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Chapter 1 
Introduction 
 

 

1.1 Background 
When spacecraft entry atmosphere of the earth or other planets, their entry velocity will be 

several km/s and then they are exposed to severe heat loads by aerodynamic heating as shown in Fig. 

1-1 [1~5]. Space shuttle entries the earth at the velocity of 7 km/s (Mach >20) and gas temperature 

in front of its nose is heated up to 7000K. Then, Thermal Protection System (TPS) are essential to 

protect spacecraft from such severe conditions. Its developments have begun in 1950’s for first 

manned space flights in Russia (Vostok, 4/12/1961) and in USA (Mercury, 5/5/1961) [6].  

As indicated by Auweter-Kurtz [7], TPS requires such characteristics as 1) low mass, 2) smooth 

surface to avoid an early flow change from laminar to turbulent, 3) necessary strength to withstand 

aerodynamic, aeroelastic, chemical and heat loads, 4) low catalysity not to encourage the 

recombination heating, 5) high emissivity to promote the radiation cooling. For such TPS 

developments, ground test facilities are necessary to simulate reentry conditions, because actual 

flight-tests have many problems such as high cost, difficult in reproducibility and restrictions of 

measurement equipments. 

Because, unfortunately, there is no facility to simulate such severe reentry conditions 

completely, various types of ground test facilities have been developed to simulate specific 

conditions as shown in Fig.1-2. Although, ballistic range, shock tubes, expansion tubes and shock 

tunnels (including reflected shock tunnels, gun tunnels, Stalker tubes) can produce high temperature 

and high total pressure conditions, their run time is restricted to be several ms to µs. It is too short 

for TPS tests because TPS surfaces remains cold and may less interact with the hot gas than actual 

flight conditions. The short run time also complicates measurement techniques. Therefore, plasma 

wind tunnels that can produce high temperature conditions for more than several ten minutes are 

most suitable for TPS tests and widely used in the world.  

In the following sections, plasma wind tunnels and diagnostics methods of their flows are 

overviewed and a motive of this thesis is presented. 
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Fig. 1-1 Trajectory of various reentry vehicles (Ref. [1]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-2 Stagnation temperature as a function of test time for various wind tunnels (Ref. [1]). 
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1.2 Plasma Wind Tunnels 
As indicated by Anfimov [8], plasma wind tunnels has various characteristics such as “(a) to 

prevent condensation during expansion of air or another test gas to hypersonic Mach number; (b) to 

duplicate air physical/chemical transformations for study of vehicle aerogasdynamics and heat 

transfer at hypersonic velocities and also for study of plasma envelopes around vehicles, their 

radiation and radio wave transmission through them; and (c) to duplicate the real thermal protection 

ablation process due to material internal physical/chemical changes as well as due to material 

physical/chemical interaction with a high temperature environment.” 

A basic concept of flow conditions in plasma wind tunnels is compared with that of actual flight 

flows as shown in Fig.1-3 [9]. Test gas heated by electric power in a plenum chamber is dissociated 

and ionized and then it is accelerated to supersonic by a convergent-divergent nozzle. Because in the 

nozzle, density of the flows rapidly decreased due to expansion, recombination rates of dissociated 

and ionized gases also decrease. Therefore, chemical composition of the flows almost keeps frozen 

during the nozzle expansion whereas translational energy is transferred to the kinetic energy and 

then translational temperature decreases. As a result, a large part of enthalpy is possessed as 

chemical potential instead of kinetic energy.  

In this way, plasma wind tunnels can produce same total pressure and specific enthalpy 

conditions with actual flights at stagnation point though flow Mach number is relatively low. Of 

course, differences of chemical composition and low Mach number in a free stream region should be 

cared in TPS tests. In fact, this non-equilibrium state in this region is one of the main problems in 

high specific enthalpy research fields [10].  

Since 1950’s, various plasma wind tunnels have been developed for various operational 

conditions. Here, according to Smith [11], these wind tunnels are classified in six types with respect 

to their heating methods: Huels arc, constricted arc, magnetically stabilized, segmented arc, 

magnetoplasmadynamic (MPD) and inductively coupled plasma (ICP). Especially in the former five 

types, arc heating is used and then they are conventionally called “arcjet”. Operational total pressure 

and specific enthalpy of these six wind tunnels are roughly mapped in Fig. 1-4. In the following 

sections, brief characteristics and history of these wind tunnels are described.  
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Fig. 1-3 Flow conditions in actual flight and plasma wind tunnel (Ref. 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-4 Pressure specific enthalpy envelops for various plasma wind tunnels (Ref. 10). 
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1.2.1 Huels arc wind tunnel 
An origin of the Huels arc wind tunnels is old. In 1909, the first prototype was developed by 

German professor Shoenherr as a stable arc plasma generator. In 1928, this basic design was applied 

to the production of acetylene by German chemical industry Huels AG and 7 MW class Huels arc 

plasma generator was developed [12]. The name “Huels” derives from this corporation. Then, in 

1950’s, the Linde Corporation applied the generator to simulate hypersonic flow under US Air Force 

contracts [13]. Because of the success of commercialization and abundance of patents, this type of 

wind tunnel is also called “Linde”. 

A schematic of a typical Huels arc wind tunnel is shown in Fig. 1-5. Both cathode and anode 

are tube-shaped and usually made of water-cooled copper. Working gas is injected into the chamber 

with a swirl between these electrodes. Arc column is sustained between the electrodes and its length 

is automatically determined by the operational conditions such as chamber pressure, discharge 

current and applied magnetic field. For reduction of the electrode erosion, one or two spin coils are 

equipped and an arc spot is rotated and diffused azimuthally by axial magnetic field.  

Advantages of this wind tunnel are high input power, high stagnation pressure, simple and 

rugged structure and relatively ease of maintenance. Especially, the highest stagnation pressure was 

reported at 25 MPa with the specific enthalpy of 5.6 MJ/kg [14, 15]. Then this wind tunnel is 

suitable for the tests of ablative materials.  

On the other hand, disadvantages are limitation of the enthalpy, flow fluctuation, high 

contamination and inconsistent performance. Although the high specific enthalpy is achievable at 

low total pressure, contamination of flows becomes a severe problem. 
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Fig. 1-5 Schematic of Huels plasma wind tunnel. 
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1.2.2 Constricted arc wind tunnel 
In 1960’s, constricted arc wind tunnels were developed for enhancement of the specific 

enthalpy and heat loss of a former NASA Ames concentric ring arcjet [16, 17]. A schematic of this 

wind tunnel is shown in Fig. 1-6 as well as that of the concentric ring arcjet. Since in the concentric 

ring arcjet, the arc region is quite small, most of air goes through outside the arc region resulting in 

the low energy coupling efficiency (Fig. 1-6 left). Then, in the constricted arc wind tunnels, the arc 

column is forced in a relatively small throat called “constrictor” with flow for the enhancement of 

the efficiency (Fig. 1-6 right). The cathode is rod shaped and made of a few percent thoriated 

tungsten to promote thermoionic emission. The anode is usually made of water-cooled copper and 

plays a role of divergent nozzle. Since the arc spot diffuses in the nozzle because of the low pressure, 

heat loss and erosion of the anode are reduced. Then, the higher specific enthalpy than that of Huels 

type is achieved [18].  

Advantages of this wind tunnel are simple and rugged structure, long test time and relatively 

ease of maintenance. On the other hand, in this wind tunnel, air cannot be used as working gas. 

Instead, non-reactive gases such as nitrogen or argon is used as mainstream and oxygen should be 

injected at the constrictor part to prevent the hot cathode from oxidation. Other problems are 

non-uniformity of flows and limitation of the input power due to the short arc column. These 

problems were resolves by the development of the segmented arc wind tunnels. Therefore, today, 

there is no large-scale wind tunnel of this type more than MW class input power. However, for their 

robustness in structure, kW class wind tunnels are widely used at laboratory levels as basic research 

tools [19-21]. 
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Fig. 1-6 Schematic of typical constricted arc plasma wind tunnel (right) and NASA Ames concentric 

ring arcjet (left, Ref. 16). 
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1.2.3 Magnetically stabilized arc wind tunnel 
Magnetically stabilized arc wind tunnels were developed at NASA Langley Research Center 

and the Redstone Arsenal in 1960’s [22, 23]. However, today, large-scale wind tunnels of this type 

are only installed at TsNIIMASH in Russia. These wind tunnels have been used for the development 

of carbon-carbon TPS of Buran and others [8, 24]. 

A schematic of this wind tunnel is shown in Fig. 1-7. The electrodes are four poles and the arc 

column is sustained between these electrodes and sidewall. Aside from this, only one pole type wind 

tunnels called “coaxial” are developed.  

Although operational conditions of these wind tunnels are almost same with those of the Huels 

type, flow contamination are severe and specific enthalpy is generally lower because of a short arc 

column and low energy coupling efficiency. 
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Fig. 1-7 Schematic of magnetically stabilized plasma wind tunnel. 
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1.2.4 Segmented arc wind tunnel 
Segmented arc wind tunnels were developed at NASA Ames Research Center in 1960’s [25]. 

These wind tunnels can operate under wide range conditions as shown in Fig. 1-4. The maximum 

total pressure, input power and specific enthalpy are reported at 12 MPa (AEDC, USA), 70 MW 

(CIRA, Italy), and 46.4 MJ/kg (NASA Ames, USA), respectively [26-28]. Therefore, in large-scale 

wind tunnels, this type is most widely used in the world. In USA, these wind tunnels have been used 

for developments and tests of TPS of all manned space vehicles and planetary entry or return 

missions capsules such as Gemini, Apollo, Space Shuttle Orbiter, Galileo and Viking and so on. In 

Japan, ISAS/JAXA (former ISAS) and ISTA/JAXA (former NASDA, NAL) have equipped these 

type wind tunnels and the developments and tests of carbon-carbon TPS for the asteroid sample 

return mission MUSES-C (currently called “HAYABUSA”) was conducted [29, 30]. In EU, CIRA 

and ESA have recently established the largest wind tunnel in 2001 and now various basic parameters 

are tested [27].  

A schematic of this wind tunnel is shown in Fig. 1-8. Different from the Huels type, the arc 

discharge is fixed between the electrodes and the long arc column is sustainable through the long 

constrictor. This constrictor is a series of segmented disks. These disks made of water-cooled copper 

are electrically insulated from each other and their potential is floated to prevent the diffusion of the 

arc column and to stabilize it. The potential difference between neighboring disks is kept at 30~40 V 

and this series of disks enables a high voltage operation. Working gas is injected through these disks. 

If both electrodes are made of water-cooled copper (IHF, NASA Ames [28]), air can be used. 

However, if the tungsten cathode is used (TP1, NASA Johnson Space Center [31]), oxygen is 

injected separately from nitrogen down stream of the constrictor to prevent the cathode from 

oxidation. Apart from the working gas, argon gas is mixed to promote ionization near the electrodes 

and prevent the electrode from oxidation. Typically, the argon is occupied 10% to 25% of total mass 

flow (IHF, NASA Ames). At the both electrodes, axial magnetic field is applied to reduce the 

electrode erosion. 
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Fig. 1-8 Schematic of segmented arc plasma wind tunnel. 
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1.2.5 MPD wind tunnel 
In 1960’s, an MPD wind tunnel was investigated as one of the application of MPD arcjet 

thruster in USA [32, 33]. Today, these wind tunnels were installed at the Institute fur 

Raumfahrtsysteme of Stuttgart University (IRS) in Germany and TsTIINSH in Russia [34].  

A schematic of this wind tunnel is shown in Fig. 1-9. The structure of the wind tunnels is very 

similar with that of the constricted arc type. However, discharge current is more than several kA and 

much higher than that of the constricted arc type. The high current ionizes test gas and accelerated it 

by a Lorentz force produced by a self-induced magnetic field. Therefore, the velocity of gas is much 

higher than those in other wind tunnels in which the gas is accelerated by the aerodynamic 

acceleration through the convergent/divergent nozzle.  

The specific enthalpy is reported up to 150MJ/kg (PWK2, IRS) [34]. In addition, the 

contamination level of the flows is much lower than those in Huels arc, constricted arc, magnetically 

stabilized, and segmented arc wind tunnels. A small amount of argon is injected on the upstream of 

the anode to reduce the erosion of anode and the 2% thoriated tungsten cathode enables a very low 

cathode erosion rate. As a result, hundreds of hours operation is possible without refurbishment of 

the generator. Therefore these wind tunnels are very suitable for simulation of high altitude 

conditions or catalytic tests. 
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Fig. 1-9 Schematic of MPD plasma wind tunnel. 
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1.2.6 ICP wind tunnel  
ICP was developed in USA and EU in 1960’s [35]. Although some efforts were poured, until 

1970’s the development of this type was abandoned with appearance of the segmented wind tunnels. 

Instead, several wind tunnels of this type were developed in 1980’s in the former Soviet Union [36]. 

After collapse of the Soviet Union, the research on these wind tunnels was disclosed and several 

wind tunnels of this type were developed in Germany, France and Belgium [37, 38]. In 2002, an 

110kw ICP wind tunnel has been installed in Japan (ISTA/JAXA) [39]. 

A schematic of the wind tunnel is shown in Fig. 1-10. In this wind tunnel, test gas is flowed in a 

quartz tube and heated by induction coil. Because of the indirect heating, there is no erosion of 

electrodes and then contamination level of the flows is extremely lower than those of any other wind 

tunnels. An ideal test condition for TPS tests can be produced because there are no undesirable 

chemical reactions that result from the contamination. Then, these wind tunnels are very suitable for 

catalytic research. Another advantage is that they can use even reactive gases such as carbon dioxide 

and oxygen because of their electrode-less heating. Mars or Venus atmosphere entry conditions can 

be simulated. 

A disadvantage of this wind tunnel is low total pressure. At the present time, total pressure is 

much less than 100kPa and most of the facilities are operated at subsonic. However, recently, a few 

hundred kPa operation of CO2 has been goaled for the Venus entry simulation [40]. 
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Fig. 1-10 Schematic of ICP plasma wind tunnel. 
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1.2.7 Lists of Plasma wind tunnels in the world 

Table 1-1 shows plasma wind tunnels in Japan with input power over 10kW. The wind tunnels 

overseas are summarized in Table 1-2. Typical input power, total pressure and specific enthalpy are 

tabulated [11, 41-50]. 

 

Table 1-1 Plasma wind tunnels in Japan. 
Affiliation Type Input power 

kW 
Total pressure, 

MPa 
Specific enthalpy 

MJ/kg 
ISAS/JAXA Huels 500 1 16 

JUTEM Constricted 20  0.1 10 
Kyushu Univ. Constricted 20  0.1 10 
Nagoya Univ. Constricted 12    
ISAS/JAXA Segmented 1000 1.05 9.5 
ISTA/JAXA Segmented 750  15 
ISTA/JAXA ICP 110 0.05 25 
ISAS/JAXA ICP 10 0.04 32 
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Table 1-2 Plasma wind tunnels in the world. 
Country Facility Affiliation Input 

power 
MW 

Total 
pressure, 

MPa 

Specific 
enthalpy, 

MJ/kg 
Huels 

USA 2.9 in Turbulent Flow NASA Ames 20 4 9.3 
USA Direct Connect NASA Ames 50 2.5 9.3 
USA AHSTF NASA Langley 10 4.5 3.7 
USA H-R AEDC 40 10 9.3 
USA H-2 AEDC 40 10 9.3 
USA LCAT Boeing 10 10 14 

France JP200 Aerospatiale 20 6 13.2 
France 9 MW HP Aerospatiale 9 13 5.1 
France Simoun Aerospatiale 5 1.5 14 

Germany L2K DLR 1 1.4 25.5 
Constricted 

Germany PWK4 Univ. of Stuttgart 0.1 0.1 30 
Magnetically stabilized 

Russia U15-T-1 TsNIIMASH 40 1.2 7.0 
Russia U-15-T-2 TsNIIMASH 50 5 8.1 
Russia TT-1 TsNIIMASH 10 8 9.3 
Russia TT-2 TsNIIMASH 6 2.5 46.5 

Segmented 
USA AHF NASA Ames 20 1 32.5 
USA IHF NASA Ames 60 1 46.4 
USA TP-1 NASA JSC 10 1 37.1 
USA TP-2 NASA JSC 10 1 37.1 
USA H-1 AEDC 30 12 12 
USA H-3 AEDC 68 12 11 

Germany L3K DLR 5 1.7 21 
Italy Scirocco CIRA 70 1.7 45 

MPD 
Germany PWK1 Univ. of Stuttgart 0.25 0.1 116 
Germany PWK2 Univ. of Stuttgart 1.0 0.05 150 

Russia MPDA-T16 TsNIIMASH 4 0.003 46.5 
ICP 

Russia IPG-3 IPM RASA 0.75 0.03 40 
Russia IPG-4 IPM RASA 0.08 0.1 40 
Russia VTS TsAGI 1.0 0.08 37.2 
Russia VAT-104 TsAGI 0.24 0.04 37.2 
Russia U-13-HFP TsNIIMASH 1.0 0.04 46.5 

Germany PWK3 Univ. of Stuttgart 0.15 0.01 80 
France Comete Aerospatiale 0.015 0.1 32.6 

Belgium Plasmatron VKI 1.2 0.1  
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1.3 Plasma Diagnostics 
As described above section, plasma wind tunnels are suitable for TPS developments because 

they can produce high specific enthalpy flows for a long time. Although it is necessary to 

characterize such flows for evaluation of TPS performances, their exact conditions such as specific 

enthalpy, total pressure and number density of species have not been relatively unknown [51-56]. 

Especially mechanisms of catalytic effects and oxidation of TPS, which have been recognized to 

cause heat flux enhancement and TPS damage, have not been enough clarified resulting in that TPS 

has been designed with a large factor of safety [57-62]. Then, accurate characterization of flows 

makes it possible to reduce TPS weight. Moreover, the characterization is useful for validations of 

CFD calculations for non-equilibrium flows. Therefore, various diagnostics techniques have been 

developed with the wind tunnels developments [63, 64]. These techniques are classified into 

intrusive and non-intrusive methods.  

 

1.3.1 Intrusive methods 
Intrusive methods are those to put a probe into the flow directly. Although these methods 

disturb the flow conditions by their insert, they are established methods. In the following paragraph 

the obtainable parameters and corresponding intrusive methods are described. These are also 

tabulated and compared with non-intrusive methods in Table 1-3. 

 

Specific enthalpy 
The specific enthalpy of the flow is the most important parameter to characterize performances 

of the wind tunnels and various techniques have been proposed: enthalpy balance, enthalpy probe, 

sonic flow, and stagnation point heat flux.  

Enthalpy balance method – This method is very easy and a most widespread one [64]. The 

specific enthalpy have is estimated by the plasma power Pplasma or the input power Pin and heat loss 

Ploss, expressed as, 
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where,  is the mass flow rate. In the former case, the plasma power is directly measured by a 

calorimeter and in the latter case, the heat loss power is estimated by the increase of cooling water 

temperature as shown in Fig.1-11 [37]. Although this method may give an indicator to characterize 

the wind tunnels, the estimated specific enthalpy is the averaged over the volume.   
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Fig. 1-11 Schematic of calorimeter (Ref. [37]). 

 

Sonic flow method – This method developed by Winovich is based on the fact that sonic mass 

flow is uniquely determined under thermal equilibrium as shown in Fig. 1-12 [65]. Then, the choked 

mass flow is determined by a given specific enthalpy and total pressure. Conversely, the specific 

enthalpy can be estimated by the mass flow and pressure expressed as,  
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Here, A is the cross sectional area, h is the enthalpy, p is the pressure, R is the gas constant, T is the 

temperature, ρ is the density, the subscript 0 refers to stagnation conditions and subscript * refers to 

conditions at the throat. 

In the pressure range 0.025 MPa<p0<10 MPa, the above expression considering real gas effects 

is empirically approximated as [66], 
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Here, C is the constant factor. The effects of boundary layer, non-equilibrium chemistry and heat loss 

to the nozzle wall were examined. As well as the enthalpy balance method, this method gives only 

the averaged enthalpy.  
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Fig. 1-12 Conceptual figure of sonic flow method (Ref. [65]). 

Enthalpy probe – Typical conceptual figure of the enthalpy probe is shown in Fig.1-13 [67, 

68]. The hot gas taken in the tip of probe is cooled through the probe and then mass flow and the 

temperature are measured at the end of probe. The influence of heat flux on the probe other than inlet 

gas can be removed by opening and closing the inlet. Then the specific enthalpy is estimated by the 

following equation. 
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Here, the specific heat at constant pressure of the gas, the specific heat of water, mass flow rate and 

temperature increase of the cooling water are Cp, Cw, , ∆T, respectively. This method is not 

suitable for the high enthalpy measurements because the cooling pass must be prolonged to cool the 

gas enough. In addition, they are neither suitable for the low-pressure flows because in difficulty of 

the low mass flow measurements. 
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Fig. 1-13 Schematic of enthalpy probe (Ref. [63]). 
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Stagnation point heat transfer method – Assuming the frozen boundary layer with a fully 

catalytic surface of TPS, the empirical correlation was proposed by Pope to reform the Fay and 

Riddel’s equation, expressed as [69,70], 
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Here,  is the heat flux density, Rq& eff is the effective leading edge radius of the probe, and K is the 

constant depending on the gas. The heat flux is usually measured by Gardon gage made of 

water-cooled copper as shown in Fig.1-14. In non-equilibrium flows, however, a part of enthalpy is 

possessed in chemical potential because the recombination does not occur completely on the surface 

of TPS. Then, the specific enthalpy would be underestimated. Although a correlation for a finite 

catalysity and non-equilibrium flows has been proposed by Goulard, it requires detail chemical 

parameters.  

 

 

 

 

 

 

 

 

 

 

Fig. 1-14 Schematic of heat flux probe (Ref. [37]). 
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Total pressure 
Pitot probe – For the total pressure measurement, Pitot probes shown in Fig.1-15 have been 

widely used. Care should be pair for the difference between subsonic and super sonic flows as 

described in following paragraph. As for the measurement technique, a hole of the probe should be 

larger than the mean free path of the gas.  

 

 

 

 

 

 

 

 

Fig. 1-15 Schematic of Pitot probe (Ref. [63]). 

 
Flow velocity 

Pitot probe – With the measurements of total pressure by Pitot probes, Mach number can also 

be estimated. The relationship between pressure ration and Mach number is expressed as, 
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Here, ppitot, pamb and γ represents total pressure, ambient pressure and ratio of specific heat. 

 

Mach probe – In supersonic flow, disturbance caused by a wedge probe spreads as the sound 

wave. This disturbance region is limited by the Mach line as shown in Fig.1-16. Then, Mach number 

is estimated by the angle α between the Mach line and the flow axis expressed as, 

 
αsin

1
=M . (1-8) 

Although the wedge of the probe should be sharp to clear the Mach line, the sharpness is limited by 

the cooling system to prevent the erosion.  
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Fig. 1-16 Schematic of heat flux probe (Ref. [63]). 

 
Time of flight probe – This method consists of two electrostatic double probes put in a flow at 

a distance as shown in Fig. 1-17 [63]. The velocity of the flow is estimated by delay time of a 

disturbance of the flow detected by the upstream and downstream probes. The disturbance is caused 

by the power supply system of the wind tunnels on purpose or their natural fluctuations are used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-17 Conceptual figure of time of flight probe (Ref. [63]). 
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Species number density 
Mass spectrometer – The density and energy distributions of neutral and ionized particles are 

estimated [63, 71]. A schematic of mass spectrometer is shown in Fig. 1-18. The incoming particles 

are ionized in an ion source and then classified by an energy analyzer. Then, the relative density of 

each species can be measured. If the particles have same mass (for example, N2 and CO are 

28g/mol), the ionization potential energy is used to distinguish them. For the absolute measurements, 

a reference cell is used.   

 

 

 

 

 

 

 

 

Fig. 1-18 Schematic of mass spectrometer (Ref. [71]). 

 

Electron density and temperature 
Electrostatic probe – Electrostatic probes firstly developed by Langmuir are most 

conventional tools for plasma diagnostics [72]. Although there are many kinds of electrostatic probes 

such as the single probe, double probe, triple probe and emissive probe, a brief concept of the single 

probe is described here. 

A schematic of single probe and a current-voltage curve of the single probe is shown in 

Figs.1-16, 17. Here, Vs, Vf, Iion and Ies are space potential, floating potential, ion saturation current 

and electron saturation current, respectively. In the transition region, the current-voltage curve is 

expressed as, 
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Here, k is the Boltzmann constant. Then, electron temperature Te is obtained by the gradient in this 

region. Electron density ne is obtained by the electron current at the plasma potential Ies expressed as, 
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Here, S is the surface area of the probe, e is the electron charge and me is the electron mass. This 

value is estimated by linear extrapolations of the current in transition and electron saturation regions.  
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Fig. 1-16 Schematic of single probe (Ref. [63]). 
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Fig.1-17 Typical current-voltage curve in a single probe measurement. 
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1.3.2 Non-intrusive methods 
Although emission spectroscopy was formerly the only non-intrusive method, various methods 

have been developed with the development of laser. In general, these methods are roughly classified 

into spectroscopy, scattering, interference, transmission and reflection [63, 73]. As a high enthalpy 

diagnostics method, spectroscopy is most often used because the other methods, which are targeting 

electron density and temperature, are difficult to be applied to the flow due to the low degree of 

ionization and low temperature. In this section, therefore, only the spectroscopy is referred. 

Spectroscopy is based on transitions of electrons in atoms or molecules such as spontaneous 

emission, absorption and fluorescence. For each process, emission spectroscopy including 

Fabry-Perot Interferometer (FPI), Laser Absorption Spectroscopy (LAS) and Laser Induced 

Florescence (LIF) has been developed. Apart from the other methods, these spectroscopes have 

usually information of several flow properties. Then, the limit of application should be cared. In the 

following paragraph, measurable parameters are briefly summarized and tabulated in Table1-3. Next 

the comparisons of theses spectroscopes are described. 

 

Specific enthalpy 
Total specific enthalpy of a flow is a sum of static enthalpy , kinetic energy and chemical 

potentials expressed as, 

 ∫ ++= 2
0 2

1 uhdTCh chemp . (1-11) 

Here, Cp is the specific heat at constant pressure, hchem is chemical potential and u is the flow 

velocity. Then, translational temperature, flow velocity and excitation, degree of dissociation and 

that of ionization are necessary. These parameters can be obtained by LAS and LIF described below. 

 

Flow velocity 
Flow velocity is estimated by FPI, LAS and LIF using the Doppler shift of a spectral line [73]. 

Since resolutions of conventional monochromaters is usually not enough high to measure the 

Doppler shift (∆λshift~7pm for λ0~1µm, v~2000m/s), ES is difficult to be used. The theoretical detail 

is described in the next chapter. 

 

Species density 
Species density is estimated by LAS and LIF [73]. Although ES was also used previously, the 

absolute calibration is too difficult and contains much error. Then recently it has not been used. The 

theoretical detail is described in the next chapter. 
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Electron density and temperature 
Electron density and temperature are estimated by ES, FPI, LAS and LIF using Stark shift or 

broadening [73]. This method is usually applied to hydrogen atom because the Stark effect is 

completely analyzed theoretically and its effect is prominence [74]. As for the other atoms, both shift 

and broadening are much smaller in low-pressure plasma. Moreover, their theoretical approximation 

includes much error and is questionable. The approximated expression for atomic oxygen is 

described in the next chapter. 

 

Excitation temperature 
Excitation temperature is estimated by ES using relative line intensities. This method is 

applicable only for the thermal equilibrium, local thermal equilibrium (LTE) or partial-LTE flows. 

Under these conditions, the population density of excited level obeys the Maxwell distribution and 

emission intensity from the level is expressed as,  
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Here, ε, h, c, λ, g, z, A, n, E, k, Tex, i, j are emission intensity, Planck constant, velocity of light, 

wavelength, statistical weight, total partition function, Einstein coefficient, population density, 

excitation energy, Boltzmann constant, excitation temperature, lower level and upper level, 

respectively. Then, at the constant excitation temperature, eq.(1-12) is rewritten as, 
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Here, K is the constant. Then, from a few emission lines for a same atom, excitation 

temperature can be estimated by the gradient in excitation energy-logarithm of number density 

diagram [63,75]. This method has an advantage that it requires not absolute calibration but just 

relative intensity. However, for accurate measurements, many emission lines whose excitation 

energy is distributed over wide range are necessary. It is also remarked that excitation temperature 

does not always agree with electron temperature.  

 

Translational temperature 
Translational temperature is estimated by FPI, LAS and LIF using Doppler broadening [61]. 

The theoretical detail is described in the next chapter. 
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Rotational/vibrational temperature 
Rotational and vibrational temperature is more complex than excitation one. In their theoretical 

expressions, rigid body and harmonic oscillation are firstly assumed and then corrected. The term 

values of vibrational and rotational energy are expresses as [76], 
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Here, G and F are term values of vibrational and rotational energy, v is the vibrational quantum 

number, J is the rotational quantum number, ωe, ωexe, ωeye are vibrational constant, Bv is the 

rotational constant and Dv is the constant considering centrifugal force into rotational constant. In 

both equations, the first terms represent theoretical model (rigid body or harmonic oscillator) and the 

other terms originate from non-rigid body, anharmonic oscillator and their interaction effects. These 

constant are experimentally determined [77]. 

These temperatures are estimated by ES with the fitting to the computed line profiles or by LAS 

FPI and LIF using relative line intensities [78, 79].  
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Table 1-3 Diagnostic method. 

Parameter Intrusive method Non-intrusive method 

Specific enthalpy 1. Energy balance  

2. Enthalpy probe 

3. Sonic flow 

4. Stagnation point heat transfer

1. Translational temperature, flow 

velocity and species density (LAS, 

LIF, FPI) 

Heat Flux 1. Gardon gage 

2. Slug calorimeter 

3. Radiometer probe 

- 

Flow velocity 1. Pitot probe  

2. Mach probe 

3. Time of flight probe 

1. Doppler shift (LAS, LIF, FPI) 

Stagnation pressure 1. Pitot pressure probe - 

Species density 1. Mass spectrometer 

2. Solid state electrolyte probe 

1. LAS 

2. LIF with a reference cell 

3. CARS (Raman scattering) 

Electron density and  

temperature 

1. Electrostatic probe  

2. Plasma absorption probe 

 

1. ES with computation 

2. Stark effect (ES, LAS, LIF, FPI) 

3. Thomson scattering 

4. Interference (Mach-Zehnder, etc.) 

Excitation temperature - 1. ES 

Translational temperature - 1. Doppler broadening  

(LAS, LIF, FPI) 

Rotational and 

vibrational  

temperature 

- 1. Molecular band (ES, LAS, LIF) 

with/without computation  
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1.3.3 Selection of diagnostics method 
As surveyed above, LAS is much superior to conventional probe methods: 1) it doesn’t disturb 

flows 2) translational temperature and number density can be measured though they are difficult to 

be measured by probe methods. Furthermore, compared with other spectroscopy such as ES, FPI and 

LIF, LAS has following advantages as tabulated in Table 1-4.  

It can be possible for optically thick plasma and number density can be obtained without 

calibration though others are not applicable to such plasma and need an absolute calibration source 

or a reference cell. Furthermore, using a diode laser, LAS system is very low cost and compact. Then, 

the system can be portable everywhere. On the other hand, monochromator or excimer and dye 

lasers are expensive. Especially the excimer laser is a large equipment and almost impossible to 

carry. As for the wave length resolution, in LAS around 0.001nm is possible using etalon whereas 

that of monochromater is around than 0.1nm. Therefore, in this study, LAS is adopted as a high 

enthalpy diagnostics tool. 

 

 

Table 1-4 Comparison of LAS, ES and LIF. 

 LAS ES (FPI) LIF 

Optically thick plasma Applicable Inapplicable Inapplicable 

Calibration No need Absolute light source Reference cell 

Portability Easy Possible Impossible 

Equipment Not expensive Expensive Very expensive 

Wave-length resolution <1pm ~0.1nm <1pm 
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1.4 Laser Absorption Spectroscopy 
1.4.1 History of absorption spectroscopy 

An origin of spectroscopy is the discovery by Newton in 1666 [80]. He found that sunlight 

could be divided into spectral colors by a prism. After that, in 1802 [81], Wollaston discovered the 

existence of dark lines in the solar spectrum. In 1814, Fraunhofer investigated the dark lines in detail. 

He found over 700 dark lines, which were known as Fraunhofer lines and included a famous Na-D 

line [82]. After the observation of emission lines of metal salts of sodium, potassium, lithium and 

strontium etc. in an alcohol lamp by Talbot and Hershel in 1826 [83], Kirchhoff concluded that the 

Fraunhofer lines were caused by absorption of vapor sodium etc [84]. Kirchihoff and Bunsen 

invented many instruments such as variable slit, collimator lens and Bunsen burner [85]. From then 

on, qualitative analysis has been introduced to spectroscopy.  

An atomic absorption spectroscopy was proposed by Walsh in 1955 [86]. In this method, 

atomic lines emitted from the same kinds atom with sample one in flames or hollow cathode lamps 

are used as light source. This light is introduced to the flame in which the sample materials are 

vaporized. Then, the concentration of the vaporized sample is obtained by the absorption of the light 

through the flame. This method has advantages of higher sensitivity and accuracy than that using 

continuum light sources. However, the sensitivity and accuracy are not still enough high to detect 

detail shapes of absorption lines because it is difficult to scan the frequency of the light source.   

Laser (Light Amplification by Stimulated Emission and Radiation), which was proposed by C. 

H. Towns and A. L. Schawlow in 1958 [87] and realized by T. H. Maiman in 1960 [88], has caused 

dramatically progress in the spectroscopy because of its directivity, monochromaticity, narrow line 

width, tenability of frequency and stability. Especially, after invention of a diode laser by Z. I. 

Alfenov et al. in 1970 (double heterostructure; continuous wave oscillator and operation at room 

temperature is possible) [89], laser absorption spectroscopy has become widespread in many 

research fields. 

 

1.4.2 Applications of Laser absorption spectroscopy in other fields 
Laser absorption spectroscopy has been applied in such fields as chemical physics, plasma 

processing, environmental problems, and gas dynamics and combustion.  

In chemical physics, atomic and molecular structure, internal state, energy transfer and cross 

sections have been investigated [90, 91]. Especially, near infrared region corresponds to vibrational 

transition energy of OH, CH, NH and SH, which are important in chemistry. 

Plasma processing has played important roles for developments of semiconductors [92, 93]. 

Because, miniaturization, integration, high quality and large diameter of silicon wafer have been 

required with the developments, controls of plasma conditions have become important. Laser 

absorption spectroscopy makes it possible to measure concentrations of radical species such as CFx, 
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SiHx and translational temperature in such low-pressure plasma. Recently, a new control approach 

has been proposed that plasma conditions are adjusted by feedbacks of time and spatially resolved 

monitored concentrations of radical species. 

Environmental problems such as air pollutant, green house effect and depletion of ozone layer 

have recently remarkably got attention in the world. Target areas of these problems are atmosphere 

from the ground to high altitude. Then, remote sensing by laser called “lider” (Laser Identification, 

Detection and Ranging) is very useful because it is easy to cover wide area due to its directivity [94, 

95]. Distributions of concentrations of NOx, CO2 and O3 have been actively measured. Recently, 

utilization of satellites has been planned and tested as laser oscillators to cover wider areas. 

Gas dynamics and combustion are important in industries from automobiles to aerospace. After 

inventions of a single longitudinal mode diode laser in 1980’s, applications of a diode laser 

absorption spectroscopy to this fields has been widespread with developments of general technology 

of optical measurements such as fiber coupling and high sensitive methods because a diode laser is 

compact, low cost and wide oscillation range from visible to infrared (0.4µm~30µm) [96, 97]. In 

these fields, various gas dynamic properties such as concentrations, temperature and flow velocity 

have been measured. 

 

1.4.3 Applications of LAS to plasma wind tunnel flows and its problems 
In aerospace fields, a diode laser absorption spectroscopy has been widely applied to rocket 

engine and shock tunnels diagnostics. Since late 1970’s, Hanson et al. has applied LAS to 

combustion flows, shock tube flows, atmospheric ICP torches. They have measured translational 

temperature, number density of absorbers and electron density [98-101]. In 1997, Zhang applied 

LAS to arcjet thruster plumes and measured translational temperature and flow velocity [102]. 

However, there are few applications to plasma wind tunnel flows. In 2004, Kim and Hanson et 

al. applied LAS to the segmented type plasma wind tunnel (IHF in NASA Ames) flows [103]. They 

targeted argon, oxygen atom, nitrogen atom and copper in the arc discharge part and in the plume. 

Although absorption profiles for such species could be detected in the arc discharge part, the profiles 

were split by Zeeman effects. Then he estimated the population temperature between grand and 

absorbing states assuming thermal equilibrium instead of the translational temperature. In the plume, 

he measured the tranlational temperature by seeded sodium profiles, whose absorption sate is ground 

one and its line belongs near infrared region (769.9nm), because the absorption lines from 

meta-stable for other species could not be detected. Then, he concluded the number density of 

meta-stable state is much less than expected under thermo-chemical equilibrium assumptions and 

most atomic species are in ground state. 

Therefore, before applying LAS to plasma wind tunnel flows, applicable limit and accuracy of 

it should be examined. Especially for absorption profiles, several abnormal behaviors in 
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low-pressure plasma have been reported. Lindsay reported incomprehensible features of two Ne 

lines that 1) Lorentz width was in proportional to the ambient pressure and 2) broadening constants 

were different in different temperatures [104]. Kasai reported that absorption profiles of meta-stable 

argon in low-pressure thin plasma were distorted and its Gauss width was larger than Monte Carlo 

expectation [105]. Then, experimental examinations of absorption profiles for various conditions are 

necessary as well as theoretical one. In this thesis, an effect of laser intensity on line broadening is 

focused and carefully investigated. Although their phenomenon called absorption saturation is 

theoretically analyzed [73], there are few reports concerning its quantitative investigations. 
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1.5 Objectives 
Objectives of this thesis are 1) to establish a diagnostic system for the plasma wind tunnel using 

diode laser absorption spectroscopy (LAS) and 2) to characterize flow properties in low-pressure 

plasma wind tunnel. 

 

1) Development of LAS system 

To validate applicable limit and accuracy of LAS with particular emphasis on error analysis and 

an effect of absorption saturation on measurement parameters 

 

2) Application to plasma wind tunnel flows 

To characterize plasma wind tunnel flows by measurements of time and spatially resolved 

translational temperature and chemical composition  
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Chapter 2 
Applicable Limit of Laser Absorption 
Spectroscopy 
 

 

This chapter presents a theory of laser absorption spectroscopy applied to plasma wind tunnes 

in Chapter 3-5 and its experimental equipments. 

 

2.1 Principle of Laser Absorption Spectroscopy 
From the quantum theory [105], of the infinite number of orbits of an electron about an atomic 

nucleus, which are possible according to classical mechanics, only certain discrete orbits actually 

occur. A transition of the electron from one state to another can take place by absorbing a incident 

laser beam whose energy corresponds to the difference between the two states. This absorption 

profile of atomic lines has information such as its wavelength, intensity and shape. From such 

information, number density, translational temperature and flow velocity of the absorbing atom can 

be deduced. The relationship between these physical parameters and absorption profiles are 

illustrated in Fig.2-1. In this section, application condition of laser absorption spectroscopy is 

discussed and the detail of the relationships described above is presented. Finally the measurement 

limit is considered. 
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Fig. 2-1 Relationship between physical properties and absorption profiles 
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2.1.1 Laser absorption 
The intensity decrease dI of a laser beam with intensity I propagating along x direction through 

an absorbing sample is expressed as, [73, 105] 

 xn
g
g

nII j
j

i
iij dd ⎟

⎟
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⎞
⎜
⎜
⎝

⎛
−−= σ . (2-1) 

Here, i,j are lower and upper energy levels, ni, nj are the population density, gi, gj are the statistical 

weight and σij is the absorption cross section. As long as the population density ni and nj of the two 

levels Ei and Ej are not noticeably altered by the interaction with the radiation field (weak 

approximation), they can be regarded as constant. The absorbed intensity is then proportional to the 

incident intensity, that is liner absorption. The integration of (2-1) over the absorption path x gives 

Beer’s law for linear absorption, 
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Here, k is absorption coefficient. 

 

2.1.2 Absorption coefficient 
Assuming that laser absorption consists of absorption and induced emission, the total 

absorption is expressed as, 

 ( )jjiiij nBnB
c

hk ddd −=
ννν  (2-3) 

Here, Ni is lower state number density, Nj is the upper state number density, Bij, Bji is the Einstein B 

coefficients. Substituting the following relationship between A and B coefficients, 
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to the equation (2-2), the integrated absorption coefficient is expressed as, 

 40



 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

≡ ∫
+∞

∞−

i

j

j

i
iji

i

j

n
n

g
g

nA
g
g

h
c

kK

1
8

d

3

3

νπ

νν

 (2-5) 

Assuming the Boltzmann equilibrium between ni and nj states, ni is related to nj as,  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
−=

ex
exp

kT
E

n
g
g

n ij
i

i

j
j  (2-6) 

Here, ∆Eij is the energy between Ni state and Nj state, k is Boltzmann constant and Tex is the electron 

excite temperature. From the equations (2-7) and (2-8), the following relationship is obtained [116- 

110]. 
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In our research, ∆E12 /k corresponding to oxygen 777.19 nm and argon 840.82 nm absorptions is 

about 20,000K [111]. This is much smaller than Tex. Therefore, the integrated absorption coefficient 

is expressed as follows. 

 iji
i

j nA
g
g

K
π

λ
8

2
=  (2-8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 41



2.1.3 Line broadening 
Absorption profile of atomic line is broadened by various physical mechanisms, and is 

expressed by a convolution of the Lorentzian and the Gaussisan distributions. Here brief derivations 

and results are presented [73]. 

 

Doppler broadening 

The proper frequency ν0 of a moving atom at velocity v is observed to be shifted by the Doppler 

effect to 
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Here, c is the velocity of light. Assuming that the velocity distribution of the atom obeys to the 

Maxwell distribution, the probability that the velocity component of the atom to the light direction is 

in ν+∆ν is 
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Here, MA is the atom mass, k is Boltzmann constant and T is the temperature. Therefore, a 

normalized profile is a Gaussian and expressed as, 
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This is called the Doppler broadening. The full width at half maximum (FWHM) ∆νD is related to 

the temperature as follows. 
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Natural Broadening 
Natural broadening is originated by the finite time of the transition. The Heisenberg uncertainty 

principle is expressed as, 

 h≈∆⋅∆ tE  (2-13) 

Considering that the life time of the atom is ∆t=1/A, the uncertainty of the frequency ∆νN is 

expressed as, 

 

π

ν

2
A
h
E

N

=

∆
=∆

 (2-14) 

This profile is the Lorentz type. Generally, typical A coefficient is from 107~108s-1 [111]. Therefore 

∆νΝ is the order of 2~20MHz. 

 

Collision Broadening (Pressure Broadening) 
The collision broadening is originated from the fact that atoms are perturbed by collisions with 

other atoms (or molecules). In the phenomenological treatment, two types of collisions are discussed. 

One is the collision-induced transition and the other is the phase-changing collision. In the former 

collision, if the energy difference between atomic levels is not very large compared with the kinetic 

energy of the colliding atom, the collision induces a transition between the atomic levels. In the latter 

one, phase of the state suffers a phase shift by collisions because the phase of atomic wave function 

is more frequently perturbed than is the population of the atomic level by collisions with other atoms. 

This profile is the Lorentzian and the FWHM of these broadening ∆νC is expressed as, [73] 

 ( )pCCCC 1221 2++=∆ν  (2-15) 

Here, p is the pressure, C1, C2 are the parameters related to with the collision-induced transition, and 

C12 is the parameter related to the phase-changing collision.Values of these three parameters are 

experimentally found in the range from 1 to 30 MHz/torr depending on the kind of atoms (or 

molecules) and temperature. 
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Stark Broadening 
Stark broadening originates from the fact that the degeneracy is solved by the electric field 

which a surrounding electron makes. This profile is the Lorentz type and is expressed as, [73] 
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⎛ −×+×=∆ −− wnTnn eeeeS αν  (2-16) 

Here, w is electron impact parameter,αis ion-broadening parameter, ne is electron density, and Te is 

electron temperature.  

 

Saturation Broadening 
Saturation broadening is originated from the increase in the line width with the optical field intensity 

by the nonlinear effect as described in section 2.1.1. This profile is the Lorentz type and the 

broadening ∆νP is expressed as,  

 
221 xP +=∆ γ

π
ν  (2-17) 

Here, γ is the reciprocal of the mean collision time and x is the Rabi frequency. 

However, absorption saturation was found to cause the more broadening than that described 

above. A detail is described in Chapter 3.  

 

Transit-time Broadening 
Transit-time broadening is originated from the transit of the particles through light beam. This 

profile is Lorentz type and the broadening ∆νT is expressed as, [73] 
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Here, v is the velocity of the atom and a is the beam diameter. 
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Table 2-1 Comparison of broadening effects 

Broadening Origin FWHM Typical Value 

Doppler Thermal motion of 

 atoms and molecules 
AM

kT
c

22ln2 0ν
 

~2.2 GHz  

(Oxygen 1000 K) 

Natural Finite time of transition 

π2
A

 
~1.6 MHz 

(A=10-7 s-1) 

Collision Interparticle collision ( )pCCC 1221 2++  ~10 MHz  

(0.1 torr) 

Stark Electric field * ~36MHz 

(Oxygen Ne=20 m-3) 

Saturation Absorption saturation 221 x+γ
π

 
~10 MHz  

(10 mW ) 

Transit-time Transit of particles through 

the laser beam a
v
π2

 
~1 kHz  

(α=1 mm) 
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2.1.4 Line shape function 
The actual absorption profile would be the convolution of the Gaussian and Lorentzian. The 

profile is called the Voigt profile and expressed as, 
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This equation is also expressed by the following parameters as, 
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Here, a represents the ratio of Doppler and Lorentz profile. If is equal to 0, the profile is Doppler 

one. From this profile each parameters of Doppler and Lorentz profile can be obtained. 

a

However, in this research, the broadening of Lorentz profile is much smaller than that of Doppler 

one as shown in Table 4-1. Therefore, broadenings except for Doppler one are neglected and 

obtained profiles were fitted by Gauss profile. 

 

2.1.5 Absorption Shift 
The absorption wavelength of the moving atom in a direction shifts by the Doppler effect. 

Therefore, from the shift quantity and the angle between the moving direction and the laser beam, 

the flow velocity is obtained by the following relationship. 

 
θ
λν

cos
0⋅∆

=V  (2-22) 

Here, V is the flow velocity, ∆ν is the shift quantity, λ0 is the absorption wavelength of the atom at 

rest and θ is the angle between the flow direction and laser beam. 
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2.1.6 Absorption Target 
In this research, the target absorption lines are the transition from the metastabe oxygen (3s5S) 

and argon (4s2[1/2]). This is because number density of metastable states is much larger than other 

excited states one, so that it is easy to detect the absorption profiles. The transition data of these lines 

and their Grotrian diagrams are shown in Table 2-2 and Figs 2-2 and 3 [111]. 

 

Table 2-2 Transition data. 
 1 2 λ 

(nm) 
E1  

(eV) 
E2 

 (eV) 
g1 g2 A21 

(108s-1) 
OI 
OI 
OI 
ArI 
ArI 
ArI 

3s5S 
3s3S 
3s3S 

4s2[1/2] 
4s2[3/2] 
4s2[1/2] 

3p5P 
3p3P 
3s3S 

4p2[3/2] 
4s2[5/2] 
4s2[3/2] 

777.19
844.62
844.64
840.82
842.46
852.14

9.15 
9.52 
9.52 
11.62 
13.28 
11.62 

10.74 
10.99 
10.99 
13.09 
14.74 
13.28 

5
3
3
3
3
3

7
1
5
5
5
3

0.369 
0.322 
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0.223 
0.215 
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Fig. 2-2 Grotrian diagram of atomic oxygen. 
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Fig. 2-3 Grotrian diagram of argon. 
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2.2 Measurement System 
Figure 2-4 shows the schematic of an optical system used in this research. Tunable diode-lasers 

with an external cavity were used as the laser oscillator. The line width of both lasers is smaller than 

300kHz. The modulation frequency and width were 10Hz and 20GHz, respectively. The optical 

isolator is used to prevent the reflected laser beam from returning into the external cavity. The laser 

beam is divided into three beams by beam splitters. The first beam is directly detected by a 

photo-detector as a reference signal. The second is detected by a Fabry-perot, ethalon, whose free 

spectral range is 1GHz. The third is lead to the chamber window through a multimode optical fiber. 

The fiber output is mounted on a two-dimensional traverse stage to scan the laser beam through the 

plume in radial and axial directions. At the other side, a parabola mirror is set so that the laser beam 

can be detected without synchronizing the detector position with the laser scan. Spatial resolution is 

about 1mm. The photograph of this system is shown in Fig.2-5. 

Figure 2-6 shows the schematic of the measurement system used in the flow velocity 

measurement in the university of Tokyo arc-heater. Apart form the above system, an optical fiber is 

lead in the vacuum chamber and the fiber output is mounted on the edge of a duralumin stage. On 

the opposite edge, a photo detector is set and the laser beam through the arc plume is detected. This 

stage is fixed on the one-dimensional traverse stage to scan the plume in the axial direction, keeping 

the angle between the laser beam and the axial direction to be at 45 degree. 
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Fig. 2-4 Schematic of measurement system for laser absorption spectroscopy. 
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Fig. 2-5 Photograph of measurement system for laser absorption spectroscopy. 
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Fig. 2-6 Schematic of velocity measurement system. 
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2.2.1 Tunable diode laser 
As a tunable diode laser, FP, DFB, DBR and VCSEL lasers are widely used [112-115]. In these 

lasers, the wavelength is modulated by changing the current on the diode laser or their temperature 

by controlling thermistors. A typical value is 0.15 pm/mA or 0.06nm/K. These lasers has a merit of 

low cost and high-speed modulation. However, the modulation is often accompanied with 

mode-hops and unstable and modulation width is relatively narrow. Therefore, in this study, an 

external cavity type laser (Velocity Model 6300, New Focus, and DMD845, EOSI) is used. In this 

system developed by Littman, the laser wavelength is modulated by a tuning mirror angle, as shown 

in Fig.2-7. This tuning mirror is connected to a piezo pivot and can be controlled by a function 

generator (AGF310, SONY-TEKTRONIX). In addition, anti-reflection coatings with residual 

reflectivity below 0.001 guarantee single-mode and mode-hop-free operation. The line width is less 

than 500 kHz and tuning range are 70 GHz in fine tuning mode and 20 nm in rough tuning mode. 

The specifications of these systems are shown in Table 2-3. 
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Fig. 2-7 Conceptual diagram of LittmannvMetcalf cavity. 
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Table 2-3 Specification of diode laser with external cavity. 

Model Velocity6300 DMD845 

Company New Focus EOSI 

Tuning range 771-789 nm 833-855 nm 

Intensity 10 mW 50 mW 

Line width <300 kHz <500kHz 

Fine tuning range 70 GHz 70 GHz 

Modulation speed 200 Hz 200 Hz 

 

 

2.2.2 Etalon 

An etalon is a kind of Fabry-Perot interferometer invented by C. Fabry and A. Perot in 1897. 

It’s based on the principle of multiple beam-interference. A typical configuration is either a solid 

plane-parallel glass with two coated reflecting surfaces (Fig. 2-8(a)) or two separate plates aligned as 

parallel as possible (Fig. 2-8(b)). In the latter case, inner surfaces of each plate are coated with 

reflection layer and outer surfaces are with anti-reflection layer. In the following section, for 

simplicity, a principle of former configuration is represented. It is also applicable to the latter case. 

As shown in Fig. , a plane wave incident at the angle a on a plane plate in the x-direction is 

assumed expressed as, 

 ( )[ ]kxtiAE −= ωexp0 . (2-23) 

Here, E, A0, ω, k are electric field, amplitude, angular frequency and wave number of the wave, 

respectively. From Fig. 2-9, the amplitude of ith reflected wave Ai and transmitted wave Bi have 

following relations. 
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Here, R is the reflectivity. The optical path difference between ith and (i+1)th reflected waves ∆s is 

expressed from Fig. 2-9 as, 
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Using Snell’s law, ∆s is rewritten as, 

 ββ 2sin12cos2 −=⋅=∆ ndnds . (2-27) 

A corresponding phase change caused by the optical path difference is expressed as, 

 φλπφ ∆+∆= /s2 . (2-28) 

Here, ∆φ is the phase change due to the index of refraction.  

Then, the total amplitude of the reflected wave A is a summation of Ai expressed as, 
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If the incident wave is perpendicular to the plate, a number of reflection wave is infinite. 

Then, A is rewritten as, 
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Since the laser intensity I is expressed as I=2cε0AA*, the total reflected intensity IR is expressed as, 
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Similarly, from a summation of Bi, the transmitted intensity IT is expressed as, 
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These two equations are also called the Airy formulas. 

Figure 2-10 shows the normalized laser intensity IT/I0 as a function of the phase shift for 

various reflectivities. As seen in this figure, peaks of the intensity become sharper with higher 

reflectivity , which means higher resolution.  

The corresponding frequency range to the phase shift between two peaks is the Free Spectral 

Range of the interferometer ∆νFSR expressed as, 

 
nd
c

2FSR =∆ν . (2-33) 

In this research, 1 GHz (d=cm) and 0.75 GHz (d=cm) etalons are used. 
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Fig.2-8 a) solid type etalon (left figure), b) air-spaced plane-parallel type etalon (right figure). 
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Fig. 2-9 An optical path difference in etalon. 
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Fig. 2-10 Transmitted intensity as a function of phase shift for various reflectivities. 
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2.2.3 Optical Equipments 
Optical equipments such as, an isolator, optical fiber, collimator, beme splitters, plane mirror, 

parabola mirror, IR card and digital oscilloscope were used. Their specifications are shown in Table 

2-4. 

 

Table 2-4 Specification of optical equipments. 

 Make Serial number Note 

Etalon Neo Arc Model FSR=1 GHz 

Optical fiber THORLAB P1-422-FC5 Multimode 

Isolator ISOWAVE I80-U4 780nm, 820nm 

Collimator THORLAB LDH3-P2/Mz  

Beam splitter NEW PORT 10B 20BS.2 R=50% 

Mirror SIGMA KOKI 01MFG033/023 R>99% 

Parabola mirror MELLES GRIOT 02POA017 R>90% 

IR card ELECTRO PHYSICS IRC12R 700~800 nm 

Digital oscilloscope YOKOGAWA DL1540 16bit, 8CH 
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2.3 Data Processing 
 

2.3.1 Abel Inversion 
Generally speaking, absorption profiles depend on thermo-chemical parameters such as number 

density and temperature. However, laser beam goes straight though the plasma and local information 

on the laser beam pass is integrated, assuming the plume is axisymmetery as shown in Fig.2-11. 

Therefore, to get the local absorption profiles, the obtained profiles have to be transformed by the 

Abel inversion [117]. 

Assuming the axisymmetery distribution, the equation (2-2) can be written as follows, 
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The Abel inversion of equation (2-3) is expressed as, 
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Fig. 2-11 Abel inversion. 
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Although many numerical methods have been developed to solve the Abel integral, in this study, 

eq. (2-35) is analytically solved. Because of the axisymmetry of flow properties, ln(I(y)/I0) is fitted 

by an even polynomial function. 
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Here, ai (i=1, 2, 3,•••) are fitting parameters. In this case, eq. (2-34) is analytically solved. A typical 

result computed by Mathematica (Wolfram [118]) are tabulated in Table 2-5.  
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The measured absorption profiles as shown in Fig.4-5 at each radial position have to be 

transformed by the Abel inversion using the equation (2-4). Here, considering that the absorption 

coefficient changing with the laser frequency, the Abel inversion has to be conducted at each 

frequency. In this research, the measured absorption profiles were divided into 10 points at intervals 

of 0.5 GHz and the function of -ln(I/I0) was fitted by 12th order polynomials as shown in Fig.2-12. 

Finally, the local absorption profiles were obtained after the Abel inversion as shown in Fig.2-13. 
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Fig. 2-12 Radial profiles of absorption fraction and 12th order polynomial fitting. 

 

2.3.2 Gauss fitting 
The obtained local absorption profiles after the Abel inversion were fitted by the Gaussian 

expressed as, 
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The full width at half maximum ∆νFWHM is related to ∆ν by 

 νν ∆=∆ 2ln2FMWHM . (2-37) 

The integrated absorption coefficient is expressed as, 
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Then, the local translational temperature and number density are obtained by the equations (2-14). 
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Fig. 2-13 Absorption coefficient and Gauss fitting after Abel inversion. 
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Chapter 3 
Applicable Limit of Laser Absorption 
Spectroscopy 
 

 

In this section, applicable limit of LAS and an effect of laser intensity on translational 

temperature measurements are investigated. Firstly, errors of absorption coefficients and temperature 

measurements are analytically discussed and applicable limit of LAS is represented. Secondary, an 

influence of laser intensity on Doppler broadening is investigated using glow and microwave 

discharge tube plasma and new broadening model is presented. 

 

3.1 Error and Applicable Limit of LAS 
3.1.1 Signal to noise ratio 

Assuming the measurement noise is quantum and thermal one, the signal to noise ratio is 

expressed as, 

 ( )
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Here, Ps , Pq , Pth , P are absorption power, shot noise, thermal noise and laser power, respectively. δ , 

is fractional absorption, η is the quantum efficiency of detector, R is resistance of terminator, ∆f is 

band width of detection and NF is the noise figure. In the ideal case, noise is assumed to be only shot 

noise. The fractional absorption with signal to noise ratio of 1 is expressed as, 
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In the practical experiments, it is reported that the fractional absorption of 10-1~10-2 % is achieved.  

 
3.1.2 Error analysis and applicable limit of LAS 
 

Error of absorption coefficient 
From Beer-Lambert law Eqs. (2-1,2), error of absorption coefficient is related to that of 

fractional absorption expressed as, 
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Here, ∆k, ∆(I/I0) are errors of absorption coefficient and measurement, respectively. Figure 3-1 

shows the estimated error of absorption coefficient for various measurement errors. The error rapidly 

increases with lower (I0-I)/I0 < 0.1. At high (I0-I)/I0 > 0.99, the error also increases with (I0-I)/I0. 

However, for high number density states, corresponding errors may be reduced by targeting other 

degenerate states or higher excited states. Therefore, errors at higher (I0-I)/I0 are not discussed below. 

The fractional absorption more than 1% is measured within 1% error at ∆(I/I0) of 10-2 %. 
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Fig. 3-1 Estimated error of absorption coefficient 

 

Error of temperature 
As shown in the Fig. 3-2, a relationship between errors of absorption coefficient and FWHM is 

expressed as, 
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Since FWHM of absorption profiles is calibrated by etalon, its error should be added. Then, the error 

of width is rewritten as,  
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Here, ∆FSR is the etalon error. Assuming the calibration error is 1 %, ∆FSR for FSR of 1GHz is 0.01 

GHz. 

As shown in Eq. (2-12), temperature is proportional to the square of FWHM. Then from Eqs. 

(3-3, 4) temperature error is expressed as, 
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Figure 3-3 shows temperature errors for (I0-I)/I0 >10-3 % and T of 500 K and 5000 K. Here, number 

density corresponding (I0-I)/I0 is roughly calculated in which absorption length is set to be 1 cm and 

λ, A and g in OI 777.19 nm line are used, respectively. With ∆(I/I0) of 0.01%, translational 

temperature is measured with in 5 % error for (I0-I)/I0 >10-2. Then, in this case, measurable 

minimum number density is about 1015 m-3. 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1

Absorptin profile
Absorption profile with error

Relative Frequency

HWHM

∆ ∆ν  ∆ν (    )/

 ν−ν    ∆ν (       )/0

∆ ∆ν  (    )

∆k
∆k  k/

.5

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-2 Conceptual figure of a relationship between absorption coefficient error and FWHM one. 
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Fig. 3-3 Estimated error of temperature for various fractional absorption and corresponding number 

density (λ, A, g, are used in OI 777.19nm, absorption length is 1cm.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 63



3.2 Absorption Saturation 
3.2.1 Background: Absorption saturation in LIF 

In LIF, fluorescence signal is proportional to the number density excited by probe laser, 

expressed as [73], 
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Here, B is the Einstein coefficient and Isat is the saturation intensity defined as, 

 c
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Here, Q is the quenching rate. Then, the fluorescence signal is classified into two regimes as shown 

in Fig. 3-4.  

In case of I<<Isat, this is called linear regime, the fluorescence signal is proportional to the 

probe laser intensity expressed as,  

 
sat2112
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Then, in this regime, the fluorescence signal is normalized by laser intensity and the quenching rate 

is necessary for the density measurements. Planar-LIF is usually conducted in this regime for the 

nonnecessity of high laser intensity. 

In case of I>>Isat, this is called saturation regime, the signal is independent of the laser intensity 

expressed as, 
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= . (3-9) 

In this case, rates of laser absorption and stimulated emission are enough large to neglect other 

transition processes. The fluorescence signal is maximized. Although the quenching rate is not 

necessary for density measurements, high laser intensity enough to saturate the absorbers is 

necessary.   

As described above, in LIF laser intensity is carefully determined. On the analogy of LIF, it is 

thought that absorption saturation also influences on LAS. Therefore, in the following sections, 

influences of laser absorption on number density and translational temperature measurements by 

LAS are investigated. 
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Fig. 3-4 Relationship between LIF signal and laser intensity 

 

3.2.2 Theory of Absorption Saturation 
Homogeneous broadening 

According to the conventional theory, the saturated absorption coefficient kS(ν) at laser intensity 

I is expressed as [120, 121], 
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, where gL(ν) is the Lorentzian line shape function defined as 
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Here, ν, ν0, h, c and g represent laser frequency, absorption line frequency, Planck’s constant, 

velocity of light and statistical weight, respectively. ∆νL, K0, and N0 are the FWHM of homogeneous 

broadening, integrated absorption coefficient and population density in the absence of light, 
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respectively and φ= Aji /( Aji + Qji) where A, Q, i, and j are the Einstein coefficient, quenching rate, 

absorption level and excited level, respectively. The saturation laser intensity for homogeneous 

broadening IS_homo(ν) is defined as 
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Equation (3-10) indicates that the saturated line profile remains Lorentzian, whereas its 

linewidth ∆νSL increases with I as 
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Inhomogeneous broadening 
In the case of inhomogeneous broadening, absorption saturation is somewhat complex because 

individual absorption particles are distinguishable. The lineshape is inhomogeneous in which each 

distinguishable part is homogeneous as shown in Fig. 3-5. The resulting profile is a convolution 

integral of the Gaussian and the saturated Lorentzian profiles expressed as 
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Here, x represents respective distinguishable part. 

In low-pressure plasma where Doppler broadening is dominant (Voigt parameter 

α=(ln2)1/2∆νL/∆νD <<1), the exponential part in Eq. (3-15) is approximately pulled outside the 

integrand. The integral is calculated as 
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Here, gG(ν) is the Gaussian lineshape function 
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and the saturation intensity for inhomogeneous broadening IS_inhomo is defined as 
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When pressure broadening is the most dominant in homogeneous broadening, Eq.(3-18) is rewritten 

as,  
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φ
σνπ v
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Here, N and σ represent the number density of colliding particle and collision cross-section, 

respectively. v  is the averaged velocity of absorbers defined as   

 mTk /3 B=v . (3-20) 

If variation of IS_inhomo is very small in the range of |ν-ν0|<∆νD, Doppler width of the saturated profile 

∆νSD is invariant for the variation of laser intensity: 

 . (3-21) DSD νν ∆=∆
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Fig. 3-5 Convolution of homogeneous and inhomogeneous profiles 
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3.2.3 Experimental Apparatus 
In this study, the influence of laser intensity on broadenings was measured in two types of argon 

plasma. One is glow discharge tube plasma (CI TECHNO CO., Ltd) as shown in Fig.3-6. Its input 

power, discharge voltage and ambient pressure were 1.5 W, 4.00 V, and 79 Pa, respectively. This is 

direct current plasma and the gas is static. 

The other is TE10 mode microwave discharge tube plasma (NIHON KOSHUHA CO., Ltd) as 

shown in Figs. 3-7, 8. Its input power, oscillation frequency, mass flow rate and ambient pressure are 

500 W, 2.4 GHz, 20 sccm and 20 Pa, respectively.  

In addition to the basic set up described in Chapter 2, neutral density filters and lenses are used 

to vary laser intensity. At the measurement points, the laser intensity is ragend from 0.60 mW/mm2 

to 2.4.4 mW/mm2. Target absorption lines are 840.82 nm, 842.46 nm, and 852.14 nm of ArI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-6 Photo of glow discharge tube plasma 
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Fig. 3-7. Schematic of TE10 mode microwave discharge tube 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-8 Photo of microwave discharge tube plasma 
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3.2.4 Experimental results 
Figure 3-9 shows the measured absorption profiles at 842.46 nm line in the glow discharge 

plasma. Strong absorption saturation was observed at high laser intensity. Absorption saturation was 

also observed for other lines and in the microwave discharge plasma. The Voigt parameter α of the 

measured profiles was kept less than 0.07 and then Doppler dominant approximation was valid for 

all conditions. 

Figure 3-10 shows a plot of absorption coefficient and a theoretical curve-fitting of Eq.(3-16) as 

a function of I/IS_inhomo, where IS_inhomo was a fitting parameter. Figure 3-11 shows plots of ∆νSD and 

T. ∆νSD increased with I in contradiction to the theoretical prediction Eq. (3-21), resulting in the 

increase in T with I. 
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Fig. 3-9 Variation of absorption profiles in the glow discharge argon plasma. ν0 = 842.46 nm. 
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Fig. 3-10 Relationship between absorption coefficient and laser intensity. 
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Fig. 3-11 Saturated Doppler width and deduced tempearture. 
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3.2.5 Discussion 
Dependency of IS_inhomo on the frequency 

The experimental result suggests that IS_inhomo should vary with the relative frequency |ν −ν0|. 

The averaged velocity v seen in Eq. (3-20) may be a function of |ν −ν0|. In fact, absorbers showing 

larger Doppler shift have higher averaged velocity: In the gas isotropic in a three-dimensional 

velocity field, velocity v(ν) averaged over the absorbers showing the Doppler shift |ν −ν0| is 

expressed as 
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Here, T0 is the true temperature and  . Assuming s is constant, IS_inhomo is expressed as a function of 

ν by substituting Eq.(3-22.) into Eq. (3-19),  

 
3
2)(

3
2ln8)( 2

D

2
0

S_inhomoS_inhomo +
∆
−

=
ν
νν

ν II . (3-23) 

Figure 3-12 shows the theoretical plot of IS_inhomo(ν)/IS_inhomo. IS_inhomo(ν0 ∆νD) is almost double 

of IS_inhomo(ν0). 
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Fig.3-12 Is_inhomo(ν)/Is_inhomo and absorption profile. 
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Computed profile and true temperature 
Figures 3-13, 14 show computed absorption profiles and a plot of relationship between 

computed absorption coefficient and laser intensity normalized by saturation one with theoretical 

curve fitting of Eq. (3-16). Strong saturation effects are also observed in the computed absorption 

profiles and their coefficients are well fitted on the curve. 

Figure 3-15 shows the FWHM of absorption profiles measured and computed from Eqs. (3-16) 

and (3-23). The results show a good agreement.  

The ratio of deduced temperature to the true temperature is computed for various laser intensities 

and Voigt parameters as tabulated in Table 1. When probe laser intensity is high (I/IS_inhomo>10-1), 

temperature will be overestimated and should be corrected by the factor shown in Table 3-1. 
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Fig. 3-13 Computed variation of absorption profiles. 
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Fig. 3-14 Relationship between computed absorption coefficient and laser intensity. 
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Fig. 3-15 Measured and computed FWHM. 
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Table 3-1 Ratio of deduced temperature to true one T/T0

  I/Is_inhomo    

α(ν0) 
10-4 10-4. 10-2 10-1 1 10 

0.01 0.999 0.999 1.004. 1.018 1.107 1.216 

0.05 1.014. 1.014. 1.014. 1.04.4. 1.14.8 1.4.41 

0.1 1.04.7 1.04.7 1.04.7 1.057 1.189 1.585 
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3.3 Summary 
Error and applicable limit of LAS are investigated. The fractional absorption more than 1% is 

measured within 1% error with measurement error of 10-2 %. An influence of this error on 

translational temperature measurements is also estimated. As a result, translational temperature is 

measured with in 5 % error for fractional absorption more than 10-2 with measurement error of 

10-2 %. Then, in OI 777.19 nm measurements, the number density at least more than 1015 m-3 is 

necessary for temperature measurements within 5% error. 

When probe laser intensity I is higher, Doppler broadening of absorption line becomes wider, 

and the temperature deduced from the broadening was found to tend to be overestimated in 

contradiction to the conventional laser theory.  

This result is caused by the dependency of saturation intensity IS_inhomo on the frequency: 

Absorbers showing larger Doppler shift |ν-ν0| have higher averaged velocity, and then increases with 

relative frequency |ν-ν0|. 

Even though probe laser intensity is high and saturation effect is large, true temperature can be 

obtained using a correction factor presented in this study. 
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Chapter 4 
Application to Constricted Arc Wind Tunnels 
Flows 
 

 

4.1 Facilities 
4.1.1 JUTEM 20-kW Erosion Testing Machine 

The Japan Ultra-high Temperature Materials Research Center (JUTEM) is located in Tajimi, 

Gifu prefecture [123]. The vacuum facility is consisted of a cylindrical steel vacuum chamber of 

approximately 1m diameter and 1m in length. Backpressure was maintained about 37 Pa (0.28 torr) 

during thruster operation with 20 slm argon and 4. slm oxygen by a rotary pump (KS-14.0, 

Sato-shinnkuu) and a mechanical pump (PMB-060B, ULVAC) whose pumping speed are 1,500 l/m 

and 100,000 l/m, respectively. The arc-heater is fixed at the center of the chamber flange. TPS 

materials can be mounted on a one-dimensional traverse stage at 100mm ~ 300mm from the nozzle 

exit to regulate the heat flux. On the both sides of the chamber, two 300mm diameter quartz 

windows are used for optical access to the arc-heater plume. The schematic of the vacuum system 

and its photograph are shown in Figs 4-1 and 2. 

The arc-heater is a 20-kW class water-cooled type and built by the Ishikawajima-harima Heavy 

Industry (IHI). A schematic of the arc-heater is shown in Fig.4-3, and the zoom up of the constrictor 

part is shown in Fig.4-4 Oxygen is injected at the constrictor as described in Chapter 2. The cathode 

is made of 2% thoriated-tungsten alloy and nozzle is of cupper, both of which are cooled by water. 

The converging and diverging sections are both conical, with half-angle of 45 and 15 degrees, 

respectively. The constrictor is 8mm in diameter and 16mm in length. The diverging section is 

156.8mm in length and has an area ratio of 156:1, yielding an exit diameter of 100mm. The flow 

Mach number is designed at 3. Nitrogen-oxygen gas or argon-oxygen gas were used as a working 

gas. The input power is 20 kW for the nitrogen-oxygen gas and 7.2 kW for the argon-oxygen gas. 

Total pressure is about 1 kPa for the nitrogen 20slm and oxygen 5 slm flow. 
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4.1.2 The University of Tokyo 1.2-kW Arc-Heater 
Most of the experiments described in this thesis were performed in the university of Tokyo with 

a 1.2-kW arc-heater. The vacuum facility is consisted of a cylindrical steel vacuum chamber of 0.5 m 

in diameter and 2 m in length with a rotary pump (VS14.01, ULVAC) and a mechanical pump 

(PMB-012CM, ULVAC) whose pumping speed are 2500 l/m and 17,000 l/m, respectively. The 

chamber pressure can be maintained to be at 0.2torr with 6slm of argon and 1.4.slm oxygen flow. 

The arc-heater is set on the center of the chamber and its plume direction is parallel to the chamber 

axis. On the both sides of the chamber, two 100 mm diameter quartz windows are used for optical 

access to the arc-heater plume. An optical fiber and BNC cables are lead in the chamber window 

through the flange connector to set a part of the optical system in the chamber.  

The arc-heater is a 1.2-kW class water-cooled type and built in the university of Tokyo. The 

schematic of the arc-heater is shown in Fig.4-5 and its photograph is shown in Fig.4-6. The zoom up 

of the constrictor part and the schematic of the injecting part and its photograph are shown in 

Figs.4-7, 8 and 9 .The cathode is made of 2% thoriated-tungsten alloy and nozzle is of cupper, both 

of which are cooled by water. The converging part is made of bolon, where oxygen is injected. This 

section and the diverging section are both conical, with half-angle 30 and 15. degrees, respectively. 

The constrictor is 2mm in diameter and 3mm in length. The diverging section 4.2.3mm in length and 

has an area ratio of 225:1, yielding an exit diameter of 30mm. The flow Mach number is designed at 

2. The distribution of the flow velocity deduced from the Doppler shift of the center absorption 

wavelength is shown in Fig.4-14. Argon-oxygen gas was used as a working gas and supplied by a 

mass flow controller (3620, KFLOC). The maximum input power is 1.2 kW and supplied by a power 

source (NH-120100, Stabilizer). The plenum pressure dependence on the mass flow rate is shown in 

Fig.4-10 and on the input power is shown in Fig. 4.-11. The thermal efficiency was estimated about 

60% from the increase in temperature of cooling water. 
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Table 4-1 Comparison of two vacuum facilities and arc-heaters. 

 JUTEM Arc-heater The university of Tokyo Arc-heater

Vacuum Facility: 

 Chamber diameter 

 Chamber length 

 Pumping speed 

 Back pressure 

 

 1 m 

 1 m 

 1500 l/m (100,000l/m) 

 38 Pa 

(Ar: 20slm, O2: 5 slm) 

 

 0.5 m 

 2 m 

 2500 l/m (17,000 l/m) 

 26 Pa 

(Ar: 4.slm, O2: 1.5 slm) 

Arc-heater: 

 Constrictor diameter 

 Constrictor length 

 Area ratio 

 Converging half angle 

 Diverging half angle 

 Exit diameter 

 

 8 mm 

 16 mm 

 14.6 

 45˚ 

 15˚ 

 100 mm 

 

 2 mm 

 3 mm 

 225 

 30˚ 

 15˚ 

 30 mm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 79



 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-1 Schematic of arc-JUTEM heater system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-2 Photograph of JUTEM arc-heater. 
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Fig.4-3 Schematic of JUTEM arc-heater. 
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Fig.4-4 Schematic of constrictor part of JUTEM arc-heater. 
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Fig.4-5 Schematic of University of Tokyo arc-heater. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-6 Photograph of University of Tokyo arc-heater. 
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Fig.4-7 Schematic of constrictor part of University of Tokyo arc-heater. 
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Fig.4-8 Schematic of injection part of University of Tokyo arc-heater. 
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Fig.4-9 Photograph of injection part of University of Tokyo arc-heater. 
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Fig.4-10 Pressure dependency on mass flow rate. 

 

 

 

 

 

 84



4.2 Test Conditions 
4.2.1 Velocity Measurement 

Flow velocity of the university of Tokyo arc-heater plume was measured from the Doppler shift. 

The target line was the absorption from the metastable argon. As a reference signal at rest, the 

radiation tube whose power was 0.5 mW was used. Table 4-3 shows the experimental conditions. 

 

Table 4-2 Experimental conditions for velocity measurement. 

Radiation tube Gas Flow Specific Enthalpy Target Arc Generator 

0.5 mW Ar: 6 slm 

O2: 1.5 slm 

3.3 MJ/kg Ar I 

(840.82 nm)

University of Tokyo 

arc-heater 

 

 

4.2.2 Number Density and Translational Temperature Measurement 
Three cases were tested, and the experimental conditions are listed in Table 4-4. Case #1 is the 

measurement of the number density of msetastable atomic oxygen and the translational temperature 

using the OI 777.19nm absorption line in the argon-oxygen plume generated in the JUTEM 

arc-heater. The flow consists of 20 slm argon and 4. slm oxygen. The input power is 7.2 kW and 

specific enthalpy is about 6.1 MJ/kg assuming that thermal efficiency is 60%. The backpressure was 

kept at 38 Pa. 

Case #2 is the measurement using the University of Tokyo arc-heater. The target line is also OI 

777.19nm.The flow consists of 6 slm argon and 1.4. slm oxygen. The input power is 1.2 kW and 

specific enthalpy is 3.3 MJ/kg. The backpressure was kept at 26 Pa. 

Case #3 is the measurement of the number density of metastable argon and the translational 

temperature using the ArI 840.82nm absorption line. The operating conditions are the same as those 

in Case #2. 

 

Table 4-3 Experimental conditions for laser absorption spectroscopy. 

No Gas Flow Specific 

Enthalpy 

Target Arc Generator 

1 Ar: 20slm 

O2: 4.slm 

6.1 MJ/kg O I 

(777.19nm) 

JUTEM Erosion Testing 

Mashine 

2 Ar: 6slm 

O2: 1.4.slm 

3.3 MJ/kg O I 

(777.19nm) 

The University of Tokyo 

arc-heater 

3 Ar: 6slm 

O2: 1.4.slm 

3.3 MJ/kg Ar I 

(84..0.82nm) 

The University of Tokyo 

arc-heater 
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Photographs of the JUTEM arc-heater plume and the university of Tokyo arc-heater plume are 

shown in Figs.4-11 and 12, in which the measured planes are drawn in broken lines. Typical signals, 

absorption, reference and ethalon, and a normalized absorption profile of metastable oxygen are 

shown in Figs. 4-13 and 14. 
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Fig. 4-11 JUTEM Erosion Testing Machine plume and measurement plane. 
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Fig. 4-12 University of Tokyo arc-heater plume and measurement plane. 
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Fig. 4-13 Typical signals. 
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Fig. 4-14 Normalized absorption signals. 
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4.3 Measured Results  
4.3.1 Flow Velocity 

Figure 4-15 shows the absorption profiles in the arc-heater plume and the radiation tube. From 

the Doppler shift describe in the previous Chapter, the flow velocity is estimated to be 1630[m/s]. 
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Fig. 4-15 Absorption profiles in arc-heater plume and radiation tube. 

 

 

4.3.2 Number Density Distributions  
Case #1 

Figure 4-16 shows the distributions of meta-stable oxygen number. At z=100mm, the number 

density profile has two peaks at r=20mm (here, z and r are defined by cylindrical coordinate and 

origin is taken at the center of nozzle exit). Then, these two peaks approach to the centerline in the 

downstream of the plume and combine at z=24.0mm. The maximum number density is 3.1×

1016m-3. 

Case #2  
Figure 4-17 shows the distributions of meta-stable oxygen number. The profile of number 

density distribution is similar to that of Case #1. That is, at z=0mm, the number density profile has a 

peak at r=11mm. Then, the peak approach to the centerline in the downstream of the plume and 

combine at z=60mm. The maximum number density is 3.5×1016m-3.  

Case #3 
Figure 4-18 shows the distributions of meta-stable argon number. Number density decreases 

monotonously along the centerline. The maximum number density is 3.0×1017m-3. 
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Fig. 4-16 Number density distributions of atomic meta-stable oxygen in JUTEM Erosion 

Testing Machine. 
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Fig. 4-17 Number density distributions of atomic meta-stable oxygen in University of Tokyo 

arc-heater plumes. 
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Fig. 4-18 Number density distributions of atomic meta-stable argon in the University of Tokyo 

arc-heater plumes. 
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4.4 Discussion 
4.4.1 Flow Velocity 

Assuming the fluid is ideal, the velocity of sonic a is expressed as, 

 RTa γ=  (4-1) 

Here, g is the ratio of specific heats and R is the gas constant. For the argon gas, =986 m/s. So, the 

flow Mach number is estimated to be 1.65. Considering that the measurement point is 30 mm from 

nozzle exit and the plume is not ideal gas, this value is thought to be valid. 

a

 

4.4.2 Density distributions 
The density peaks of meta-stable atomic oxygen were located off-axis at the nozzle exit and 

approached to the centerline in Cases #1 and #2 as shown in Figs 4-16 and 17. Although the profile 

of ground state would be somehow different from that of meta-stable state, this result implies the 

following mixing process. Oxygen injected at the constrictor is not enough mixed with nitrogen in 

the nozzle. Then, oxygen diffuses from outside toward the centerline, being dissociated in the plume 

out of the nozzle. Since, oxygen does not pass through the high temperature cathode-jet region, 

degree of dissociation is unexpectedly small. The visualized schematic of mixing process is shown 

in Fig. 4-19. 

In Case #2, two density peaks located off-axis combine earlier than in Case #1. This is partly 

because the size of the University of Tokyo’s arc-heater is smaller than JUTEM’s and the shear in the 

free jet is stronger resulting in larger turbulent transport, and partly because the flow Mach number 

of former plume is smaller than the latter one. 

In the downstream, number density of meta-stable atomic oxygen is increasing, while that of 

meta-stable argon is decreasing as shown in Figs. 4-17 and 18. This is because oxygen is being 

dissociated in the plume, while meta-stable argon is being deexcited by collision and radiation. 

 

 
  

 

 

 

 

 

 

 

Fig. 4-19 Mixing process. 
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4.5 Comparison with CFD results 
It is difficult for the OI number density at the ground state to be estimated from that at the 

absorbing state because the energy level of the absorbing state is far above that of the ground state. 

Therefore, total OI number density and its distribution were simulated by CFD analysis in the 

constrictor, nozzle and the plume. This work is conducted by Koreto [124]. 

 

4.5.1 Numerical models 
Arc discharge process has not been solved for simplicity because this simulation focuses on the 

diffusion and mixing processes of the oxygen injected into the inert gas flow at the constrictor part. 

The temperature distribution of argon inlet flow was given as a boundary condition assuming 

thermo-chemical equilibrium because the flow speed is subsonic and pressure is high around the 

cathode tip.  

Seven species and seven chemical reactions are taken into account as listed in Table 4-4. 

Arrehenius type forward reaction rates were used and the principle of the detailed balance was used 

to have backward reaction rates [125]. One temperature model is employed. Transport coefficients 

such as viscosity, thermal conductivity and diffusion coefficient were calculated by the formulas in 

reference [126]. The algebraic turbulence model by the Plandtl’s mixing length theory was used 

[127]. The Reynolds number in the free-jet region was 1800. 

 

Table 4-4 Chemical reaction model. 

Reaction Process 

Ar + e ⇔ Ar+ + e + e 
O2 + O2 ⇔ O + O + O2

O2 + O ⇔ O + O + O 
O2 + Ar ⇔ O + O + Ar 
O + e ⇔ O+ + e + e 
O + O ⇔ O2

+ + e 
O + O2

+ ⇔ O2 + O+

 

Governing equations and computational method 
The governing equations are two-dimensional axisymmetric Navier-Stokes equations extended 

to chemical non-equilibrium gases. The convection terms were calculated using the SHUS (Simple 

High-resolution Upwind Scheme [128]) in which the spatial accuracy is extended to third order 

using the MUSCL approach. Implicit time integration has been done using the LU-SGS 

(Lower-Upper Symmetric Gauss Seidel Scheme [129]). 
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Computational grids and conditions 
The schematic of computational grid is shown in Fig.4-20. The calculation region is composed 

of the constrictor-nozzle section and the free jet section. At the interface of these sections, several 

computational grids were superposed to preserve the spatial accuracy. It was not necessary to 

concentrate the grid points near the wall surface, because entire region in the constrictor and nozzle 

is covered by boundary layers.  

The grid spacing in the radial direction Dr should be so small that the numerical dissipation 

effect is smaller than actual diffusion. To have a grid convergence, ∆r was set at 1.3mm and total 

number of grid points was about 10,000. 

The same operational conditions as those in the experiment were computed. Subsonic inflow 

conditions are employed for the inlets of constrictor and of oxygen injection slit. To simulate the 

cathode jet phenomenon, Gaussian temperature distribution was assumed at the inlet as shown in 

Fig.4-21. The degree of ionization of argon at the inlet was computed assuming the Saha equilibrium. 

As for the wall of the constrictor and nozzle, adiabatic non-slip wall conditions were adopted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-20 Computational mesh. 

 

 

 

 

 

 

 

 93



 

  O2

Ar

inlet

Temperature

profile
cathode

anode

T

O2

Ar

inlet

Temperature

profile
cathode

anode

T

 

 

 

 

 

 

 

 

 

Fig.4-21 Gas inlet conditions. 

 

4.5.2 Results and Discussion 
The contours of O2 mole fraction, temperature and O mole fraction in the constrictor part of the 

JUTEM arc-heater are shown in Fig. 4-22 and the radial distributions of these properties at 10 mm 

downstream from the cathode tip are plotted in Fig. 4-23. Oxygen mixing is very slow and it is 

localized at outer side of the plume in the constrictor. Although the degree of dissociation is very 

high near the axis due to the high temperature cathode jet, OI mole-fraction is very small. 

OI number density distributions are shown in Fig.4-23-25. As seen in these figures, the peak is 

located off axis at z=0~30mm and on axis in the downstream of the plume, similarly to that in 

Fig.4-16, 17.  

Consequently, this slow mixing process would be the reason why the measured distribution OI 

at the absorbing state has a peak off axis at the nozzle exit. Although the oxygen is mixed gradually 

in the plume, the reaction rate is quite small there because of the decrease in temperature. In the 

plume, the volume-averaged degree of dissociation is estimated at 0.01%.  
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(a) Temperature 
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(b) Mole fraction of molecular oxygen 
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(c) Mole fraction of atomic oxygen 

Fig.4-22 Contours of the computed gas properties in the constrictor. 
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Fig.4-23 Radial distributions of temperature and oxygen mole fractions in the constrictor. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-24 Computed contours of number density of atomic oxygen in the University of Tokyo 

arc-heater plume. 
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Fig. 4-25 Number density distributions of atomic meta-stable oxygen simulated for University 

of Tokyo arc-heater plume. 

 

 

 

-16
-8

0
8

16

0

1

2

3

4

5

0

30
60

90

N
um

be
r 

D
en

sit
y,

 1
0E

18
m

-3

Axial Positi
on, m

m

z

Radial Position, mmr

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-26 Number density distributions of atomic meta-stable oxygen simulated for University 

of Tokyo arc-heater plume. 
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4.6 Summary 
LAS was applied to the measurement of the two kinds of constricted arc plasma wind tunnel 

flows.  

Number density distributions of atomic meta-stable oxygen were obtained from the measured 

absorption line profile at 777.19 nm in argon-oxygen plumes generated by arcjet type arc-heaters.  

As a result, it was found that the oxygen is localized off axis at the nozzle exit, and diffuses from 

outside toward the centerline in the plume.  

Moreover, numerical simulation was conducted to investigate the diffusion process of the 

oxygen in the arc-heater. The result indicates that the maximum degree of oxygen dissociation would 

be at the level of 0.01%. 
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Chapter 5 
Application to ICP Flows 
 

 

5.1 Facilities 
5.1.1 PWK3 system 

A plasma wind tunnel (PWK3) including an inductively heated plasma generator (IPG3) has 

been developed at IRS, Stuttgart University [7, 19, 37, 129]. A schematic of PWK3, its photo and are 

shown in Figs. 5-1, 2. The size of the vacuum chamber is 2m in length and 1.6m in diameter. The 

maximum pumping power of the vacuum system is up to 250000m3/h at 10Pa, which corresponds to 

the pressure at the altitude of 90km.  

In IPG3, a Meissner type resonant circuit is used as a RF oscillator. Its operational frequency 

can be optimized to achieve high energy coupling efficiency for various gas species by changing the 

capacitance (6 nF~42 nF) as well as changing a coil, as shown in Fig.5-3. The range of the frequency 

in this circuit is from 0.5 MHz to 1.6 MHz.  

A schematic of IPG3 and its photo are shown in Figs.5-4, 5. IPG3 consists of an induction coil, 

a quarts tube containing plasma and a gas injection head. The induction coil made of copper has 5 

turn with its inductivity of 2 µH. Both the induction coil and quartz tube are surrounded by an 

external tube and cooled to protect the tube from overheating. Various gases can be injected with 

swirl to stabilize the plasma.   

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 5-1 Schematic of PWK3. 
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Fig. 5-2 Photo of PWK3. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-3 Schematic of Meissner type resonant circuit. 

 100



 

 

 

 

 
Cooled Chamber Adapter

Gas Injection

Water Cooled Induction Coil

Quartz Tube

Axial 
Optical 
Window

External Cooling Tube

Outer Gas Injection Head
Inner Gas Injection Head

Cooling Flange

80m
m

φ

 

 

 

 

 

 

 

 

 

 

Fig. 5-4 Schematic of IPG3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-5 photo of IPG3 

 

 101



5.2 Test conditions and Previous tests 
Various intrusive measurements using a calorimeter, Pitot probe, Mach probe, and heat flux 

probe have been applied to the flows [130-139]. The operational condition and measured parameters 

by these methods are tabulated in Tables 5-1 and 2, respectively.  

Figure 5-6 shows that the induction current has a specific characteristic. A plasma emission 

signal measured by a photo detector is also plotted in the figure. Both signals fluctuate at 300 Hz. 

This fact implies that the flow generated by IPG3 is not stationary. 

Figure 5-7 shows that the measured region was 0<r<rmax at 130 mm downstream from the 

generator exit. Axisymmetric distributions of flow properties were assumed here; r represents the 

radial coordinate. In this experiment, rmax was set at 50 mm, which is equal to the generator exit 

radius. The test condition of IPG3 in LAS measurements is also the same with previous tests as 

shown in Table 5-1. 

 

Table 5-1. Operational conditions. 

Operational condition Value 

Working gas O2 

Mass flow 3 g/s 

Anode Power Panode 110 kW 

Coil turn 5.5 
Number of capacitors 4 

Chamber ambient pressure pamb 30 Pa 

 

 

 

Table 5-2 Measured parameters [139]. 

Parameter Value 

Plasma power Pplasma 28.2 kW 

Total pressure p0 410 Pa 

Mach number M 3 

Heat flux density q 2.1 MW/m2
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Fig. 5-6 Induction current and plasma emission signal. 
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Fig. 5-7 Photo of IPG3. 
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5.3 Results 
Figure 5-8 shows the history of an absorption signal at the fixed laser frequency along with an 

emission signal. The absorption signal fluctuated in synchronization with the emission signal with a 

period t of 3.3 ms. Although the absorption signal decreases every 3.3 ms, it sometimes goes to zero 

and sometimes not. The signal traces can be categorized into two modes: in Mode 1, the trace starts 

from zero absorption condition, in which plasma has been distinguished for some time; in Mode 2, 

the trace starts increasing from non-zero absorption condition, in which plasma is sustained even at 

the minimum energy input. 

Typical signals that were recorded with frequency modulation are shown in Fig. 6 along with an 

ethalon signal. We recorded 40 cycles of frequency modulation for each measurement position.  

Absorption coefficients are extracted every 0.4 ms and rearranged according to elapsed time t and 

the modes. Thereby, we obtained an instantaneous absorption profile. Figure 5-9 shows typical 

absorption coefficients that were extracted from the absorption signal. Here, the origin of time, t=0, 

is set at the minimum signal in each cycle.  

Figure 5-10 shows instantaneous absorption profiles that were reconstructed through Abel 

inversion. Figure 5-11 shows that the history of T, as deduced from line broadening, was very similar 

to that of the emission signal. Here, T at τ=0 in Mode 2 was set at 75 K, assuming isentropic 

expansion of cold gas from the generator. The maximum temperature was 9500 K. 
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Fig. 5-8 Absorption signal at ν=ν0 – 4 GHz and emission signal, r=0 mm. 
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Fig. 5-9 Typical transmitted laser and ethalon signals, r=0 mm. 
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Fig. 5-10 Typical absorption coefficient and extracted one in each cycle, r=0 mm. 
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Fig. 5-11 Temporal variations of absorption profile in Mode 1, r=0 mm. 
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Fig. 5-12 History of translational temperature and emission signal, r=0 mm. 
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5.4 Discussion 
5.4.1 Temporal variation of plasma properties 

The specific total enthalpy, h0, is the sum of static enthalpy , chemical potential hdTC p∫ chem 

and kinetic energy u2/2, expressed as 

 2
chemp0 2

1 uhdTCh ++= ∫ . (5-1) 

Here, Cp is the specific heat at constant pressure and u is the flow velocity expressed as 

 RTMu γ= . (5-2) 

Here, g and R are the specific heat ratio and the gas constant, respectively. 

Thermo-chemical equilibrium is assumed for simplicity and we estimate h0 and mole fractions 

from the measured T. Three chemical species, O2, O, and O+, and two chemical reactions O2→2O 

and O→O+ + e- are considered. Their equilibrium constants were obtained from Ref. [125]. Cp is 

computed as the sum of the contributions of each species. Figure 5-13 shows calculated equilibrium 

properties at pamb=30 Pa.  

Figure 5-14 shows the history of estimated properties on the plume axis. Maximum h0 was 86 

MJ/kg and the averaged degree of dissociation of oxygen is about 0.92. At the highest enthalpy, the 

mole fraction was 0.7 because of ionization. Its degree of dissociation was very high. For that reason, 

it would be useful for precise evaluation of catalytic effects for various TPS materials.  
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Fig. 5-13 Calculated enthalpy and mole fractions by thermo-chemical equilibrium assumptions, 

pamb=30 Pa. 
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Fig. 5-14 History of estimated enthalpy and mole fractions, r=0 mm. 
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5.4.2 Time averaged specific total enthalpy 
The time-averaged specific total enthalpy ( )0h r  is defined as 

 ( )
( ) ( ) ( )

( ) ( )∫
∫= τ

τ

ρ

ρ

0

0 0
0

d

d

tt,rut,r

tt,rut,rt,rh
rh . (5-3) 

where ρ(r,t) =pamb/kBT(r,t).  
Figure 5-15 shows the distribution of ( )0h r  with that estimated from the probe measurements 

described next section. Although it took a maximum of 33.7±2.9 MJ/kg on the axis, the profile was 

almost flat for the TPS probe area (r<10.5 mm). Figure 5-16 shows the enthalpy balance at r=0, 
where chemh  accounted for 42.5% of ( )0h r .  
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Fig. 5-15 Time-averaged specific total enthalpy distribution by LAS and Probes. 
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Fig. 5-16 Enthalpy balance, r=0 mm. 

 

 

 

5.4.3 Comparison with intrusive measurements 
Plasma power Pplasma, r<rmax and the mass flow rate  r<rm& max contained in the measured 

cylinder of the flow are obtained as 

 ( ) ( ) ( )max

maxplasma, < 0
0

2
r

r rP r r u r h r drπ ρ= ∫ . (5-4) 

 (5-5) ( ) ( )max

max 0
2

r
r rm r r uπ ρ< = ∫& .r dr  

Table 5-3 shows those results in comparison with the calorimeter measurements [139]. Figure 5-7 

shows that Pplasma, r<rmax in LAS is smaller than those of calorimeter measurements16 because the 

flow has expanded to the region of r>rmax.  
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Table 5-3 Comparison of Pplasma 

Method rmax Pplasma 

LAS (Present) 50 mm 17.5 kW 

Calorimeter22 60 mm 28.2 kW 

 
In Ref. [139], 0h (r) was estimated from the measured (r), pq& 0(r), and Pplasma using Pope’s 

relation as 23 

 ( )
( ) ( )

( ) ( )( )
max

max
max

2
0 plasma, max

0

0
0

2
r r

r
r r

q r p r Pr
h r

mq r p r rdr

<

<
=

∫
&

&
&

. (5-6) 

Here, m& r<rmax= =3g/s was assumed regardless rm& max=60 mm. Table 6-4 shows a comparison 

between intrusive measurements and present study. Results show good agreement. The values would 

more closely resemble one another than those in Table 5-4 if m& r<rmax is estimated precisely in 

intrusive measurements. 

 

Table 5-4 Comparison of 0h (0) 

Method  

LAS (Present) 33.7±2.9 MJ/kg 

Intrusive measurements22 30.5 MJ/kg 

 ( )0 0h
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5.5 Summary 
LAS was applied for the diagnostics of IPG3 pure oxygen flow. The flows were non-stationary 

and its emission and absorption signals were found to fluctuate at 300 Hz because of the fluctuation 

of anode power. 

Then, temporal and spatial translational temperature distributions were measured. The 

maximum temperature was found to be 9000 K instantaneously. 

The corresponding averaged degree of dissociation of oxygen estimated by the measured 

temperature and thermo-chemical equilibrium calculation is more than 0.90. The total enthalpy was 

estimated as 33.7±2.9 MJ/kg; 43% of it was possessed as the chemical potential. These results show 

good agreement with intrusive measurements. 
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Chapter 6 
Conclusion 
 

 

A diode laser absorption spectroscopy system applicable to low-pressure plasma has been 

successfully developed with following remarks.  

 

1) Development of LAS system 

Error analysis 
Relationship of errors between translational temperature and measured fractional 

absorption were analytically investigated. As a result, translational temperature is estimated with 

in 5 % error for fractional absorption more than 10-2 with its measurement error of 10-2 %. This 

fractional absorption requires number density more than 1015 m-3 in OI 777.19 nm line with 

1cm optical path. 

Absorption saturation 
When probe laser intensity I is higher, strong absorption saturation was observed. As a 

result, absorption coefficients were found to decrease with laser intensity according to the 

conventional laser theory. Then, number density should be estimated using the theory.  

On the other hand, Doppler broadening of absorption line becomes wider with laser intensity, 

and the temperature deduced from the broadening tends to be overestimated in contradiction to 

the theory. This result is caused by the dependency of saturation intensity IS_inhomo on the 

frequency: Absorbers showing larger Doppler shift |n-n0| have higher averaged velocity, and 

then increases with relative frequency |n-n0|. 

Therefore, in case of I/IS_inhomo >10-1, where strong laser intensity is necessary due to strong 

plasma emission, measured temperature should be calibrated by the correction factor presented 

in this paper, though in case of I/IS_inhomo >10-1, temperature is precisely measured. 
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2) Application to Plasma Wind Tunnel Flows 
Next, this system was applied to two kinds of plasma wind tunnel flows and various properties 

of the flows were successfully clarified. Also portability of this system is proved by measurements in 

other facilities in Japan and Germany.  

Constricted arc heater flows: mixing process of oxygen 
Oxygen injected at the constrictor was found not enough mixed with argon base flow at the 

nozzle exit. The oxygen slowly diffused toward the axis in the downstream region of the plume, 

resulting in the quite small degree of dissociation of oxygen at the level of 0.01%. For the 

enhancement of the oxygen dissociation, the oxygen injection method should be improved to 

promote the mixing between oxygen and argon. 

ICP flows: Temperature measurements and enthalpy estimation 
Laser absorption spectroscopy was successfully applied for the diagnostics of 

non-stationary IPG3 flow. Consequently, the averaged degree of dissociation of oxygen is more 

than 0.92. The total enthalpy was estimated as 33.7±2.9 MJ/kg; 43% of it was possessed as the 

chemical potential. These results show good agreement with intrusive measurements. 
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