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Abstract. The spatiotemporal distribution of Ti excitation temperature (TTi
ex ) was

determined from two-dimensional optical emission spectroscopy (2-D OES) during

TiO2 nanopowder synthesis using an inductively coupled thermal plasma (ICTP)

torch. The Ti feedstock powder was injected intermittently into the ICTP torch

to elucidate the evapouration of the feedstock and the formation of atomic vapour,

precursor molecules, and particle nuclei dynamically. The spectroscopic observation

results revealed that TTi
ex was estimated as 2500–4000 K around the central axis of the

ICTP torch, and as more than 4500 K in the off-axis region. In the on-axis region,

TiO was detected with high radiation intensity in the lower temperature region. These

results showed that TiO molecules are formed only in low temperature region around

the central axis of the ICTP torch. In addition, TiO molecular density could be high

especially in downstream region at central axis of the ICTP torch.
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1. Introduction

Nanopowders and nanoparticles (NPs) are receiving great attention as next-generation

materials because of their unique physical, chemical, and optical properties compared

to their bulk properties. Therefore, NPs are used in diverse fields: electronics, medicine,

energy, and the environment. For example, titanium dioxide nanoparticles (TiO2 NPs)

is used as a photocatalyst [1], and in photonic crystals [2], photovoltaic cells [3], and gas

sensors [4]. In addition, metallic-ion doped TiO2 NPs are anticipated for use as visible

light-active photocatalysts [5]–[7], and as biomedical materials in ointments for atopic

dermatitis [8, 9]. Especially for biomedical applications, prevention of contamination

in NPs is extremely important because even slight impurities of countable atoms or

molecules can alter the NP properties and damage human skin. Therefore, a high-

purity synthesis process of NPs with high production efficiency is eagerly sought for

progress of nano-technologies.

Various NP synthesis methods have been developed to date. Different thermal

plasma torches have been applied in these methods to fabricate nanomaterials including

NPs [10]. Among these NP synthesis methods using thermal plasmas, inductively

coupled thermal plasma (ICTP) presents some great benefits for NP fabrication [11]–

[18]. One salient benefit of ICTP methods is that ICTP can produce a high-temperature

and high-chemical activity field with no impurity from electrodes. In actuality, it

requires no electrodes to sustain thermal plasmas. A second important benefit is that

the ICTP method can use not only liquid and gas materials but also solid materials

as a feedstock material. This feature extends its applicable range for NPs of various

types. Another feature is that it can offer one-step, direct processing with much shorter

processing time for NP synthesis. The ICTP method can evaporate the feedstock fed to

produce atoms in the high-temperature ICTP. Then the evaporated material is cooled to

produce NPs. This method can also produce not only pure-metallic NPs but also oxide

or nitride NPs by adopting specified reactive gases for processing. Nevertheless, the

conventional ICTP method also presents some shortcomings, including poor size control

and low production efficiency. Therefore, the alleviation of these shortcomings suggests

challenging work for the goal of wider use of ICTP methods in future applications.

The authors have developed a unique and original method of large-scale NP

synthesis using pulse-modulated induction thermal plasma (PMITP) with time-

controlled feeding of a feedstock (TCFF) [19]–[22]. We designate this method as

‘PMITP+TCFF method’. The PMITP was developed in our group to control the high-

temperature and chemical activity fields in thermal plasmas in the time domain using

amplitude modulation of the coil-current [23, 24]. In addition, we contrived the TCFF

method for more effective NP fabrication. The TCFF method was applied to control

timing of the feedstock injection into the ICTP torch. In the PMITP+TCFF method,

feedstock powder is intermittently injected synchronously with coil-current modulation

of PMITP [21, 22]. This PMITP +TCFF method provides effective evaporation of

feedstock. Then effective cooling of the evaporated materials is done for efficient



Thermal plasma temperature and nucleation process during nanopowder synthesis 3

nucleation of NPs. In our earlier work, the 20 kW PMITP-TCFF method was adopted

for pure-TiO2 NPs and Al3+-doped TiO2 NP syntheses. In this work, pure-TiO2 NPs

with mean particle diameter of approximately 43 nm and Al3+-doped TiO2 NPs with

mean particle diameter of approximately 67 nm were synthesized with a high production

rate of more than approximately 400–500 g h−1 [25, 26]. These production rates at input

power of 20 kW were several tens of times higher than those of conventional methods

using thermal plasmas.

One key point for enhancement of production efficiency is to elucidate NP formation

mechanisms including feedstock evaporation processes and precursor molecule formation

processes. For this purpose, many numerical simulations have been conducted for various

kinds of NP synthesis using an ICTP torch to clarify NP formation processes including

feedstock evaporation, precursor formation, nucleation and NP growth processes [27]–

[29]. However, few reports have described investigation of NP synthesis processes based

on spatial and temporal measurements for the ICTP torch during NP synthesis.

We have been investigating these processes during pure-TiO2 NP synthesis using

the ICTP mainly with a two-dimensional optical emission spectroscopic (2-D OES)

system. Results showed that spatiotemporal information of Ti I and TiO spectral

radiation intensities were detected with this 2-D OES system [30]. From those results,

fundamental information of Ti feedstock evaporation and precursor TiO formation and

these transportation processes were inferred during TiO2 NP synthesis in the non-

modulated ICTP torch with single-shot powder injection [31]. However, the temperature

distribution in the ICTP torch has not yet been investigated. The temperature is a

crucial parameter for determining NP nucleation processes.

This paper presents estimation results on 2-D temperature distribution in the

plasma torch during TiO2 nanopowder synthesis. Almost single-shot feedstock powder

injection was applied to the non-modulated ICTP torch in this experiment. For this

estimation, the Ti excitation temperature TTi
ex distribution was estimated using the two-

line method for two Ti I atomic spectral lines. The spatial and temporal change in the

TTi
ex was evaluated in the plasma torch during TiO2 NP synthesis. Result showed that

the Ti excitation temperature is higher at off-axis region in the ICTP torch, while it is

lower at central axis region with strong TiO radiation intensity. These results suggest

that TiO molecules are formed only at lower temperature region around central axis

region in the ICTP torch.

2. Principle of 2-D OES system

This section describes the principle of 2-D OES system used in our experiments.

Figure 1 shows schematic diagram of the 2-D OES system. This OES system consists

of an imaging spectrometer, an objective lens and a collimator lens in front of the

spectrometer, and a high speed video camera behind the spectrometer. This type of

the imaging spectroscopic system is often called “Monochromatic imaging spectrometer

(MIS)” [32, 33]. The MIS is based on the idea using a Czerny-Turner spectrometer. The
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Czerny-Turner spectrometer has an entrance slit, a spherical mirror (a), a diffraction

grating, a spherical mirror (b), and an exit slit. Using this spectrometer, a 2-D

monochromatic image can be obtained as follows:

(i) A image from a light source is captured by an objective lens.

(ii) This image through the objective lens is collimated by a collimator lens (a) located

in front of the entrance slit of the spectrometer. Then, a part of the collimated

light is fed into the spectrometer through the slit.

(iii) From the light fed from the entrance slit, the image is reformed on the focal plane in

vicinity of the diffraction grating by the spherical mirror (a), because the distance

between the entrance slit and the grating is equal to the focal distance of the

spherical mirror (a). Then, this focal image is dispersed in different wavelengths

by the diffraction grating.

(iv) The dispersed image is re-collimated by the spherical mirror (b).

(v) The re-collimated light at a specified wavelength can pass through the exit slit.

This re-collimated monochromatic light contains information on the 2-D image.

(vi) If a camera lens is located outside of the exit slit, a monochromatic 2-D image at the

specified wavelength can be obtained on the focal plane of the camera lens. Thus,

a 2-D monochromatic image can be captured by an 2-D imaging sensor placed on

the focal plane.

In this system, the entrance slit works only as an aperture of the spectrometer. The

wavelength resolution is determined by width of the exit slit and the type of the

diffraction grating adopted. Main advantages of this 2-D OES system are a high

wavelength resolution (∼0.2–0.8 nm), and setting observation wavelength variable,

rather than the conventional band-bass interference filters. In general, band-pass

interference filters have been often used for 2-D OES with a high-speed video camera

or an ICCD. However, the wavelength resolution of the filter is low like as few nm to

few tens nm, and we cannot change the observation wavelength of the filter; another

filter for another wavelength should be prepared. In contrast, the 2D-OES system

based on MIS has a high wavelength resolution, and freedom degree for observation

wavelength. Meanwhile, this system loses much of light from the light source at the

entrance slit of the spectrometer. Nevertheless, this light loss is not a serious problem

in the present observation because a thermal plasma of interest has an extremely high

radiation intensity. Thus, the 2-D OES system based on MIS is greatly useful for

investigation of thermal plasma processing.

3. Experimental

3.1. Experimental setup

The experimental setup was the same as that reported in our earlier work [26]. Figure 2

shows the non-modulated ICTP torch for TiO2 nanopowder synthesis. This cylindrical-
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type of ICTP torch has two co-axial quartz tubes. The water flows between quartz

tubes to cool the inner quartz tube wall. The inner quartz has 70 mm inner diameter

and 370 mm length; the outer quartz tube has 85 mm outer diameter. The eight-

turn induction coil is located around the outer quartz tube. The coil is connected

to a matching circuit and inverter power supply to generate an electromagnetic field.

Consequently an RF thermal plasma is produced inside the inner quartz tube of the

plasma torch. A water-cooled stainless steel feeding tube is inserted from the top of

the torch head, located on the central axis of the torch. The outer diameter and inner

diameter of the feeding tube are, respectively, 10 mm and 4 mm. The feedstock can

be injected directly into the thermal plasma through the feeding tube from a powder

feeder. Between the feeding tube and the powder feeder, a high-speed solenoid valve

is installed to control feedstock injection into the thermal plasmas. This solenoid valve

can be controlled using a transistor–transistor logic (TTL) signal. Figure 3 depicts

an overall view of the experimental system for nanoparticles synthesis, including the

ICTP torch, reaction chambers, a collection filter, and a vacuum pump. The reaction

chambers and the collection filter are installed downstream of the ICTP torch to collect

the synthesized nanopowder. All reaction chamber walls are cooled by water. Details

of these experimental apparatuses are available in the literature [26].

3.2. Experimental conditions

Table 1 presents the experimental conditions of pure-TiO2 nanopowder synthesis

described in the present work. In this experiment, the Ti feedstock was intermittently

injected into the non-modulated PMITP torch (i.e. conventional ICTP torch) to

investigate the spatiotemporal behaviours of Ti feedstock vapour and precursor TiO

vapour, and also the temperature and nucleation inside the ICTP torch. The time-

averaged input power from the inverter power supply was fixed at 20 kW. The

fundamental frequency of the coil-current was about 304 kHz. A mixture gas of Ar

and O2 was used as a sheath gas. The total gas flow rate of the sheath gas was

fixed at 100 L min−1. The gas composition was set to 90 mol%Ar and 10 mol%O2.

In this experiment, to retain simplicity of the investigation, quenching gas was not

supplied to the reaction chamber. The pressure was fixed at 300 Torr (approx. 40

kPa) for the inside of torch and reaction chamber. Pure-Ti micro-powder (TILOP-45;

Osaka Titanium Technologies Co. Ltd.) was used as the feedstock powder. The mean

diameter and the maximum diameter of this feedstock were about 27 µm and 45 µm,

respectively. The Ti feedstock was intermittently supplied into the ICTP torch with Ar

carrier gas through the solenoid valve and feeding tube. The gas flow rate of Ar carrier

gas was fixed at 4 L min−1. The feedstock injection was controlled by a high-speed

solenoid valve connecting the feeding tube with the rotary powder feeder, as shown in

Figure 3. The solenoid valve response time was about 2 ms. The feedstock feeding

rate was adjusted to about 4–7 g min−1. This feeding rate is lower than those used for

large-scale nanopowder synthesis reported in our earlier work [26], but it is higher or
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comparable to that of the conventional ICTP method. This feeding rate condition was

selected to investigate fundamental behaviour of the feedstock vapour, precursor TiO

vapour, the temperature distribution and nucleation. The feeding cycle time (tcycvalve) was

set to 30 ms, which is much longer than that used in our earlier work [26]. The open

(topen)/close time (tclose) of the solenoid valve was adjusted to 8/22 ms (27%DFvalve).

The DFvalve, which was used as a control parameter of the solenoid valve, is defined

as topen/t
cyc
valve. In the condition of 27%DFvalve, the open time was sufficiently shorter

than the close time. Therefore the condition of 27%DFvalve is regarded as almost a

single-shot feedstock feeding. This single-shot feeding was adopted to avoid interaction

between feedstock feeding during intermittent feedstock injection [31].

3.3. Optical emission spectroscopy conditions

The 2-D OES measurements were conducted using a 2-D OES system (AN-IMC-DD;

Anfi Inc.) as presented in figure 4 with a 2-D OES region. This 2-D OES system consists

of an objective lens (AF Zoom-Nikkor 80-200 mm f/2.8D ED; Nikon Corp.), an imaging

spectrometer (Acton Spectra Pro 2300i; Princeton Instruments, Inc.), and a high-speed

video camera (GX-8; NAC Image Technology Inc.). The observation conditions are

presented in table 2. The 2-D OES region was set to approximately a 47× 46 mm2 region

below the coil-end, as shown in figure 4. The imaging spectrometer has a diffraction

grating of 1200 grooves mm−1. The wavelength resolution of this system was 0.4 nm.

The salient feature of this system is that it can measure the radiation intensity of

spectral lines with higher wavelength resolution of 0.4 nm than those other imaging

OES systems using optical interference bandpass filters. In this work, two Ti I spectral

lines were observed at 453.32 nm and 521.04 nm wavelengths to estimate Ti excitation

temperature distribution using two-line method. A high-speed video camera was used to

capture 2-D image at the specified wavelength. The frame rate of the high–speed video

camera was set to 3000 frames per second (fps). We confirmed that the measured high-

speed video images had good reproducibility at each timing in the present experimental

condition. Consequently, the accumulation and averaging were done four times for four

cycles (=4tcycvalve) to reduce the contribution from a noise signal.

3.4. Estimation of Ti excitation temperature

The Ti excitation temperature (TTi
ex ) was ascertained from 2-D radiation intensity of

Ti I at 453.32 nm and that of Ti I at 521.04 nm. Here, the radiation intensity I453
of Ti I spectral line at 453.32 nm is superimposed from the contribution of two Ti I

spectral lines at 453.3240 nm and at 453.4776 nm, whereas the radiation intensity I521
is obtained from a Ti I spectral line at 521.04 nm. Consequently, the intensity ratio

I453/I521 can be calculated as a function of TTi
ex when the population of the excited states
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follows the Boltzmann distribution at the excitation temperature TTi
ex :

I453
I521

=

gpApq

λpq
exp

(
− Ep

kTTi
ex

)
+ gkAkl

λkl
exp

(
− Ek

kTTi
ex

)
gmAmn

λmn
exp

(
− Em

kTTi
ex

) (1)

where k is Boltzmann’s constant, λpq, λkl and λmn are wavelengths for Ti I at 453.3240

nm, at 453.4776 nm and at 521.0384 nm, gp, gk and gm are the degeneracy values of the

upper level for respective spectral lines, Apq, Akl and Amn are the transition probabilities

for respective spectral lines, Ep, Ek and Em is the upper state energy levels for respective

spectral lines. These atomic constants, which were referred from the NIST database [35],

are presented in table 3. As well known, the collision frequencies between the electron

and heavy particles and between heavy particles are extremely high (e.g. ∼1016 s−1

at 300 torr) in thermal plasmas because the electron and gas temperatures are high

as several thousands kelvin and the pressure is high as 300 torr. These high collision

frequencies lead the plasma to near thermodynamic equilibrium condition. Thus, the

population of the excited states follows the Boltzmann distribution in many case for

thermal plasmas [34]. From this reason, it was assumed at present that the population

of the excited states follows the Boltzmann distribution.

Figure 5 shows a curve of I453/I521 as a function of TTi
ex . Using this curve of

I453/I521 − TTi
ex , one can estimate TTi

ex from measurements of I453/I521 for intensity ratio

of the Ti I spectral lines. For this temperature estimation, the influence of continuum

spectra was found to be negligible because the radiation intensity of continuum spectra

around 521.04 nm and 453.32 nm wavelengths were very weak compared with those of

these Ti I spectra lines. This neglect of the continuum was confirmed from another

spectroscopic observation using a spectroscopic observation. In determination of the

excitation temperature, for simplicity, Abel inversion was not performed. Strictly

speaking, Abel inversion for the measured radiation intensities should be done to obtain

the net radiation intensity distributions if the axis-symmetric structure can hold in the

radiation intensity. However, the complete axis-symmetric structure cannot be obtained

in the measured radiation intensity, and the incomplete axis-symmetric structure would

involve an error in the estimation of temperature. On the other hand, the apparent

radiation intensities integrated along the line of sight were used here to determine the

excitation temperature with an error tolerance. The excitation temperature determined

here is thus not completely local one but an indicator of the excitation temperature.

Nevertheless, the excitation temperature determined here is roughly close to the real

excitation temperature, and useful to estimate relative distribution of the excitation

temperature. Consequently, the excitation temperature ascertained in this study

would be overestimated or underestimated with error of ±1000 K from our detailed

temperature evaluation considering the radial temperature distribution. The error in

temperature determination between with and without Abel inversion will be discussed

in section 5.2.
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4. Two-dimensional spectroscopic observation results

4.1. Spatial and temporal variation of Ti I radiation intensities

Figure 6 portrays 2-D OES results for two Ti atomic lines. Panel (a) shows the

solenoid valve open–close signal, panel (b) depicts a schematic of the estimated timing

of feedstock injection into the ICTP torch, and panel (c) is the 2-D distribution of Ti I

radiation intensity at 453.32 nm wavelength, and panel (d) portrays the 2-D distribution

of Ti I radiation intensity at 521.04 nm wavelength. Panel (a) presents that the solenoid

valve receives the open signal (high-level signal) at t=0 ms, and the close signal (low-

level signal) at t=8 ms, where t is the time. As portrayed in panel (b), we have already

confirmed in another experiment that it takes approximately 6–8 ms for the solenoid

valve to open and for Ti feedstock to travel from the inlet of the solenoid valve to the

ICTP torch. After the feedstock reaches the torch at around t=8–9 ms, and the feeding

rate becomes the value in the steady state at t=9–16 ms. After steady state feeding,

the feeding rate decreases a stops at around t=15–17 ms. In panels (c) and (d), the coil

end position is presented with axial coordinate z and radial coordinate r. The radial

position r=0 mm in panels (c) and (d) almost corresponds to the central axis of the

ICTP torch.

In panel (c), the radiation intensity of Ti I at 453.32 nm was extremely low at t=0–

6 ms because the Ti feedstock did not yet reach into the ICTP torch. At t=6–8 ms, the

Ti I radiation intensity increased sharply. This sharp increase in the radiation intensity

indicates that Ti feedstock reaches the torch. It began to be evaporated rapidly at

around t=6 ms. It is noteworthy that, around t=6 ms, the Ti I radiation intensity was

detected only around the on-axis region (r=0 mm), although it was then expanded from

the on-axis region to the off-axis region at t=8 ms. This expansion suggests that the

feedstock evaporation initially occurs around on-axis region. Then the evaporated Ti

atoms might be diffused in the radial direction because of the high radial gradient of Ti

density. At t=8–20 ms, the Ti I radiation intensity is kept high and static at the axial

position of z=15-40 mm and radial position of |r| <10 mm below the coil-end region in

the ICTP torch. This high and static radiation intensity distribution implies that the

feedstock injection and its evaporation are almost in a steady state in the ICTP torch.

After t=20–22 ms, the Ti I radiation intensity decreased with time. Then it became

too low to be detected. This result reflects that feedstock feeding is well controlled to

be stopped by the solenoid valve. Similar spatiotemporal behaviour of Ti I radiation

intensity was found for the spectral line at 521.04 nm wavelength, as shown in panel

(d). Consequently, spatiotemporal distributions of the radiation intensities from two Ti

atomic lines were observed using the 2-D OES system.

4.2. Spatiotemporal distribution of the Ti excitation temperature

4.2.1. Estimation of 2D Ti excitation temperature The excitation temperature TTi
ex was

estimated from the radiation intensities of the two Ti I lines. Figure 7 depicts (a) the
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radiation intensity distribution of Ti I at λ=453.32 nm, (b) that at λ=521.04 nm, and

(c) TTi
ex estimated from the above two intensity distributions at t=16 ms. In panel (c),

the region painted in black corresponds to the region in which TTi
ex was unable to be

estimated because of its low radiation intensity. In addition, the region in which TTi
ex

was estimated as below 2500 K is also painted in black because of a lack of accuracy in

determination of TTi
ex .

In this figure, TTi
ex on the axis around |r| <10 mm was estimated as about 2500–

4000 K, which is lower than the off-axis temperature. This low temperature might arise

from a quenching effect of low-temperature Ar carrier gas (approx. 300 K) injected

together with Ti feedstock into the ICTP torch [31]. Furthermore, evaporation of the

Ti feedstock consumes energy around the on-axis, which can decrease the temperature.

On the other hand, TTi
ex around |r|=10–15 mm, which is the off-axis temperature,

was estimated as higher than 4500 K. This high temperature at the off-axis might

be attributable to induction heating by the eddy current in the ICTP. The injected Ti

feedstock is evaporated, resulting in high-density Ti atoms. Mixing of Ti atoms to Ar-O2

plasma increases the electrical conductivity markedly around 4500–6000 K [31] because

of lower ionization potential of Ti than Ar or O atoms. Consequently, at the off-axis

region, the current density from inductive coupling can be elevated by increased electrical

conductivity, involving an increase in the on-axis temperature. Such 2D temperature

estimation can be done using 2D-OES measurements.

4.2.2. Relation between estimated TTi
ex and the radiation intensities of Ti and TiO

It is useful to investigate the relation between the estimated TTi
ex and the radiation

intensities of Ti and TiO. Figure 8 presents a comparison of spatial distributions among

(a) the radiation intensity of Ti atomic line at 453.32 nm, (b) estimated TTi
ex , and

(c) the radiation intensity of TiO. These are obtained at t=16 ms after initiation of

the open signal for the solenoid valve, as described in the previous section. The TiO

molecular radiation intensity distribution was referred from our earlier work [31]. From

the radiation intensity distributions of Ti and TiO shown in panels (a) and (c), we

were able to infer the density distribution of Ti and TiO, while also considering the

temperature in panel (b).

As shown in panel (a), the Ti atoms have high density around the axis just below

the coil end, where TTi
ex was estimated as 2500–4000 K around the axis in panel (b), as

described in the previous section. Panel (c) depicts that the TiO radiation intensity is

high only around on-axis region. This strong TiO radiation intensity distribution on

the axis closely corresponds to low-TTi
ex region around on-axis shown in panel (b). In

addition, the TiO radiation intensity became highest downstream of the torch. This

downstream region approximates the region in which TTi
ex was estimated below 2500 K.

This agreement suggests that TiO molecules are formed this downstream region because

of association reactions Ti + O + M → TiO + M at low temperature, where M is the

third particle.
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4.2.3. Spatiotemporal distribution of Ti excitation temperature For one cycle of the

valve open to close, the TTi
ex was estimated. Its spatiotemporal distribution was

compared with the radiation intensity distribution of Ti and TiO. Figure 9 shows the

spatiotemporal distributions of (a) the Ti I radiation intensity, (b) the estimated TTi
ex ,

and (c) the TiO radiation intensity in one cycle of the solenoid valve for intermittent

feeding.

As panel (b) shows, TTi
ex was not estimated between t=0–4 ms because the Ti

radiation intensity was extremely low in the ICTP torch. At t=6–8 ms, TTi
ex was

estimated as 2500–4000 K around on the axis, as 4500–8000 K in off-axis region in the

ICTP torch. At t=8–18 ms, TTi
ex distribution is almost static, except at a downstream

portion. That downstream portion has a decreased temperature region around z=40–50

mm and |r|=10 mm. The radiation intensity of TiO becomes strong, as shown in panel

(c) especially at t=14–16 ms. This fact suggests that TiO molecules are formed at this

downstream region through an association reaction by decreased temperature. From

t=16 ms, injection amount of feedstock was gradually reduced by closing the valve, as

described previously. This suppression of feedstock injection might engender recovery

in the temperature, especially from upstream of the ICTP torch. Consequently, TTi
ex

was found to be recovered gradually after t=16 ms, as shown in panel (b). In panel

(c), the TiO radiation intensity was detected strongly at t=8–18 ms. This intensity

was detected as high only around the on-axis region during t=8–18 ms. After t=18 ms,

the TiO radiation intensity decreased rapidly because TiO molecules might mainly be

transported by axial convection and because TiO can be dissociated to produce Ti + O

by recovering temperature.

5. Discussion

5.1. Equilibrium particle composition for the Ar-O-Ti system

The equilibrium particle composition for the Ar-O-Ti system was calculated to

investigate behaviour of Ti atoms, and TiO and TiO2 molecules as a function of

temperature. The minimization of Gibbs’s free energy of a system of Ar-O-Ti was

performed to calculate the equilibrium particle compositions. These calculations were

conducted under constant pressure of 300 Torr (approx. 40 kPa). In this calculation,

species only in the gas phase were considered. intentionally because we consider

precursor molecule formation at first. The calculation procedure is the same as that

used in our earlier work [31]. The equilibrium particle compositions were calculated for

two gas mixture conditions: 89 mol%Ar - 10 mol%O2 - 1 mol%Ti and 50 mol%Ar - 25

mol%O2 - 25 mol%Ti. Both these conditions have more than 2.0 in molar ratio of oxygen

atom to titanium atom, and thus all Ti atoms can react with oxygen atoms to produce

TiO2 molecules through reactions of Ti(g) + O2 → TiO2(g). The second condition

of 50%Ar-25%O2-25%Ti mixture has a much higher Ti inclusion ratio. Therefore,

high density TiO and TiO2 vapour can be formed compared to the first condition of
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89%Ar-10%O2-1%Ti mixture. Figures 10 (a) and (b) present the calculated equilibrium

compositions of 89%Ar-10%O2-1%Ti and 50%Ar-25%O2-25%Ti mixtures at a pressure

of 300 torr (∼ 40 kPa). In panel (a) for 89%Ar-10%O2-1%Ti mixture, particles of all

kinds are ionized at temperatures higher than 10 000 K. At temperatures of 10 000

– 5000 K, Ar and O atoms are the predominant species. At 5000–3000 K, TiO(g)

is formed by the association reaction of Ti(g)+O → TiO(g). Then TiO(g) becomes

a dominant species. At temperatures below 3000 K, TiO2(g) in gas phase is also

formed markedly by the association reaction of TiO(g)+O→TiO2(g). In addition, the

TiO2 molecule becomes the dominant species among Ti species at temperatures lower

than 3500 K. Panel (b) for 50%Ar-25%O2-25%Ti mixture shows a similar composition

variation as a function of temperature to the 89%Ar-10%O2-1%Ti mixture. However,

the partial pressure of TiO2(g) monomer becomes much higher for the 50%Ar-25%O2-

25%Ti mixture than for 89%Ar-10%O2-1%Ti at temperatures below 4000 K. If such a

high partial pressure of TiO2(g) can be realized, then it may lead to TiO2(s,ℓ) nucleation

possible in the ICTP torch. On the other hand, O2 partial pressure becomes lower

because O atoms are consumed through formation of TiO2(g) and TiO(g).

In our previous section, we discussed the relationship between the Ti excitation

temperature, Ti and TiO radiation intensities. Results from figures 8 and 9 indicated

that TiO(g) was effectively formed in a region at temperatures below 5000 K. These

results fairly agree with the density increase of TiO(g) with decreasing temperature

from 5000 K in the equilibrium compositions.

5.2. Temperature difference between with and without Abel inversion

Abel inversion technique for obtained radiation intensities was partially used to check

a influence in temperature determination between with and without Abel inversion.

The Abel inversion was made for the two Ti radiation intensities measured at an axial

position of z=20 mm in figures 7(a) and 7(b). Generally, the Abel inversion technique

assumes an axis-symmetric structure for the radiation intensity and requires to assign

the center axis. However, the radiation intensity distribution from the plasma is not

completely axis-symmetric structure. The assignment of the center axis position is

therefore one parameter to produce an error in temperature determination.

Figure 11 shows the estimation results on the radial distribution of TTi
ex with Abel

inversion and without Abel inversion. This figure includes three results on TTi
ex for three

different central axis positions with Abel inversion: r=0, 1, and 2 mm in figures 7(a)

and 7(b). In figure 11, the solid black curve shows the estimation result on TTi
ex without

Abel inversion for the specified center axis position of r =1 mm. The dashed curves

indicate the estimation results on TTi
ex with Abel inversion for the three different center

axis positions r =0, 1, 2 mm. The horizontal axis in this figure corresponds to the

radial position r′ from the specified center axis. As seen in figure 11, TTi
ex around the

central axis r′ <3 mm were estimated to be about 3000–3500 K with Abel inversion

for different center axis positions, whilst TTi
ex was evaluated as about 3700 K without
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Abel inversion. At 0mm < r′ < 7mm, the temperature differences among these four

curves are thus less than 1000 K. On the other hand, at radial positions r′ > 7mm,

there are large temperature differences among three dashed curves. As seen, Abel

inversion with uncertain central axis position produces a serious error >2000 K in

temperature determination. From the above error estimation, it was found that the

temperature error without Abel inversion around the center axis is less than 1000 K.

In addition, even with Abel inversion, uncertain center axis position for incomplete

axis-symmetric structure provides an error in temperature determination about 2000

K at r′ >7 mm in figures 7(c) and 8(b). Thus, Abel inversion was not carried out

for two-dimensional temperature determination in the present paper. Further accurate

2-D temperature determination needs a computer tomographic technique with different

observation directions in future work. Nevertheless, the 2-D temperature estimation

result presented here offers important information on distribution and its time variation

during nanoparticle synthesis.

5.3. Possibility in nucleation occurrence in the torch

In this section, just a possibility in nucleation occurrence in the torch is discussed on the

basis of saturation vapor pressure and then supersaturation condition. This discussion

does not explain complete routes to TiO2 NP formation, but only a nucleation possibility

in the torch. As shown in figure 10, there are three Ti-containing species, i.e. Ti atom,

TiO(g) and TiO2(g) molecules, in Ar-O2-Ti system at temperatures below 3000 K.

Molecules TiO2(g) plays an important role directly for TiO2 nucleation. In addition,

TiO(g) molecule may also have an important role for TiO nucleation (e.g., α-TiO(s), β-

TiO(s)) and then it oxides to produce TiOx(s) (1 < x < 2) clusters. However, there are

lacks of sufficient physical data about TiO(s) because it is unstable compared to TiO2(s).

Thus, we here focused only on a possibility in nucleation occurrence for TiO2(s) from

TiO2(g) in the torch. If we consider other routes to TiO2(s) nucleation, the nucleation

occurrence possibility in the torch would be further higher.

From the temperature distribution determined in the ICTP torch, we can estimate

the 2D distribution of saturation vapor pressure of TiO2(g). The saturation vapour

pressure distribution in the torch is an important parameter to guess nucleation

occurrence in the ICTP torch during TiO2 nanopowder synthesis. The saturation vapour

pressure was calculated from Clausius–Clapeyron equation (Sclau):

PTiO2
sat = P0 exp

{
(∆H)vap

R

(
1

T0

− 1

T

)}
(2)

where PTiO2
sat is the saturation vapour pressure of TiO2, P0 is the reference pressure

(atmospheric pressure), (∆H)vap stands for the latent heat for vaporization of TiO2, R

is the gas constant, T0 signifies the vaporization temperature of TiO2 at atmospheric

pressure, and T is the gas temperature. In this estimation of the saturation vapor

pressure distribution, TTi
ex was used as gas temperature T on the assumption of LTE

condition. The physical constants and quantities of monomer were collected from
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databooks [36, 37].

Figure 12 shows the estimated saturation vapour pressure distribution of TiO2 in

the ICTP torch. Panel(a) shows the configuration of the ICTP torch and the estimation

region, while panel (b) is the estimated saturation vapour pressure of TiO2 gas (P
TiO2
sat ).

As seen in panel(b), PTiO2
sat is calculated to be 107–108 Pa at off-axis region, whereas

it is less than 105 Pa at on-axis region. According to homogeneous nucleation theory,

nucleation can occur when the saturation ratio S is greater than unity (supersaturation)

at least. The saturation ratio S is expressed as following equation:

S =
PTiO2

PTiO2
sat

(3)

where PTiO2 is the partial pressure of TiO2(g). As shown in panel(b), the saturation

vapour pressure is greater than the ambient pressure (300 torr∼4×104 Pa) in most of

vapour region. This means that nucleation cannot occur there. However, at downstream

of on-axis region in the ICTP torch, the saturation vapour pressure PTiO2
sat becomes lower

than ambient pressure. This implies that TiO2 vapour can be in supersaturation state

if Ti feedstock is efficiently evaporated and then fully mixed with oxygen as shown in

figure 10(b). This result infers that TiO2 nuclei could be generated in this downstream

region in the ICTP torch. However, it should be noted that nucleation occurrence could

be estimated if the partial pressure of TiO2(g) would be measured in the ICTP torch.

The evaluation of the partial pressure of TiO2(g) and then nucleation occurrence are

underway in our group.

6. Conclusions

Two-dimensional optical emission spectroscopic (2-D OES) observations were conducted

to investigate the spatiotemporal distribution of radiation intensities from Ti atomic

lines and TiO molecular spectra during TiO2 nanopowder synthesis using an ICTP

torch. Furthermore, the 2-D distribution of Ti excitation temperature was estimated

from the 2-D OES results in the ICTP torch. The 2-D OES radiation intensities of

Ti and TiO, and the 2-D Ti excitation temperature elucidated a fundamental relation

between the Ti and TiO vapour and the temperature distribution. These results will be

useful to discuss the nucleation occurrence of nanoparticles in the plasma torch.
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Table 1. Experimental conditions.

Time-averaged input power 20 kW

Fundamental frequency of the coil current 304 kHz

Modulation Non-modulation

Pressure 300 Torr (∼40 kPa)

Gas composition Ar: 90 L min−1, O2: 10 L min−1

Carrier gas flow rate Ar: 4 L min−1

Quenching gas Non-injection

Valve open–close cycle 30 ms

Valve open–close time 8/22 ms (27%DFvalve)

Powder feed rate gpow 4–7 g min−1

Feedstock 100 wt%Ti powder

d̄ = 27 µm, d <45 µm
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Table 2. Two-dimensional spectroscopic observation conditions.

Observation area 47 × 46 mm2 region below the coil end

Diffraction grating 1200 grooves/mm

Wavelength resolution 0.4 nm

Spectral lines observed Ti I (453.32 nm) and Ti I (521.04 nm)

Frame rate for high speed 3000 fps

video camera
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Table 3. Physical quantities for respective Ti I spectra.

λ [nm] Config. E [eV] A [×106 s−1] g

453.3204 3d34s-3d34p 3.5827 88.3 11

453.4776 3d34s-3d34p 3.5693 68.7 9

521.0384 3d24s2-3d24s4p 2.4269 3.89 9
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Figure captions

Figure 1. The principle of 2-D OES system.

Figure 2. Experimental apparatus using an ICTP torch and solenoid valve.

Figure 3. Overall view of the experimental apparatus used for nanopowder

fabrication.

Figure 4. Two-dimensional spectroscopic observation region and observation system

using an imaging spectrometer and high-speed video camera.

Figure 5. Relation between I453/I521 and the Ti excitation temperature.

Figure 6. 2-D OES results for two Ti atomic lines. (a) High-speed solenoid valve

open–close signal. (b) Estimated actual feedstock injection timing into the ICTP torch.

(c) Ti I radiation intensity at 453.32 nm wavelength. (d) Ti I radiation intensity at

521.04 nm wavelength.

Figure 7. Comparison between Ti I radiation intensities and estimated Ti excitation

temperature distribution at t=16 ms. (a) Ti I radiation intensity at 453.32 nm

wavelength. (b) Ti I radiation intensity at 521.04 nm wavelength. (c) 2-D distribution

of Ti excitation temperature.

Figure 8. Comparison between Ti I and TiO radiation intensities and estimated Ti

excitation temperature distribution at t=16 ms. (a) Ti I radiation intensity at 453.32

nm wavelength. (b) 2-D distribution of Ti excitation temperature. (c) TiO radiation

intensity obtained from our earlier work [31].
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Figure 9. Comparison between 2-D OES results and estimated Ti excitation

temperature distribution. (a) Ti I radiation intensity at 453.32 nm wavelength. (b)

2-D distribution of Ti excitation temperature. (c) TiO radiation intensity obtained

from our earlier work [31].

Figure 10. Equilibrium particle compositions for the Ar-O2-Ti system: (a) 89%Ar-

10%O2-1%Ti, and (b) 50%Ar-25%O2-25%Ti.

Figure 11. Estimation result of Ti excitation temperature with Abel inversion at

z=20 mm.

Figure 12. Estimation result of TiO2(g) saturation vapour pressure in the ICTP

torch.
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Figure 6. 2-D OES results for two Ti atomic lines. (a) High-speed solenoid valve

open–close signal. (b) Estimated actual feedstock injection timing into the ICTP torch.

(c) Ti I radiation intensity at 453.32 nm wavelength. (d) Ti I radiation intensity at

521.04 nm wavelength.
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Figure 7. Comparison between Ti I radiation intensities and estimated Ti excitation

temperature distribution at t=16 ms. (a) Ti I radiation intensity at 453.32 nm

wavelength. (b) Ti I radiation intensity at 521.04 nm wavelength. (c) 2-D distribution

of Ti excitation temperature.
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Figure 8. Comparison between Ti I and TiO radiation intensities and estimated Ti

excitation temperature distribution at t=16 ms. (a) Ti I radiation intensity at 453.32

nm wavelength. (b) 2-D distribution of Ti excitation temperature. (c) TiO radiation

intensity obtained from our earlier work [31].
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