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To control temperature and reaction fields in thermal plasmas more effectively, we have recently developed 
arbitrary-waveform modulated induction thermal plasma (AMITP) system using a high-power semiconductor 
power supply with metal oxide semiconductor field effect transistors (MOSFETs) and insulated gate bipolar 
transistors (IGBTs). In this paper, we studied fundamental dynamic behavior of an Ar AMITP from electric and 
optical approaches. Time evolutions in the effective power and the radiation intensity of Ar lines were measured to 
understand the dynamic behavior of the AMITP. The Ar excitation temperature was also estimated by the two-line 
method. Results indicate that the effective power, the radiation intensity and the Ar excitation temperature of Ar 
AMITP can be changed largely following the coil current modulated by externally given arbitrary-waveform.  
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1. Introduction 
The inductively coupled thermal plasmas (ICTP) is 

widely used in the material processings, since it has 
some features of high enthalpy, high radical density, and 
little impurities[1-3]. However, it often has 
uncontrollable high enthalpy or high heavy particle 
temperature which causes thermal damages on the 
specimen or product in the material processings. To 
control the temperature of thermal plasmas, we have 
developed a pulse-modulated induction thermal plasma 
(PMITP) system [4]. This system modulates the coil 
current amplitude sustaining an ICTP in a rectangular 
waveform, and it produces a large periodical disturbance 
in thermal plasmas. This rectangular modulation of the 
coil current makes it possible to control the 
time-averaged temperature, chemical reaction and gas 
flow fields in thermal plasmas in time-domain. 

For further detailed control of temperature and 
reaction fields in thermal plasmas more effectively, we 
have recently developed an arbitrary-waveform 
modulated induction thermal plasma (AMITP) system 
using a high-power semiconductor power supply with 
metal oxide semiconductor field effect transistors 
(MOSFETs) and insulated gate bipolar transistors 
(IGBTs) [5]. This system controls the coil current 
amplitude to follow an externally-given arbitrary 
waveform.  

In this paper, we studied fundamental dynamic 
behavior of the Ar AMITP from electric and optical 
approaches. The modulated effective power was 
measured to understand the behavior of the Ar AMITP 

as a electrical load. Time evolution in the radiation 
intensity of Ar lines was measured at different axial 
positions to obtain the fluctuation in the Ar AMITP. The 
Ar excitation temperature was also estimated by the 
two-line method. Results indicate that the effective 
power, the radiation intensity and the Ar excitation 
temperature of Ar AMITP can be changed following the 
coil current modulated by externally given different 
waveforms. 
  

2. Modulated induction thermal plasma 
Fig. 1 illustrates a schematic of the coil current for 

different modulation operations. For a conventional steady 
operation of ICTPs, the coil current has a fixed amplitude 
with a fundamental frequency of several hundreds kHz as 
indicated in Fig. 1 (a). Such a radio-frequency ac variation 
in the coil current cannot change a heavy-particle 
temperature in an ICTP because the heavy particle 
temperature in the ICTP has an inherent response time of 
the order of milliseconds [6].  

Fig. 1 (b) shows the pulse-modulated coil current that 
we have developed previously [6]. In this case, the current 
amplitude is changed into a rectangular waveform with a 
modulation cycle of several tens of hertz. This 
pulse-modulation of the coil current in milliseconds 
markedly perturbs thermal plasmas, then the heavy particle 
temperature of plasmas changes periodically. Setting 
modulation parameters such as a duty factor and a shimmer 
current level [6] enables us to control the time-averaged 
temperature of thermal plasmas. 

On the other hand, Fig. 1 (c) indicates an 
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Fig. 3  Plasma torch configuration. 

arbitrary-waveform modulated coil current. This coil 
current amplitude is controlled to follow an externally 
given arbitrary waveform. Such an arbitrary-waveform 
modulated coil current leads to electric field and effective 
power. And the effective power leads to more detailed 
control of the temperature and also reaction fields in 
thermal plasmas in time domain. It may be possible that 
controlled coil current in the proper-waveform promotes or 
limits specified reactions of interest if its reaction rate is 
much different from others. 
  

3. Experimental setup 
3.1 Power supply for arbitrary-waveform 
modulated induction thermal plasma  

Fig. 2 shows the electric circuit of an rf power supply 
for AMITPs. The power supply consists of four main parts: 
a three-phase rectifier circuit, an insulated gate bipolar 
transistor (IGBT) dc-dc converter (chopper) circuit, a 
metal-oxide semiconductor field-effect transistor 
(MOSFET) full-bridge inverter, and an impedance 
matching circuit with a matching transformer and an LC 
series circuit. The driving frequency of the MOSFET 
inverter is controlled around 350-450 kHz using a 
phase-looked-loop (PLL) control to obtain load-impedance 
matching. The output current of the IGBT dc-dc converter 
circuit and then the amplitude of the MOSFET output rf 
current are controlled to fit the waveform of the 
externally-given modulation control signal using the pulse  
width modulation (PWM) control method to the IGBT. The 
modulation control signal is given externally with a 
programmable function generator. 
  

3.2 Plasma torch 
Fig. 3 illustrates the plasma torch used in the 

experiment. The torch is composed of two coaxial quartz 
tubes with 430 mm length. The inner tube has the interior 
diameter of 70 mm. Between the inner and outer tubes, 
cooling water flows from bottom to top side to keep the 
wall-temperature around 300 K. Argon gas is supplied as a 
sheath gas along the inner tube wall of the torch with a 
swirl to prevent the plasma from contacting the inner tube. 
This torch has an eight-turn induction coil. This coil is 
connected with an rf power supply with the MOSFET 
inverter unit through the matching circuit. 
  

3.3 Spectroscopic observation system 
Fig. 4 shows the spectroscopic observation system. 

Spectroscopic observation was carried out between the 
6-7th turns of the coil, at 10 mm, 80 mm and 160 mm 
below the coil-end on the axis of the plasma torch, which 
are designated by P, Q, R and S in Fig. 3. The observation 
region at each position is 7 mm in diameter. This region is 
larger than the 6-7th coil gap of 3 mm, and thus the 
intensity measured at P is decreased by the limited 

Fig. 2  Electric circuit for AMITP system. 

Fig. 1  Concept of modulated coil current 

(c) Arbitrary-waveform modulated current.
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Fig. 5  Time evolution in (a) modulation signal, (b) the 
inverter output current in root-mean-square value, (c) 
Inverter output effective power. The coil current amplitude is 
modulated into a triangular waveform. 
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Fig. 6  Time evolution in (a) modulation signal, (b) the 
inverter output current in root-mean-square value, (c) 
Inverter output effective power. The coil current amplitude is 
modulated into a triangle-rectangular waveform. 

observation region. The light radiated from the observation 
positions is transmitted through an optical lens and an 
optical fiber bundle to the slit of a monochromator. Using 
this system, time evolution in the radiation intensities at 
different three wavelengths can be simultaneously 
measured. In the present experiment, we measured 
temporal variations in the radiation intensities at 703 nm 
and 714 nm for Ar lines and 709 nm for continuum. 
Subtracting the measured radiation intensity at 709 nm 
from those at 703 and 714 nm yields the net radiation 
intensities of the Ar atomic lines at 703 and 714 nm. Using 
the net radiation intensities, Ar excitation temperature 
between the specified levels was estimated by the two-line 
method [7]. The above whole optical system was calibrated 
using a standard tungsten-halide lamp. 
  

3.4 Experimental condition 
For establishing an AMITP, we used Ar as a sheath gas. 

The gas flow rate was 40 slpm (standard liters per 
minute) for axial gas, and 40 slpm for swirl gas. The 
pressure was fixed at 200 torr. The input power to 
inverter circuit was set to 10 kW in any modulation cases. 
  

4. Experimental results 
4.1 Coil current and effective power 

Fig. 5 shows (a) the modulation signal, (b) the inverter 
output current in root-mean-square value and (c) the 
inverter output effective power in a triangular waveform 
modulation case. The effective power was determined from 
instantaneous current and voltage measured at the inverter 
output circuit. As seen in Fig. 5, the coil current of the 
order of 170 Apeak can be modulated according to the 
triangular modulation signal. The effective power rises 
slower than the coil current amplitude, which is reflected 
the thermofluid behavior of AMITP as described later.  

The experimental results for a triangle-rectangular 
modulation are indicated in Fig. 6. This signal was 
originally programmed and given to the IGBT. 

4.2 Radiation intensity of Ar atomic line 
Spectroscopic observation was carried out to find the 

dynamic behavior of Ar AMITP. Fig. 7 shows (a) the 
modulation signal, (b) the inverter output current in 
root-mean-square value, (c) the radiation intensity of the Ar 
atomic line at 714 nm, and (d) the Ar excitation 
temperature, in a triangular waveform modulation case. 
The radiation intensities in Fig. 7 (c) are those of Ar atomic 

Fig. 4  Spectroscopic observation system. 
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Fig. 7  Time evolution in (a) modulation signal, (b) the 
inverter output current in root-mean-square value, (c) 
radiation intensity of the Ar atomic line at 714 nm, (d) Ar 
excitation temperature from the two-line method. The coil 
current amplitude is modulated into a triangular waveform.

Fig. 8  Time evolution in (a) modulation signal, (b) the 
inverter output current in root-mean-square value, (c) 
radiation intensity of the Ar atomic line at 714 nm, (d) Ar 
excitation temperature from the two-line method. The coil 
current amplitude is modulated into a triangle-rectangular 
waveform. 

spectral line at 714 nm at different observation positions. It 
is seen that the radiation intensities are also changed 
periodically in triangular waveform according to the input 
effective power for different observation positions. 
However, there is a delay time found for radiation intensity 
against the coil current. The delay time was roughly 
estimated to be 2.5 ms from the time difference between 
the coil current amplitude peak and the peak of radiation 
intensities, and 5 ms from the time difference between the 
minimum of the coil current amplitude and the minimum 
of the radiation intensity at any observation positions. This 
delay time in the radiation intensity arises mainly from the 
thermal inertia of thermal plasmas which is governed 
mainly by mass density and specific heat of high 
temperature Ar gas. In addition, the radiation intensity at 
position R is higher than those observed at P, Q and S in 
this experimental condition. The intensity at P is the 
weakest because it is only the one transmitted through the 
6-7th coil gap. The higher intensity at Q and R may be 
attributable to the fact that a Ar plasma is generated inside 
the coil region and is transported to downstream region by 
a high axial gas velocity produced. This generation of the 
plasma in the coil and then convective transport of the 
plasma may bring the higher intensity at Q and R. Fig. 8 
(c) depicts the variation of the radiation intensity for the 
triangle-rectangular waveform. It is found that the radiation 
intensity for the rectangular part becomes higher than that 
for the first triangular part, which is due to the accumulated 
power input to the plasma. 
  

4.3 Ar excitation temperature 
Temperature is one of essential parameters to 

understand the state of thermal plasmas. In this work, the 
Ar excitation temperature was estimated by the two-line 
method using the two specified Ar lines at 703 and 714 nm 
[7]. Fig. 7 (d) depicts the time evolution in the Ar 
excitation temperature for the triangular waveform. The Ar 
excitation temperature can be also changed periodically 
into a triangular waveform according to the modulation 
signal for any observation positions. The Ar excitation 
temperatures measured at positions P and Q change from 
8000 K to 10000 K similarly. On the other hand, the Ar 
excitation temperature at R varies from 7000 K to 9000 K. 
At further downstream i.e. at position S, Ar excitation 
temperature changes from 5000 K to 7000 K. As seen 
above, the absolute value of the temperature decreases to 
downstream portions at any timing, whereas the 
temperature waveform are similar and the temperature 
fluctuation is about 2000 K at any axial observation 
positions, even at position S. It is also seen that the 
temperature at position P and Q has a peak value in 16 ms 
after transition from decreasing current to increasing 
current, while the temperature at position S reaches a peak 
in 17.5 ms after the transition. This means that temperature 
change travels from coil to downstream portion.  On the 
other hand, Fig. 8 (d) shows those for the 
triangle-rectangular waveform case. The Ar excitation 
temperatures are also confirmed to change by about 
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1000-2000 K at any axial positions according to the 
modulation signal. However, the temperature at position P 
is lower than at position Q in this triangular-rectangular 
modulation, which tendency is different from that in case 
of triangular modulation. This means that modulation 
shape can change axial temperature distribution in terms of 
time-averaged value. However, it is noted that the 
temperature change starts first upstream portions P and Q, 
and then the temperature at downstream portion R and S 
changes because of distance from the coil position. In this 
way, the Ar excitation temperature in Ar AMITP can be 
controlled by the modulated coil current in milliseconds. 
  

5. Conclusions 
In this paper, we studied fundamental dynamic behavior 

of the Ar AMITP. Time evolution in the coil current and the 
input effective power to Ar AMITP was measured and 
found to be modulated periodically following externally 
given waveform successfully. Spectroscopic observation 
was carried out to obtain the time-dependent radiation 
intensity of Ar atomic lines and Ar excitation temperature 
at different axial positions. The Ar excitation temperature 
at any axial position can change by 2000 K by a large 
disturbance in the coil current. 
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