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Abstract The iron-atom concentration distribution as well
as the gas-phase temperature was measured via laser-
induced fluorescence (LIF) during iron-oxide nanoparticle
synthesis in a low-pressure hydrogen/oxygen/argon flame
reactor using ironpentacarbonyl (Fe(CO)5) as precursor.
Temperature measurements based on multi-line NO-LIF
imaging are used to correct for temperature-dependent
ground-state populations. The concentration measurement is
calibrated based on line-of-sight absorption measurements.
The influence of the precursor on the flame is observed at
precursor concentrations larger than 70 ppm as the flame
front moves closer to the burner surface with increasing
Fe(CO)5 concentration.

PACS 42.62.Fi

1 Introduction

A variety of synthesis strategies for nanoparticles from gas-
phase reactions has been described in the literature [1–3].
Highly-defined conditions allow the synthesis of specific
materials with narrow size distribution [4] and, for example,
variable stoichiometry [5]. A promising route for the syn-
thesis of these particles with high purity is the low-pressure
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flame reactor. In this reactor, the strategy to create iron-oxide
nanoparticles is to pyrolytically decompose a gaseous pre-
cursor (Fe(CO)5) using the heat of the flame. The created
iron atoms build iron dimers and iron oxide molecules with
the oxygen of the flame. Those molecules agglomerate to
nanoparticles.

These particles are of interest for several industrial
uses [6]. The properties of the synthesized particles can be
influenced by varying the reaction conditions, like flame
temperature, fuel/oxygen equivalence ratio, pressure, and
precursor concentration. The final properties of the parti-
cles depend on the temporal history of the above mentioned
parameters. Therefore, if the generation of particles with
well-defined conditions is desired, homogeneous reaction
conditions are essential. In situ measurements of concentra-
tion and temperature distribution, thus, give important input
for modeling the synthesis process and for apparatus design.
Laser-based techniques enable non-intrusive in situ mea-
surements of the conditions during nanoparticle formation.

The spatially-resolved measurement of atom concentra-
tions in nanoparticle synthesis is required to further develop
and validate models that describe the precursor decomposi-
tion and the subsequent cluster and particle formation and
growth [7]. These models are important for the choice of
operating conditions for the specific synthesis of nanomate-
rials as well as for the scale-up of synthesis apparatus. The
formation of FeO has been observed by other groups using
laser excitation in the visible range [8]. During the forma-
tion of Fe2O3, however, iron atoms in different oxidation
states from Fe (0) to Fe (III) occur in the flame. The fluores-
cence signal of iron has been widely used in medical and
astronomical applications [9]. Several spectroscopic data-
bases for iron atoms exist [10]. To our knowledge, until now
LIF imaging measurements of iron atom concentration in
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high-temperature reaction systems for nanoparticle synthe-
sis have not been published. Previous studies used seeded
indium LIF for temperature imaging in flames based on two-
line excitation [11].

Metal–organic compounds are known to strongly interact
with flame chemistry. Ironpentacarbonyl (Fe(CO)5), that is
frequently used as a precursor for iron oxide nanoparticles,
is known to be a flame inhibitor [12]. Therefore, it is im-
portant to study its influence on the temperature field as a
function of precursor concentration. Additionally, tempera-
ture information is required to correct Fe atom LIF measure-
ments for temperature-dependent variations of the ground-
state population.

Temperature distributions in the same low-pressure flame
as reported here but in the absence of metal organic precur-
sors have been measured by us in a previous work [13] based
on multiline NO-LIF imaging. A similar strategy has been
used before for measurements of the temperature along a
line by Hartlieb et al. [14]. Our imaging technique has been
validated and tested for different types of flames [15, 16],
and yields two-dimensional temperature fields from cross-
sectional LIF imaging experiments throughout the reactor.
It is robust against elastic scattering and interfering signal
because temperature is determined from the spectral shape
of LIF excitation spectra rather than signal intensities as,
e.g., in two-line LIF thermometry methods [17]. Therefore,
it could be applied here with minor modifications to the ex-
citation wavelength range also to particle-laden flames. The
fundamentals of NO-LIF thermometry are described else-
where [13, 18].

2 Experimental setup

A tunable, narrow-band KrF excimer laser (248 nm, �ν ∼
0.3 cm−1, Lambda Physik EMG 150 TMSC) is frequency-
shifted to 225 nm in a Raman cell filled with 6 bar hydrogen
to its first anti-Stokes line, enabling excitation of specific
atomic Fe transitions in the a5D–5F0 and NO in the A-X
(0,0) band. The laser beam is expanded in the horizontal
direction and compressed in the vertical direction with two
cylindrical lenses f = 1000 mm and 300 mm, respectively,
to form a light sheet of approximately 50 × 10 mm2. This
comparably large beam cross-section was chosen to prevent
saturation of NO transitions during temperature measure-
ments. Previous measurements showed an onset of satura-
tion that influences temperature measurements at laser flu-
ences of ∼10 kW/cm2 [13]. The geometry of the present
experiment does not require high spatial resolution in the
direction normal to the light sheet; therefore, a large cross-
section light sheet could be applied to reduce laser flu-
ence. The LIF signal is recorded with an intensified CCD
camera (LaVision) at 90◦ relative to the laser direction.

Fig. 1 Horizontal cut through the flat-flame reactor. Optical access
is provided by fused silica windows on three sides of the combustion
chamber. The burner head can be moved horizontally relative to the
windows and the sampling nozzle

Elastically-scattered light is suppressed by four long-pass
filters (230 nm, LayerTec). The same setup has been used
before for NO thermometry in low-pressure flames [13].
For measurements of emission spectra, an imaging spectro-
graph (ARC, f = 155 mm, f# = 4 300 lines/mm grating)
was used.

The reaction chamber is 300 mm long and has a diam-
eter of 150 mm. A hydrogen/oxygen/argon flame is stabi-
lized on a water-cooled sintered stainless-steel matrix of
36 mm in diameter. It can be moved horizontally within the
chamber to vary the distance from 0–190 mm to a skim-
mer nozzle that is used for extraction of particle-laden gas
for molecular-beam mass spectrometric analysis [4]. Optical
access is possible through fused silica windows with a di-
ameter of 50 mm at both sides and on the top of the reaction
chamber (see Fig. 1). The flow rates used for the synthesis
of Fe2O3 nanoparticles were 770 sccm H2 and 1040 sccm
O2 resulting in an equivalence ratio of this lean mixture is
φ = 0.37. The flow of argon (that carried between 140 and
850 ppm Fe(CO)5) varied slightly for the different flames
and was 575, 545, and 470 sccm for the flames with 35,
70, and 170 ppm Fe(CO)5, respectively. During the mea-
surements, the chamber pressure was set to 3 kPa. The flow
velocity inside the reactor reaches a few m/s. An overview
of the burner is given in Fig. 1. Further details on the reactor
are given in [19].

In order to observe the entire reaction zone the burner
head was moved to different positions relative to the ob-
servation area (defined by the window position). The data
of the individually observed sections (50 × 30 mm2) were
plotted next to each other to visualize results for the entire
accessible zone (50 × 90 mm2) inside the reaction chamber.
It should be noted, however, that the flame slightly changes
when moving the burner head relative to the chamber.
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Fig. 2 LIF emission spectrum
of iron excited at 44415 cm−1.
The relevant energy levels are
given in the insert

3 Results

3.1 Fe-LIF spectroscopy

For Fe-LIF detection, two excitation wavelengths of iron
were chosen within the fundamental (248 nm) and the
Raman-shifted (225 nm) tuning range of the KrF excimer
laser. At 225 nm a weak transition from the ground state
(3p63d64S2) to an excited state (3p63d6(a3F)4s4p(3P0)) is
used [10]. Due to its weak transition probability, the laser is
not significantly attenuated inside the reactor for the present
experimental conditions. Figure 2 shows the spectrally-
resolved fluorescence after excitation at 44415 cm−1. In ad-
dition the origin of the depicted fluorescence bands is given
in the relevant Fe energy level diagram shown in the inset.
Direct emissions from the 3p63d6(a3F)4s4p(3P0) system is
present at 268 nm (I). Additionally, an emission band (II)
upon 248 nm excitation is observed. This is due to inter-
system crossing to the 3p63d6(5D)4s4p(1P0) system. De-
spite the fact that the transition probability for the emission
process is higher in the latter case by a factor of 200, the
observed signal is weaker because of the underlying spin-
forbidden inter system crossing. Additional weak emissions
from lower lying states populated by further ISC can be ob-
served around 300 nm (III).

The mentioned second transition at 248 nm (40257 cm−1)
also originates from the ground state, but reaches a different
excited state (3p63d6(5D)4S4P(1P0), not shown in Fig. 3).
This transition is the strongest of all iron transitions in this
spectral window. Hence, at the relevant Fe concentration
levels the laser beam is nearly completely absorbed within
the first 10 to 20 mm inside the reactor.

Fig. 3 Fluorescence excitation spectrum from within the nanoparticle
reactor. NO-LIF and Fe-LIF signal is visible. The spectral range that
was previously used for NO thermometry [13] marked “A” and the ad-
justed scan range for systems with Fe (“B”) are indicated

3.2 Temperature measurement via NO multi-line
thermometry

For correction for temperature effects on the Fe-LIF diag-
nostics the temperature profile inside the reactor was mea-
sured. For these measurements, 200 ppm of NO was seeded
into the flame. This concentration is low enough to not in-
fluence the flame chemistry. Temperature imaging measure-
ments were done with multi-line NO-LIF thermometry [20].
LIFSim [21] was used to evaluate the NO-LIF excitation
spectra.

The temperature profiles were taken, using NO transi-
tions within the excitation range of 44350–44390 cm−1.
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This spectral range is different from the one previously
used [13]. It was chosen to avoid interference from iron LIF
at 44415 cm−1, with the Fe-LIF signal one order of mag-
nitude stronger than NO LIF. Figure 3 shows the LIF ex-
citation spectra in a flame doped with 200 ppm NO and
70 ppm Fe(CO)5 with detection at the center of the flame,
40 mm away from the burner head. The previously used
(A) and the new scan range (B) for NO-LIF multi-line ther-
mometry is shown. In order to maintain the temperature ac-
curacy, the excitation wavelength range was doubled com-
pared to that in [13] which also doubles the measurement
time to ∼30 min per measurement. For Fe(I)-LIF detec-
tion, the strong transition at 44415 cm−1 (3p63d64S2 to
3p63d6(a3F)4S4P(3P0)) was used for measuring the iron-
atom distribution [10].

3.3 Temperature dependence of Fe LIF

The 225 nm and the 248 nm transitions used in this investi-
gation originate from the same electronic ground state. Its
temperature-dependent population was evaluated to allow
for quantitative measurements also in systems with inho-
mogeneous temperature distribution. The partition function
of iron atoms was calculated, using the five states from the
NIST database [10] with the lowest energy. Higher ener-
getic states have an energy level too high to be populated.
With this partition function, the fractional population of the
ground state at temperature T was calculated.

3.4 Quantification of Fe LIF

In order to estimate the effect of the fluorescence quenching
on the species measurements, we carried out a preliminary
investigation of the lifetimes of the observed emissions. The
lifetime was measured with ns laser pulse excitation and de-
tection with an ICCD camera with a detection gate of ∼5 ns
and a variable delay relative to the laser pulse. Fluorescence
lifetimes were obtained by single exponential fits to the data.

Figure 4 shows the fluorescence intensity decay of tran-
sition (I) emitting at 268 nm for two different temperatures,
i.e., locations in the flame. This emission band was selected
because its upper level exhibits the same electronic configu-
ration (angular momentum quantum number) as the excited
ground state level which allows calculating the decay rate
for the spin-allowed transition. Without quenching the nat-
ural lifetime of this transition is known to be around 52 ns
[10]. Our measurements yield lifetimes of 6.4 ns for 1200 K
and of 7.5 ns for 800 K with an uncertainty of 3 ns. Even
though the uncertainty in these measurements is quite high
it is known that quenching rates change little at higher tem-
peratures. Therefore, the influence of the resulting error on
the retrieved line intensities can be neglected when evaluat-
ing relative Fe-concentration profiles (see below).

Fig. 4 Fe-LIF lifetime measurements at two different temperatures at
30 mbar in the burned gases of the H2/O2/Ar flame. The decay accord-
ing to the (known) natural lifetime is indicated by the dashed line

Calibration of Fe-LIF signal intensities Iλ for excitation
at wavelength λ with respect to concentration is based on the
measured attenuation of the laser radiation at 248 nm during
passage through the flame gases [22]. Because Fe concen-
tration and temperature vary in the observed region simul-
taneously, imaging measurements with 248 nm excitation
were related to measurements at 225 nm excitation where
the laser attenuation was negligible. The underlying proce-
dure that evaluates local laser attenuation and then derives
local concentration is described in the following paragraph.

The intensity of the fluorescence light Iλ(x) at location
x is proportional to the local laser intensity Iλ

Laser(x), the
local concentration of the absorbing atoms c∗(x) (which de-
pends on the total local iron atom concentration c(x) cor-
rected for temperature using the Boltzmann factor c∗(x) =
c(x)f (T (x))) and a fluorescence yield factor kλ that de-
pends on the excitation wavelength λ. The local signal in-
tensity Iλ(x) for both excitation wavelengths is thus

I225(x) = k225 · c∗(x) · I 225
Laser(x), (1)

I248(x) = k248 · c∗(x) · I 248
Laser(x). (2)

The LIF-signal intensity distribution for both excitation
wavelengths was recorded along the laser propagation axis
(x-axis in Fig. 1) and profiles 20 mm in length were ex-
tracted for each excitation wavelength under identical re-
action conditions. The ratio of both signals R(x) is deter-
mined. If negligible self absorption of fluorescence radiation
is assumed in the detection beam path, local concentration
cancels and because both excitation schemes excite Fe from
the same ground state level, the Boltzmann factor cancels as
well. Because the laser intensity at 225 nm is not attenuated
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Fig. 5 Comparison of the
observed Fe-LIF signal after
excitation at 225 and 248 nm,
respectively. From the ratio of
both signals the local variation
in 248 nm laser intensity is
derived according to (3)
assuming negligible laser
attenuation at 225 nm

the ratio R(x) of both LIF signal profiles is then proportional
to the local laser intensity I 248

Laser(x) only (cf. Fig. 5)

R(x) = I248(x)

I225(x)
= k248

k225
· I 248

Laser(x). (3)

The local variation in laser intensity was then evaluated in
spatial increments of �x = 1 mm. From the comparison
of the laser intensity at location x(I 0

Laser) and at location
(x −�x)(ILaser) the local absorber concentration was deter-
mined using the Beer–Lambert law (with absorption cross
section σ and length l):

ILaser = I 0
Laser · exp

(−c∗(x) · l · σ )
, (4)

R(x)

R(x − �x)
= exp

(−c∗(x) · �x · σ248
)
, (5)

c∗(x) = 1

�x · σ248
ln

(
R(x − �x)

R(x)

)
. (6)

To arrive at the true concentration values, the Boltzmann
factor was calculated for each point using the temperature
data from NO-LIF thermometry. This calculated concentra-
tion was compared with the measured 225 nm LIF signal in-
tensity (Fig. 6) to obtain a conversion factor. From repeated
measurements a standard error of 20% was evaluated for this
method.

4 Discussion

Figure 7(a) shows measured two-dimensional tempera-
ture and Fe(I)-concentration distributions for a flame with
70 ppm Fe(CO)5. One-dimensional profiles along the flow
coordinate (y-axis in Fig. 1) were taken by averaging the

Fig. 6 Comparison of measured iron LIF intensity excited at 225 nm
(solid line) and concentration of iron calculated from the absorption
measurements at 248 nm (solid symbols)

temperature data for each y position within the central
10 mm of the burner chamber (between horizontal white
lines in Fig. 7(a)). Figure 7(b) shows the resulting Fe(I)-
concentration profiles for three different Fe(CO)5 concen-
trations. As described in Sect. 2, the different zones of the
flame were investigated by translating the burner to differ-
ent positions within the chamber which slightly changes the
flame conditions. Therefore, the graphs show steps at the
limits of the individual measurement sections.

Temperature profiles for the same conditions are shown
in Fig. 7(c). It can be observed that the formation of iron
atoms starts earlier (i.e., closer to the burner surface) when
higher initial concentrations of Fe(CO)5 are seeded into the
fresh gases. Higher Fe(CO)5 initial concentrations are also
associated with a faster rise of the temperature profile and
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Fig. 7 (a) Temperature and iron (Fe(I)) concentration distribution with
70 ppm of Fe(CO)5 in the fresh gases for three positions of the burner
within the reactor chamber (see text). (b) Iron-atom density averaged
in the central 10 mm along the y axis (marked in (a)) for three Fe(CO)5
concentrations in the fresh gases; (c) Temperature profiles for the same
region marked in (a)). Discontinuities in the images and profiles result
from the combination of measurements with different burner positions
(see text)

higher end gas temperatures, i.e., the flame front moves
closer to the burner surface.

For all seeding levels investigated iron atom formation
starts at temperatures around 380–420 K. In the kinetic
scheme suggested in [12], the dissociation of Fe(CO)5 to
Fe(CO)4 + CO is considered the rate-determining step. Fast
consecutive reactions then lead to the formation of iron
atoms. Accordingly, in the experiments, as soon as iron
is detected, dissociation of Fe(CO)5 has started. The iron
concentration reaches its maximum approximately 15 mm
downstream of the point where its generation started. Fur-
ther downstream the formation of clusters, iron oxide and
other oxidation states of Fe strongly reduces the measured
Fe(I) concentration. For iron atom consumption in non-
oxidizing systems the reaction 2Fe → Fe2 was determined
as the rate-determining step [7].

With 35 ppm Fe(CO)5 in the fresh gases the maximum
concentration of iron atoms inside the flame is also around
30 ppm. With higher precursor concentration, the highest at-
tained iron concentration is less than the equivalent concen-
tration of Fe(CO)5, and the zone in which iron atoms can be
found is expanded.

5 Conclusions

For the validation of numerical simulations of the growth
of flame-generated nanoparticles, species distribution and
temperature inside the reactor must be known. Fe(CO)5 was
added to the flame, as a precursor for iron-oxide nanoparti-
cle generation. Iron (I) atoms formed during the dissociation
of Fe(CO)5 were visualized with laser-induced fluorescence
imaging inside the reaction zone. The temperature was mea-
sured in the same region via multi-line NO-LIF thermome-
try. With increasing Fe(CO)5 concentration the flame front
was found to move closer to the burner and the tempera-
ture profile changes significantly. For absolute concentration
measurements, the LIF signal intensities were corrected for
temperature effects and calibrated using an absorption-based
LIF strategy.
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