in the 70 μs  
after laser heating. The point at 82.5 μs is probably an outlier 
caused by the low incandescence intensity during this stage 

of the decay and the relatively large integration time window 
(37.5 μs). This measurement point is excluded from further 
analysis. Though no significant size decrease is observed 
for delays < 50 μs, indicating that evaporation is insignifi-
cant in this period, it cannot be ruled out as the cause for 
the observed size decrease (for ACAR and graphite) after 
50 μs. This should be taken into account for the calcul-
ation of the thermodynamic properties. It is seen that the 
choice of refractive index data set influences the determined 

Figure 9. ((b)–(f)) Typical scanning electron microscopy images of the wafers with positions schematically shown in panel (a).  
(a) Overview. (b) Position 1. (c) Position 2. (d) Position 3. (e) Position 4. (f) Position 5.
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temper ature only weakly. The results for graphite and ACAR 
even overlap.

The resulting fits for the solution to differential equation (5) 
are given by the dashed lines in figure 8(a). For ACAR and 
graphite, the resulting fits overlap. Good agreement between 
measurement and model is found, which is an indication for 
the validity of our earlier assumptions in the heat exchange 
model.

The resulting particle properties are summarized in table 1. 
The choice of data set influences the obtained thermodynamics 
properties only weakly. For our plasma-produced particles, 
ρ Cd s is therefore ( )±1.3 0.5  J K−1 cm−3 (by merely looking 
at the overlap of the ρ Cd s values for each data set individually, 
i.e. the error does not reflect a sample standard deviation). 
This is of the expected order of magnitude. The specific heat 
capacity of bulk graphite at 3000 K is roughly 2.2 J g−1 K−1 
[25]. Its density (at room temperature) is 2.2 g cm−3 [34]. This 
yields ρ =C 4.8d s  J K−1 cm−3. In other words, ρ Cd s is (much) 
smaller for the plasma-produced dust particles than for bulk 
graphite. Furthermore, the obtained values are similar to those 
found for carbon nanotubes [35]. It should be stressed that our 
determined values of ρ Cd s are (weighted) averages between 
delays of 0 to roughly 50 μs with respect to laser irradiation 
(where we can safely ignore evaporation, see figure  8(b)), 
or equivalently, for particle temperatures between 3000 and 
2000 K. Outside this range, the values are most probably not 

valid due to, firstly, the lack of measurement data, secondly, 
the importance of evaporation (a process we do not take into 
account in our energy balance) and, thirdly, the invalidity of 
the assumption of a weakly varying heat capacity.

A rather large spread is observed for the obtained par-
ticle radii; using the graphite data set an approximate radius 
of 100 nm is found, whereas it is roughly 65% higher using 
the ACH2 data set: about 165 nm. It is therefore important to 
compare these values with independent size measurements of 
the particles, e.g. using scanning electron microscopy (SEM).

4.2. Collected particles

Typical SEM images of particles collected at the positions 
indicated in figure  1 are shown in figure  9. The associated 
histograms for the complete set of each sample are shown 
in figure 10. Dashed lines indicate the particle radii obtained 
from the LII experiment (table 1).

The obtained size distributions are rather broad and vary 
considerably between wafer positions. Moreover, no agree-
ment is found between the LII-obtained particle size and the 
SEM results. The LII signal is collected from a small volume 
roughly above wafer number 3. In this sample, no particles 
with sizes in the 100–165 nm range are present. Particles col-
lected at wafer position number 4 and 5 show the best agree-
ment with the LII results. The histogram of the particles 

Figure 10. Histograms of the samples collected below the upper grounded electrode for the five positions as in the bottom right inset. The 
number of particles in each histogram is also listed. The dashed lines correspond to the mean particle radius for each data set as presented 
in table 1.
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collected at wafer position number 4 has a fairly narrow peak 
around 160 nm, which is close to the radius found using the 
ACH2 data set.

There could be several reasons for the discrepancy between 
the SEM and LII results. The incandescence emission is col-
lected from a small region above wafer number 3, but laser-
heated particles present in this volume might not deposit on 
this wafer. Particles are for example transported through the 
discharge volume due to gas flow. This means that particles 
do not fall down strictly vertically. As a result, laser-heated 
particles above wafer number 3 could very well deposit on 
other wafers or not deposit at all. Related to this point is also 
the sticking probability of the particles, which is unknown at 
the moment. Smaller particles might have a higher probability 
to stick to a wafer than bigger ones, which would result in 
a skewed size distribution as obtained using SEM analysis. 
Moreover, particles collected on samples underneath the 
discharge contain all particles that fell and stuck onto them. 
This means that particles present at the bottom, center and 
top of the discharge can all end up at the sample. However, 
since the laser beam is directed halfway through the elec-
trode system (see figure  2), LII selectively probes particles 
at the center of the discharge. This means that the particles 
present in the laser-heated volume and those collected on the 
wafers could differ considerably in size. After all, big particles 
will generally be situated close to the bottom of the plasma, 
since at that position (sheath) electric fields are sufficient to 
counter act increased gravity and drag forces. Particles con-
fined in the central region (bulk) of the plasma are generally 
(much) smaller. This could therefore explain why the par-
ticle sizes obtained with LII (that samples particles in the 
central region) are smaller than the biggest particles present 
in the SEM samples. Generally speaking, it is a challenge to 
obtain representative (local) size distributions by collecting 
particles from dusty-plasma experiments (more information 
concerning the collection of nanoparticles can be found in 
[36, 37]). It is very difficult to put samples actually inside 
the plasma volume where the laser beam irradiates (midway 
between the electrodes), since they would significantly disturb 
the plasma around it due to sheath formation. However, this 
kind of particle collection has been tried before by sticking 
cooled rods in a dusty plasma onto which particles would 
deposit due to thermophoresis. The method is referred to as 
‘cold finger’, see, e.g. [38]. In our research, we have chosen to 
put the substrates below the grounded electrode for minimal 
impact on the plasma. At present, this hampers a quantitative 
assessment of the accuracy and applicability of laser-induced 
incandescence as a particle diagnostic.

5. Conclusions

Laser-induced incandescence is applied to a reactive dusty 
plasma. Three complex refractive index data sets are used 
to calculate the nanoparticle emissivity. For the ACAR and 
graphite data sets, a maximum particle temperature of about 
3000 K is found. This is slightly lower for the ACH2 data set: 
2700 K. The found radii are ( )±100 2  nm, ( )±122 2  nm and 
( )±167 1  nm for graphite, ACAR and ACH2, respectively.

The temperature decay predicted by the energy balance, 
taking into account the wavelength-dependent emissivity, 
shows good agreement with the measurements. For our parti-
cles, the product of the mass density and specific heat is found 
to be ( )±1.3 0.5  J K−1 cm−3, which is considerably lower than 
that of bulk graphite at 3000 K: 4.8 J K−1 cm−3.

A drawback of applying LII to dusty plasmas is the reli-
ance on reference data for the refractive index of the particles. 
Under these conditions, LII cannot readily be a straightfor-
ward particle diagnostic. There is a need for accurate refrac-
tive index data for plasma-produced nanoparticles. The 
applicability of LII is greatly enlarged if it works in tandem 
with other (in situ) diagnostics, such as Mie scattering (e.g. 
[39]) or Mie ellipsometry (e.g. [40]), that provide the neces-
sary input data. Apart from the optical constants, also the size 
distribution, and possible changes thereof, can be obtained so 
that potential evaporation can be followed in greater detail as 
well. This would result in more accurate results for the particle 
temperature and/or radius as determined with LII. This could 
provide industry and academia with invaluable information 
about the thermodynamic properties of plasma-synthesized 
particles. For the experiments presented in this paper, the 
thermodynamic properties (as well as the temporal evol ution 
of the particle temperature) are only weakly dependent on 
the choice of reference data, which accentuates the untapped 
potential of LII as an accurate particle diagnostic if the par-
ticle refractive index is determined for the same particles.

For this research, a spectrometer was employed to col-
lect the thermal emission. The emission resulting from many 
consecutive laser pulses needed to be collected and aver-
aged to result in an adequate signal-to-noise ratio. It was 
found that laser pulses considerably altered the discharge. 
LII implemented in this way is therefore an intrusive tech-
nique. However, by using several photomultipliers instead of 
a spectrometer allows a considerably lower pulse repetition 
frequency, which keeps the intrusiveness of the technique at 
a minimum. The photomultipliers should be equipped with 
suitable narrowband filters to enable the reconstruction of the 
emission spectrum. Single-shot measurements might be pos-
sible in this case, opening up possibilities for time-resolved 
measurements of plasmas that change over time.
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