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Abstract The evidence of the change of the complex re-
fractive index function E(m) of carbon and iron nanopar-
ticles as a function of their size was found from two-color
time-resolved laser-induced incandescence (TiRe-LII) mea-
surements. Growing carbon particles were observed from
acetylene pyrolysis behind a shock wave and iron parti-
cles were synthesized by pulse Kr–F excimer laser photo-
dissociation of Fe(CO)5. The magnitudes of refractive index
function were found through the fitting of two indepen-
dently measured values of particle heat up temperature, de-
termined by two-color pyrometry and from the known en-
ergy of the laser pulse and the E(m) variation. Small carbon
particles of about 1–14 nm in diameter had a low value of
E(m)∼0.05–0.07, which tends to increase up to a value of
0.2–0.25 during particle growth up to 20 nm. Similar behav-
ior for iron particles resulted in E(m) rise from ∼0.1 for par-
ticles 1–3 nm in diameter up to ∼0.2 for particles >12 nm
in diameter.

1 Introduction

The method of laser-induced incandescence (LII) is ex-
tensively used for soot particles size and volume fraction
measurements in combustion [1–4]. Generally, soot is com-
prised of spheroid carbonaceous particles with sizes of about
5–50 nm, coupled together to form fractal-like aggregates
[5]. However, typical primary soot particles sizes measured
by LII are in a more narrow range—20–40 nm, because of
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extremely short (practically unresolved) soot growing zones
in combustion processes [6]. Therefore all particle proper-
ties are commonly related to particles which have grown up
to their final size. However, properties of growing nanopar-
ticles could essentially be size dependent. For example, cal-
culations predict a melting point size dependence of dif-
ferent nanoparticles [7–9]. There are also observations of
enhancement of heat capacity of small nanoparticles [10].
Therefore one can expect that the optical properties of
nanoparticle could be size dependent as well. Practically all
methods of nanoparticle monitoring (scattering, extinction,
laser-induced incandescence, etc.) are based on the optical
properties, which are represented by the complex refractive
index of the particle material. The function E(m), based on
the value of complex refractive index, is used in LII models
to account for the part of the laser energy absorbed by parti-
cles. So, reliable knowledge of the refractive index function
of nanoparticles is of great importance for LII and others
optical diagnostics. The dependence of the soot refractive
index function on wavelength was discussed in a number
of works (see for instance [11]). It is necessary to under-
line that almost all authors analyze the experimental data of
LII measurements under the assumption that optical, and in
some cases thermodynamic properties of registered particles
are invariable (and as a rule, coincide with known properties
of soot) both on different times of process of particle for-
mation, and at different temperatures. In fact, the E(m) size
dependence of soot particles is poorly known and E(m) of
iron nanoparticles is not investigated at all. There are only
some evidences of the change of carbon nanoparticle opti-
cal properties in dependence on their size, especially in the
range from 1–2 to 10–20 nm [12–16]. Recently an increase
of E(m) by a factor of two was observed in a soot grow-
ing zone from the lowest to the highest heights of premixed
one-dimensional ethylene/air flame [17]. So, it is clear that
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the experimental investigations of the process of nanoparti-
cle growth require knowledge of the behavior of the opti-
cal properties with size. Convenient means for observation
of nanoparticle formation process are a shock tube reactor
[18–20] and especially a pulse laser photolysis reactor [21,
22]. Varying the time delay between the start of particle for-
mation and the moment of LII firing one may observe the
different stages of nanoparticle growth.

The goal of this study was to get information about E(m)

size dependence of carbon and iron particles during their
growth. We have adopted the methodology of [23] and ap-
plied it to the in-situ determination of E(m) of carbon and
iron nanoparticles formed in a shock tube and in a photol-
ysis reactor. Comparison of LII theory and experimentally
determined intensity decay curves resulted in determination
of primary particle size.

2 Experimental

2.1 Nanoparticle synthesis

The soot particles were synthesized from the pyrolysis of
3% acetylene in argon behind a reflected shock wave in
a diaphragm type shock tube with inner diameter 50 mm.
Post-shock gas properties were determined based on mea-
sured shock wave velocity by applying one-dimensional
gas-dynamic shock wave theory and assuming frozen reac-
tion conditions. The temperature and pressure values given
below are the “frozen” post-shock parameters, ranging from
1800 to 2100 K (in the region of maximum “soot yield”
observed by extinction measurements) and 6–8 bars. Laser
light extinction and TiRe-LII diagnostics were applied to
follow carbon particle growth. The attenuation of CW He–
Ne laser operated at wavelength 633 nm was measured by
detector PDA10A-ES (THORLABS). By extinction mea-
surements we have observed a rise of condensed phase vol-
ume fraction which flattens out at all investigated conditions
before the time of 1600 µs.

The iron nanoparticles were synthesized by the Kr–F ex-
cimer pulse laser photolysis of Fe(CO)5 at room temperature
(details of experiments are given in [22]). One side opened
quartz cell with volume of 1 cm3 was used as the photolysis
reactor. The evacuation and filling of the cell with prepared
manometrically mixture of Fe(CO)5 (Fluka, 99%, used after
degassing) and high-purity bath gases Ar, He, Xe (99.998%)
were arranged by the flange connection glued on the opened
end. For synthesis of the iron nanoparticles the mixtures
contained 5, 11 and 20 mbar of Fe(CO)5 in 1 bar of He, Ar
and Xe or undiluted 11 mbar Fe(CO)5 were used. One side
of the cell (18×8 mm) was fitted with the size of the central
part of excimer laser (model ELI-91M) beam cross section
to illuminate the whole inner volume. The laser energy from

Fig. 1 Setup for LII measurements

one pulse experiment was measured through the evacuated
cell before the experiment and through the cell filled with
the mixture of Fe(CO)5 and bath gas. The incident laser en-
ergy density used in the experiments was in the range of
25–35 mJ/cm2 with variation of about 5 mJ/cm2 from pulse
to pulse. With the assumption that two 248 nm photons ab-
sorbed by Fe(CO)5 molecules yield one Fe atom formation
we have estimated the iron atom concentration generated af-
ter pulse photolysis. Immediately after appearance of the
iron atoms in the reactor the particles start to grow. This
process was observed by registration of laser light extinction
during 100 ms reflecting the increase of volume fraction of
condensed phase.

2.2 TiRe-LII diagnostics

In both types of experiments the same self-made apparatus
for TiRe-LII measurements was used (Fig. 1). An Nd:Yag
laser LQ-129 (SOLAR Laser Systems) operated at a wave-
length of 1064 nm was applied for particle heat up. Max-
imum laser pulse energy at a wavelength 1064 nm was
500 mJ, pulse duration was 12 ns. The laser energy–time
profile was measured using a retro-reflection of the beam
from one of the optics, which was subsequently attenuated
using neutral density filters and detected with a Hamamatsu
H6780-20 photomultiplier module coupled to a LeCroy Wa-
veRanner 6060A oscilloscope. This profile is presented on
Fig. 2 and its half width is close to pulse duration declared
by manufacturer. To get the laser energy spatial profile the
laser beam was expanded by a lens up to 24 mm in diame-
ter and energy values were scanned using a square aperture
1 × 1 mm2 in size, moving in horizontal and vertical direc-
tions. Measured energy values were annularly averaged to
get an axisymmetric profile which is better-behaved for cal-
culations. The averaged spatial profile is shown in Fig. 3.
The laser fluence was varied in the range of 0.3–0.5 J/cm2.
These fluences are higher than the so-called low fluence
conditions (<0.2 J/cm2) [11], however at fluences below
0.3 J/cm2 the LII signals from the particles could not be
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Fig. 2 Laser energy–time profile

Fig. 3 Laser energy averaged axisymmetric spatial profile

observed. The incandescence signals registration was per-
formed using Hamamatsu H6780-20 photomultiplier mod-
ules, two narrow band pass filters centered at wavelengths
of 488 and 760 nm and a 500 MHz band pass scope LeCroy
WaveRanner 6060A. The measurements of the maximum
amplitude of laser-induced incandescence signals at two
wavelengths were used for a particle determination of the
heat up temperature.

TiRe-LII measurements of carbon particle sizes at differ-
ent time delays from 200 up to 1600 µs after reflected shock
arrival have been carried out. This time was restricted by
the working period of the shock tube (arriving of rarefac-
tion wave at the measurement cross section) which was not
more than 1600 µs. To get the particle size-time profile sev-
eral series of experiments with different delays at the same
temperature and pressure were performed. The variation of
frozen temperature in shock tube from shot to shot was in
the range ±15 K inside one series of experiments. The Yag
laser beam passed in perpendicular direction to the shock

Fig. 4 Examples of TEM images of nanoparticles. (a) Carbon parti-
cles formed from shock tube pyrolysis of 3% C2H2 in argon at temper-
ature 1950 K and pressure 7.2 bar; (b) iron particles synthesized from
photolysis of 11 mbar Fe(CO)5 in 1 bar helium at room temperature

tube axis through two quartz windows. The registration of
two-color LII radiation was performed through the quartz
end plate of the shock tube installed at a distance of 45 mm
from the windows.

TiRe-LII signals from iron particles were detected after
a photo-dissociation pulse of the excimer laser in the time
range from 5 up to 10000 µs to get the particle size-time pro-
files. Laser beam passed through the right-angled quartz cell
in horizontal direction and LII registration was performed
vertically through the upper side of the reactor.

2.3 TEM particle sizing

The final carbon particles were scraped from the glass end
plate of the shock tube after the experiment and deposited
on the copper TEM grids covered by carbon net without us-
ing of any solutions. After that the shock tube walls were
cleaned several times by alcohol. The iron particles were
collected in quartz reactor in separate experiments without
running of Yag laser to avoid its influence on the structure
of the particle (due to volume of the quartz cell being com-
parable with the volume illuminated by the laser beam). The
copper TEM grids covered by carbon net were placed on
the bottom of the reactor and particles deposited on the grid
under natural gravity during 15 min after the pulse experi-
ment. After that the quartz reactor was opened and cleaned
by alcohol. Examples of TEM images of carbon and iron
nanoparticles are presented on Fig. 4. More or less spherical
primary particle agglomerates were found on all TEM im-
ages. Mostly the agglomerates have a structure like particle
chains but sometimes more dense structures were observed.
We suppose that the agglomerate structure depends on the
way how the particle samples were prepared and what kinds
of TEM parameters were used. For example, we observed
that at the energy of an electron beam of about 100 kV the
iron particle chains had moved and formed denser agglom-
erates. In our case we can conclude that in the gas phase
carbon and iron particle agglomerates had a loose structure
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like particle chains with an assumed point contact between
the primary particles.

Log–normal particle-size distribution was used for TEM
particle sizing:

df = 1√
2πdp lnσ

exp

[
(lndp − ln CMD)2

2(lnσ)2

]
ddp, (1)

where dp is the current primary particle diameter, CMD
is the count median diameter and σ is the standard de-
viation. The iron and carbon nanoparticle sizing was car-
ried out by approximation of histograms of size distribu-
tion measured using TEM micrographs by the log–normal
function (1). The final carbon primary particle CMD of
15–17 nm with σ = 1.1 and iron particle CMD of 7–16 nm
with σ = 1.1–1.2 were found at the conditions investigated.

3 LII model

3.1 Energy and mass balance equations

The LII model used for particle-size evaluation considers
the current particle temperature Tp during their heating and
cooling by solution of the energy and mass balance equa-
tions (2), (3):

d(mpcpTp)

dt
= q̇abs − q̇rad − q̇cond − q̇evap, (2)

dmp

dt
= −Jevap. (3)

Here mp and cp are mass and heat capacity of nanoparti-
cles, t is time, Jevap is the mass loss rate from the particle
surface during evaporation process, q̇abs is the laser energy
per unit time, absorbed by nanoparticle, q̇evap, q̇rad, q̇cond are
the energy loss rates from nanoparticle in the processes of
evaporation, thermal radiation and conductive heat transfer
with the molecules of bath gas correspondingly.

During the laser heating of nanoparticle the heat capacity
of its material is essentially changing, therefore in our model
the temperature dependences of heat capacity for carbon and
iron nanoparticle have been used. Due to the absence of re-
liable properties of iron and carbon particles we have used
the properties of bulk iron and graphite [24]. These depen-
dences are shown in Figs. 5 and 6. In the model a polynomial
approximation for graphite was used:

cp = app + bppTp + cpp

T 2
p

, (4)

where app , bpp and cpp are empirical coefficients. For iron
nanoparticles the heat capacity of iron as the piecewise con-
tinuous function was used in the model (see Fig. 6).

Fig. 5 The graphite heat capacity temperature dependence [24]

Fig. 6 The iron heat capacity temperature dependence [24]

The current particle mass in (2) was converted to cur-
rent particle size by using a value of particle density. For
the carbon particle, the temperature dependence of density
for solid graphite ρ = 2303.1 − 7.3106 × 10−2T , reported
in [5], was used. A simple linear approximation of the data
for solid [25] and liquid [26] iron density ρ = 8200 − 0.6T

was adopted and used for iron nanoparticles. It is possible
that the real density and heat capacity of the nanoparticle
material could differ from the values for the bulk material.
Therefore application of a particle density and heat capacity
of bulk iron and graphite in the present analysis could lead
to inaccuracy at the evaluation of the size dependence of the
optical properties, which will be discussed below.

3.2 Laser energy absorption and refractive index function
value determination

In the Rayleigh limit (dp � λlaser) the energy absorption by
a nanoparticle with a diameter dp can be written as [5]

q̇abs = π2d3
pE(m)

λlaser
g(t), (5)
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where g(t) is the time profile of laser intensity given by the
measured laser profile gm(t) (see Fig. 2) normalized and
weighted by the laser fluence R0 [J/m2]:

g(t) = R0gm(t)∫ 60ns

0 gm(t)dt
. (6)

In (5) λlaser is the wavelength of heat-up laser, E(m) is a
function of the complex refractive index m = n − ik of the
particle material:

E(m) = − Im

(
m2 − 1

m2 + 1

)
= 6nk

(n2 − k2 + 2)2 + 4n2k2
. (7)

Neglecting the heat losses by conductivity, evaporation and
thermal radiation, the maximum nanoparticle heat-up tem-
perature T 0

p could be obtained by integration of (2) as

T 0
p = Tg + 6π · R0 · E(m)

ρp · cp · λlaser
. (8)

Here ρp is nanoparticle density and Tg is the temperature of
the surrounding gas. Usually the nanoparticle refractive in-
dex function E(m) is unknown a priori, therefore to get the
absolute T 0

p value additional measurements are necessary.
Two-color pyrometry of incandescence signals has been ap-
plied for T 0

p measurements. For homogeneous laser energy

spatial profile the value of T 0
p could be determined from the

ratio of two maximum amplitudes of LII signals registered
at two different wavelengths in the visible spectrum [27]:

T 0
p = hc

kB

( 1
λ2

− 1
λ1

)

ln[ I1
I2

ITL2
ITL1

ε(λ2)
ε(λ1)

] + hc
kBTTL

( 1
λ2

− 1
λ1

)
, (9)

where h, c, kB are Planck constant, light velocity in vacuum,
and Boltzmann constant, respectively, λ1 and λ2 are regis-
tered radiation wavelengths, I1 and I2 are maximum ampli-
tudes of the registered LII signals, ITL1, ITL2, TTL are the
radiation intensities and the brightness temperature of the
calibration tungsten strip lamp defined by manufactured py-
rometer and tungsten spectral emissivity on the wavelengths
λ1 and λ2, ε1 and ε2 are nanoparticle spectral emissivity on
wavelength λ1 and λ2 which in the Rayleigh limit are ap-
proximately inversely proportional to wavelength [5]:

ε(λ) = 4πdpE(m)

λ
. (10)

In this work spectral variations of E(m) of carbon nanopar-
ticles have been neglected in the visible spectral range 488–
760 nm, where LII measurements were performed, accord-
ing to [11]. The same assumption for iron particles was
made, because of lack of knowledge about wavelength de-
pendence of iron particle optical properties. For the non-
homogeneous laser energy spatial profile (see Fig. 3), fol-
lowing [23] we have calculated the total thermal emission

intensity I cal
i at the wavelengths λi by dividing the measured

laser beam axisymmetric profile into K uniform segments:

I cal
i = A

K∑
k=1

N

2πc2h

λ5
i

exp( hc
λikBTk

) − 1
× π2d3

pE(m)i

λi

Δx, (11)

where A is the cross section of the laser beam and N is the
number of primary particles inside each segment of width
Δx. The particle temperature inside the kth segment Tk cor-
responds to the (8). The theoretical effective particle temper-
ature Te could be determined from the expression for two-
color pyrometry [23]:

I cal
1

I cal
2

= E(m)1λ
6
2 exp(hc/kBλ2Te) − 1

E(m)2λ
6
1 exp(hc/kBλ1Te) − 1

. (12)

Substitution of (11) into (12), assuming exp(hc/kBλT ) � 1
leads to [23]

Te =
hc
kB

( 1
λ2

− 1
λ1

)

ln
(∑K

k=1 exp(− hc
kBλ1Tk

)∑K
k=1 exp(− hc

kBλ2Tk
)

) . (13)

Finally, the value of E(m) was adjusted until (9) is equal to
(13).

3.3 Energy loss by heat conductivity with bath gas

The main energy loss during particle cooling in our experi-
ments proceeds in free molecular conditions of particle heat
transfer with inert surrounding gas [28]:

q̇cond = απd2
p

P

2

√
8kBTg

πμg

(
γ + 1

γ − 1

)(
Tp(t)

Tg

− 1

)
. (14)

In this equation Tg is the temperature of the surrounding gas,
kB is the Boltzmann constant, α is the thermal energy ac-
commodation coefficient of the gas molecules with the par-
ticle surface, μg is the molar mass of the bath gas mole-
cules, P is the pressure of the gas, γ is the ratio of the heat
capacities of the gas. Most of the uncertainty in (14) comes
from the accommodation coefficient, which is chosen from
the known data in the literature, or it is the model parameter.
In present calculations for carbon nanoparticles in argon the
value of α = 0.23 [29] and for iron nanoparticles α = 0.1 in
argon and α = 0.01 in helium [22] have been chosen.

3.4 Energy loss by particle evaporation

In the LII model heat losses by the particle evaporation are
taken into account. It is supposed that the main evaporated
species for carbon nanoparticle are C3 clusters [29] and for
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iron nanoparticles are iron atoms. The evaporation energy
flux is defined as [30]

q̇evap = −ΔH ◦
V

WV

dmp

dt
, (15)

where WV is the molar mass of evaporated species, dmp/dt

is the rate of mass loss and ΔH ◦
V is the enthalpy of evap-

oration of particle material. Due to absence of reliable
data for nanoparticles, the evaporation enthalpy of graphite,
7.9078 × 105 J/mol [31], and bulk iron, 3.7576 × 105 J/mol
[27], were used. It is postulated that the evaporated species
are in equilibrium with the particle surface and the vapor
temperature is equal to the particle temperature. Then the
rate of mass loss could be defined as [30]

dmp

dt
= −πd2

ppV

√
WV

2πRTp

, (16)

where R is the universal gas constant. The vapor pressure
pV above the particle surface is calculated by the Clausius–
Clapeyron equation:

pV = pref · exp

(
−ΔH ◦

V

R

(
1

Tp

− 1

Tref

))
, (17)

where pref and Tref are the pressure and temperature at the
reference point on evaporation curve. For determination of
vapor pressure of C3 the graphite data pref = 1 bar and
Tref = 3915 K [31] were used. For iron atoms pref = 3337 Pa
and Tref = 2500 K [27] were implemented. In our exper-
iments the carbon particle peak temperature measured by
two-color pyrometry was found to be in the range of 2900–
3400 K. These temperatures are less than the graphite subli-
mation threshold (around 4000 K). When modeling the LII
signal the contribution of evaporation was found to be negli-
gible. The iron particle maximum heat up temperature mea-
sured in the range 2100–2500 K was also lower than the
evaporation temperature of iron (around 3100 K). So in both
cases the LII model does not show any essential evaporation
heat and mass loss during particle heating and after that. It
makes our assumption realistic about neglecting of evapora-
tion during particle heating up to the temperature T 0

p when
E(m) measurements were carried out (see (8)).

3.5 Energy loss by heat radiation

For the radiation heat loss from the particle surface in all
spectra range the Stephan–Boltzmann law is used:

q̇rad = πd2
pεσSB

(
T 4

p − T 4
g

)
, (18)

where σSB is Stephan–Boltzmann constant, ε is the to-
tal emissivity, which was taken equal to 1. Though the
real nanoparticle radiation differs from the black body one,

the uncertainty of heat loss determination near atmospheric
pressure and Tp < 4000 K is negligible due to the very low
radiation flux in comparison with heat conduction and evap-
oration.

3.6 LII signal calculation

The intensity of incandescence on the detected wavelength
from single spherical particle with known temperature de-
termined from the energy and mass balance equations in the
processes of heating and cooling (2), (3) is calculated using
Planck’s law [32, 33]:

Sd(t) = C ·
[

d3
p

exp(
χ ·Tg

Tp(t)
) − 1

− d3
p0

exp(χ) − 1

]
. (19)

Here C is the instrument constant, χ = hc
λkBTg

, dp0 is the
initial particle diameter before the evaporation process. The
above equation is relevant for a particle ensemble of uniform
size dp0.

The total radiation intensity from particle ensemble is
calculated accounting for the nanoparticle log–normal size
distribution function df (see (1)):

S(t) = npVp

∫ dp02

dp01

Sd(t)f (dp0)ddp0. (20)

The properties Vp and np are the irradiated volume and the
number of particles per cm3 in that volume, respectively.
The procedure of the calculation of TiRe-LII signal con-
sisted of a number of iterations. After E(m) determination
described in Sect. 3.2, the first dp0i (corresponding to the
range of 1–100 nm with step of 0.1 nm) and σ values have
been set. The particle temperature (corresponding to dp0i )

as a function of time was calculated based on the numerical
solution of the differential equation system (2), (3), by using
a second order Runge–Kutta method. At this step the laser
energy time profile and time dependent particle properties
were introduced. A current changing of dp0i due to evapora-
tion mass loss represented by dpi was determined from (16).
The above calculations were performed for different sectors
of the laser beam as was done for the E(m) determination
and an effective time behavior of Tei (13) was found. This
temperature was used for calculation of the intensity of in-
candescence on the detected wavelength from single spheri-
cal particle (19). After that we have integrated (20) by equat-
ing of values of dp0i with CMD in the log–normal distrib-
ution function (1). The resulting theoretical LII curve we
have normalized and compared with normalized experimen-
tal TiRe-LII signal. The measured TiRe-LII signal was fit-
ted by calculated curves obtained as was described above by
variation of CMD and σ . Least square deviations between
theoretical LII curve and experimental TiRe-LII signal as a
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Fig. 7 The results of LII
measurements of growing
carbon particles during
acetylene pyrolysis at different
temperatures. (a) Particle
refractive index function in
dependence on reaction time;
(b) particle sizes measured by
LII and final particle sizes
obtained by TEM. Symbols: 1,
2, 3 LII measurements at
temperatures of 1850, 1950 and
2050 K; 4, 5, 6 corresponding
results of TEM sizing; a line is a
best fit of the experimental data

function of CMD and σ were analyzed. On the field of possi-
ble solutions the best one was found as a valley of minimum
values with a gradient toward a single minimum which is
reached at two input parameters. The values of σ , obtained
at all experimental conditions were in agreement with re-
sults of TEM analysis of final carbon and iron particle-size
distribution.

4 Results and discussion

4.1 Growing carbon particles

Two-color LII measurements of growing carbon particles
had been carried out during acetylene pyrolysis behind a re-
flected shock wave at various temperatures. According to
the procedure described above (see Sect. 3.2), the fitting of
maximum heat up particle temperature with the same value
calculated by use of absorbed laser energy resulted in a cur-
rent value of particle refractive index function E(m). Analy-
sis of the time profiles of the intensity of the particle incan-
descence provided the current values of particle sizes (see
Sect. 3.6). LII measurements of carbon particle size were
performed at different time delays (from 200 to 1600 µs) af-
ter the shock wave propagation. In Fig. 7 the carbon particle
refractive index function E(m) and size-time profiles mea-
sured at three various gas temperatures of 1850, 1950 and
2050 K are presented. From Fig. 7a one can see that at early
times E(m) has very low values (<0.1), and to ∼1600 µs
it increases up to the values of 0.13–0.25 in dependence
on experimental conditions. The large difference in E(m)

values in the latest times could be caused by increasing of
uncertainties in model parameters with reaction time. TiRe-
LII measurements of particle sizes showed (see Fig. 7b) that
particles start to grow after some delay after shock wave ar-
rival and then the process proceeds in a quite similar way at
all measured temperatures. The smallest particle sizes mea-
sured by LII are about 1–2 nm and during 1600 µs they grow
up to 14–20 nm. The latest values of measured sizes show

Fig. 8 The size dependence of refractive index function E(m) of
growing carbon particles at a wavelength of 1064 nm. 1 this work,
2 data [34], 3 results of E(m) measurements of usual soot [23]

a reasonable agreement with the data of TEM analysis of fi-
nal particle size, presented in the same plot. These results
were used to obtain the size dependence of refractive in-
dex function at wavelength 1064 nm. This dependence is
shown in Fig. 8. Besides our data in this plot the values
of refractive index function of soot particles taken from
the works [23] and [34] are presented. In [23] the values of
E(m) for the usual mature soot in a coflow laminar ethylene
diffusion flame were derived. Assuming a wavelength inde-
pendence of E(m) and linear variation of E(m) with wave-
length, the derived values at 1064 nm were found; respec-
tively, 0.395 and 0.42. In [34] the visible-transparent and
sootlike structures were investigated in rich, premixed, eth-
ylene/air flames. The refractive index for visible-transparent
particles of 2–3 nm in size was determined on a wavelength
of 266 nm from their absorption and fluorescence spectral
behaviors and it was established to be m = 1.4–i0.08, which
corresponds to an E(m) value of 0.043. Empty symbols in
Fig. 8 represent our data of refractive index function val-
ues of growing carbon particles. For particle sizes from 2
up to 14 nm the behavior of the refractive index function
was found to be nearly constant, about 0.05–0.07. These
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Fig. 9 Approximation of
normalized experimental LII
time-resolved signals from
carbon nanoparticles (noisy
curves) by calculated curves
(solid lines) at different values
of E(m). (a) Presumed common
soot value of E(m) = 0.35,
CMD = 12.5 nm; (b) extracted
value of E(m) = 0.067,
CMD = 5.2 nm

Fig. 10 The results of LII
measurements of growing iron
particles synthesized from
Fe(CO)5 photolysis.
(a) Growing particle refractive
index function; (b) particle sizes
measured by LII. Symbols: 1, 2,
3 measurements in the mixtures
of 10 mbar Fe(CO)5 with 1 bar
of Ar, He and without bath gas;
4, 5, 6 corresponding TEM data.
Lines are best fits of the
experimental points

low E(m) values have a good agreement with the results re-
ported in [34]. For particle sizes higher than 14 nm the E(m)

shows a sharp rise and tends to the usual soot values of 0.35–
0.4 [11, 23], which correspond to particle sizes of 20–30 nm.
It should be emphasized that the presented low value of the
refractive index function for small particles corresponds to
the best LII signal approximation, while the common soot
value 0.35 set into the LII model leads to worse approxima-
tion and to oversized count median diameter due to a higher
calculated particle heat up temperature (see Fig. 9).

4.2 Growing iron particles

In Fig. 10 the results of LII measurements of E(m) and
CMD of growing iron particles formed in the laser pulse
photolysis experiments are presented. The iron particle re-
fractive index functions and size-time profiles were obtained
for different bath gases. The behavior of these data in vari-
ous conditions carries kinetic information about the conden-
sation of supersaturated iron vapor at room temperature. The
dependence of E(m) on reaction time (see Fig. 10a) shows
a sharp rise at about 100 µs which could be explained by
the abrupt particle optical properties change. The iron parti-
cle size-time profiles obtained by LII measurements are pre-
sented on Fig. 10b together with the TEM analysis results.
As one can see, the results of final particle TEM-sizing dif-
fer from that obtained by LII at latest times of particle for-
mation. This discrepancy could be caused by the iron par-
ticle oxidation in air when the samples were taken out of

Fig. 11 The size dependence of the refractive index function E(m) of
growing iron particles at a wavelength of 1064 nm

the reactor. The electron micro-diffraction analysis showed
that the samples totally consist of iron oxide, Fe3O4, which
could be a reason of increase of the particle size. Based on
the data presented on Fig. 10 the size dependence of re-
fractive index function for iron nanoparticles at the wave-
length of 1064 nm has been found (see Fig. 11). One can
see that this dependence is similar to that of carbon particles
(see Fig. 8) and results in E(m) rise from ∼0.1 for particles
1–3 nm up to ∼0.2 for particles >12 nm in a diameter. Un-
fortunately no other data about iron particle refractive index
function are available to compare to the results obtained. But
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Fig. 12 Approximation of
normalized experimental LII
time-resolved signals from iron
nanoparticles (noisy curves) by
calculated curves (solid lines) at
different values of E(m).
(a) Presumed low value of
E(m) = 0.07, CMD = 1 nm;
(b) extracted value of
E(m) = 0.11, CMD = 2.5 nm;
(c) presumed high value of
E(m) = 0.16, CMD = 25 nm

Fig. 13 Sensitivity analysis of particle CMD (a) and E(m) (b), obtained by variation of model and experimental parameters

we would emphasize once again that the use of the obtained
value of refractive index function in the model gave the best
experimental LII signal approximation. The other higher or
lower values of E(m) set in the model lead to bad signal ap-
proximations and unrealistic iron particle sizes (see Fig. 12).

4.3 Uncertainties analysis

As we noted above, the main assumption at E(m) size
dependence analysis is the invariable particle density and
heat capacity with the particle size. So the question is:
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How could the variation of particle density and heat ca-
pacity during particle growth influence the E(m) depen-
dence on particle size? Variation of the assumed proper-
ties (density, heat capacity, accommodation coefficient, ra-
tio of E(m)760/E(m)488 at registration wavelengths) and of
the experimental conditions (gas temperature, pressure, laser
fluence and particle heat up temperature measured by two-
color pyrometry) lead to systematic errors of the measured
values of CMD and E(m). A detailed sensitivity analysis
of these influences for carbon particles is given in Fig. 13,
in terms of the percentages of changing of CMD and E(m)

with the variation of the above parameters. The results of
an analysis of the sensitivity for iron particle were found to
be close to carbon particles. The analysis of the results, pre-
sented in Fig. 13a, shows that the gas temperature, pressure,
maximum particle temperature measured by two-color py-
rometry and especially the ratio of E(m)760/E(m)488 sup-
posed in LII model equal to 1 (see (9) and (10)), have a
strong influence on the calculated value of CMD. Some of
the parameters uncertainties lead to a canceling effect in the
overall error. A detailed error calculation for all values in-
cluding signal fitting (5%) results in an estimated overall un-
certainty from −26% up to +23%. An analysis of the influ-
ence of gas temperature, particle heat capacity, particle den-
sity, laser fluence, temperature measured by two-color py-
rometry and ratio of E(m)760/E(m)488 on E(m) value for
carbon particles at wavelength of 1064 nm extracted from
experiments is given in Fig. 13b. From Fig. 13b one can see
that the maximum particle temperature, measured by two-
color pyrometry and the ratio of E(m)760/E(m)488 have the
main influence on the calculated value of E(m). An error
calculation for all values including fitting of two particle
heat up temperatures (2%) described in Sect. 3.2 results in
an estimated overall uncertainty in E(m) determination be-
tween −34% and +27%.

The next point is the sublimation/evaporation influence
on the results obtained. In our model we used the proper-
ties of bulk graphite to account for the mass and heat loss by
evaporation, described in Sect. 3.4. Usually mature soot par-
ticles could get a temperature of about 4000 K when evapo-
ration takes place [35]. Our two-color measurements of heat
up temperatures of nascent carbon and iron particles were
found to be at 200–500 K less than the evaporation tempera-
tures of bulk iron or carbon. So using the bulk properties, our
evaporation sub-model does not show any essential influ-
ence on the results of the particle sizing. On the other hand
the evaporation could play a role in our analysis, only if the
particle evaporation temperature is lower than the one for
bulk iron or graphite, respectively. However, to account for
that we had to know the evaporation enthalpy and phase dia-
gram for small particles, which are, unfortunately, not avail-
able (see [36]). So, only the rough estimation could be made
that neglecting of evaporation will lead to an underestima-
tion of measured particle sizes. The analysis of the influence

of probable evaporation on E(m) values extraction could be
the subject of future investigations.

5 Conclusions

The variation of carbon and iron nanoparticle optical prop-
erties during their growth was studied experimentally. For
this goal the processes of carbon particle growth induced
by shock wave pyrolysis of acetylene and iron particle for-
mation after the laser pulse photolysis of iron pentacar-
bonyl were investigated. The application of two-color time-
resolved laser-induced incandescence have allowed us to
measure simultaneously the current particle size and refrac-
tive index function E(m) at a wavelength of 1064 nm for
the different stages of particle formation. It was found that
increase of E(m) of carbon and iron particles could be ob-
served as particle size rises from 1–2 up to 15–20 nm. The
results obtained are in an agreement with the observations
of transparency of small particles (less than 5 nm) which
one can often meet in the literature (see Sect. 1). Moreover,
the values of E(m) obtained for carbon particles with sizes
of about 2–5 nm correspond to the UV data for visible-
transparent carbon particles [34]. On the other hand, the
values of E(m) of the carbon particles with sizes of 14–
20 nm tend to the well-known soot data [11, 23]. However,
it should be pointed out that the quantity values of E(m)

presented in this work were extracted using rough assump-
tions about particle density, heat capacity and evaporation
temperature taken to be independent on the particle size and
taken from the bulk material data bases.
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