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Atmospheric pressure CO2 plasma was generated by a laser driven plasma wind tunnel. At an

ambient pressure of 0.38 MPa, a stable plasma was maintained by a laser power of 1000 W for

more than 20 min. The translational temperature was measured using laser absorption spectroscopy

with the atomic oxygen line at 777.19 nm. The measured absorption profiles were analyzed by a

Voigt function considering Doppler, Stark, and pressure-broadening effects. Under the assumption

of thermochemical equilibrium, all broadening effects were consistent with each other. The

measured temperature ranged from 8500 K to 8900 K. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4739259]

I. INTRODUCTION

Atmospheric pressure plasma has a wide variety of

applications such as wear-resistance coating, cutting and fab-

rication of high melting point alloys, extreme ultraviolet

(EUV) light sources, metal recovery, disposal of industrial

waste, and simulation of atmospheric entry. The most fre-

quently used plasma generation method is arc discharge.

This is because, in addition to high-pressure operation up to

10 MPa, it has the advantages of a simple structure, long

operational time, and ease of maintenance.1 However, ero-

sion of the electrodes causes flow contamination with an

increase in pressure and also leads to unstable operation and

eventually shutdown when active gases are used.2

To avoid this, generators that have no electrode such as

inductively coupled plasma (ICP) and microwave generators

have garnered much attention.3,4 They can produce very low

contamination flows because their flows have no undesirable

chemical reactions resulting from electrode erosion. Another

advantage of such generators is that they can use even reactive

gases such as carbon dioxide and oxygen because of their elec-

trodeless heating. However, plasma instability limits the oper-

ation pressure of these generators to less than atmospheric. As

a result, a stationary plasma at a pressure higher than atmos-

pheric is difficult to produce.5 This is partly because of the cut-

off phenomenon. The electron density corresponding to the

cutoff frequency is less than 1017 m�3 even at a microwave

frequency of 2.45 GHz. This problem also causes an

extremely low degree of ionization and an upper temperature

limit around 6000 K under atmospheric conditions.6

Laser sustained plasma (LSP) is one of the most promis-

ing methods for overcoming the above problems using

high-pressure plasma generation. In LSP, the plasma is sus-

tained by absorbing focused laser beam power through an

inverse bremsstrahlung radiation process between electrons

and ions.7 Therefore, it has the advantages of electrodeless

heating such as clean flows and availability of active gases.

Additionally, it has two more advantages: One is the opera-

tion pressure. In our previous research, argon LSP was suc-

cessfully generated at pressures of up to 1 MPa.8 The other is

the plasma position. In the case of ICP or microwave plasma,

the plasma core is generated in an induction coil or a cavity,

which means that the high-temperature core region is not

convenient for applications. On the other hand, the core

region of the LSP can easily be moved by changing a focal

lens position through the window because it is generated

around the focal position.9 Then, the core region is available

for any purpose.

Our ultimate goal is simulations of Mars and Venus

entry conditions to investigate thermo-physical and radiative

properties around entry vehicles. A main constituent in these

atmospheres is carbon dioxide (CO2). In addition, during

Venus entry by the Pioneer Venus probe in 1978, the impact

pressure was up to 0.7 MPa at maximum heat flux altitude.10

Such conditions cannot be simulated by conventional ICP or

microwave generators. In this study, the conditions necessary

to generate atmospheric pressure CO2 plasma in a laser

driven plasma wind tunnel were investigated. In addition, the

translational temperature of the LSP was measured by laser

absorption spectroscopy (LAS).

II. EXPERIMENTAL THEORY

A. Absorption coefficient and number density

LAS is applicable to optically thick plasma and does not

require absolute calibration using a calibrated light source or

a density reference cell such as in emission spectroscopy and

a)Author to whom correspondence should be addressed. Electronic mail:

tmmatui@ipc.shizuoka.ac.jp.
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laser induced fluorescence.11 In addition, measurement sys-

tems using a diode laser can be portable.12 In this study,

absorption profiles are measured for the transition of 3s5S to

3p5P, which is a metastable state of atomic oxygen (OI) at

777.19 nm.

The relationship between probe laser intensity I(�) and

absorption coefficient k(�) is expressed by the Beer-Lambert

law as

Ið�Þ
I0ð�Þ

¼ exp
�
�
ð

kð�Þdx
�
: (1)

Here, � is the laser frequency, I0 is the incident laser inten-

sity, and x is the coordinate in the laser pass direction.

Assuming the Boltzmann relation between absorbing

and excited states, the integrated absorption coefficient K is

expressed as a function of the number density at the absorb-

ing state ni as

K ¼
ð1
�1

kð�Þd� ¼ k2

8p
gj

gi
Aijni 1� exp

DEij

kTex

� �� �
: (2)

Here, subscripts i and j denote the absorbing and excited

states, respectively. In addition, k, g, A, DE, k, and Tex are

the absorption wavelength, statistical weight, Einstein coeffi-

cient, energy gap between the states, Boltzmann constant,

and electronic excitation temperature, respectively. Transi-

tion data for the target absorption line are listed in Table I.13

B. Line broadening

The absorption profile is broadened by various physical

mechanisms and is expressed by a convolution of the Gauss

and the Lorentz distributions. Brief derivations and results

are presented here.14–16

1. Doppler broadening

The Doppler effect is observed to shift the proper fre-

quency of a moving atom, resulting in a broadening of the

profile. This is called Doppler broadening. This broadening

is a Gaussian distribution, and its width D�D is related to the

translational temperature Ttr as

D�D ¼
2�0

ffiffiffiffiffiffiffi
ln2
p

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTtr

MA
:

r
(3)

Here, �0, KB, MA, and c are the center absorption frequency,

Boltzmann constant, atomic weight, and velocity of light,

respectively.

2. Pressure broadening

Pressure broadening originates from the fact that atoms

are perturbed by collisions with other atoms or molecules.

This broadening is a Lorentz distribution and its width D�p is

expressed as

D�p ¼ n
9p�h5�0Ra

2

16m3
eE2

p

 !
t�

3

5 � 10�9: (4)

Here, �h, Ra , me, Ep, and t are the reduced Planck constant,

square of the coordinate vector of the radiating electron,

electron mass, perturbed resonance-level excitation energy,

and thermal velocity, respectively.

3. Stark broadening

Stark broadening originates from the fact that the degen-

eracy is solved by the electric field made by a surrounding

electron. This broadening is a Lorentz distribution also, and

its width wth is expressed as

wth � 2
�

1þ 1:75� 10�4n1=4
e að1� 0:068n1=6

e T1=2
e Þ
�

new

� 10�18: (5)

Here, ne, a, and w are the electron number density, ion

broadening parameter, and electron impact parameter,

respectively.

4. Other types of broadening

Natural, saturation, and transit time broadening are more

than two orders of magnitude smaller than the above three

types of broadening. Therefore, they are not considered here.

C. Line shape function and analytical method

The actual absorption profile is the convolution of the

Gauss and the Lorentz function. This profile is called the

Voigt profile and is expressed as

kð�Þ ¼ kð�0Þ
pD�L

ð1
�1

exp � 2d
D�D

ffiffiffiffiffiffiffi
ln2
p� �2

	 


1þ 2ð���0�dÞ
D�L

n o2
dd: (6)

Here, D�L is the sum of the Lorentz widths shown in Eqs. (4)

and (5) and d is the integration variable.

In this study, the ambient pressure is more than that of

the atmosphere, and the flow is subsonic; therefore, the

plasma is assumed to be in thermochemical equilibrium.

Then, using an equation of state and the Saha equation, the

pressure and the Stark broadenings become functions of the

temperature. However in practice, a curve fitting of Eq. (6)

to the measured profiles after substituting by Eqs. (3)–(5) is

too difficult because of the complexity of the function.

Therefore, in this study, the absorption profiles were an-

alyzed by the following process. First, the Lorentz width,

which is the sum of the pressure and Stark widths, is calcu-

lated by a given Lorentz temperature TL. Next, the Voigt

function is fitted to the profiles with the calculated Lorentz

width and variable Doppler width. Then, the temperature

TABLE I. Transition data for the target absorption line.

i j k, nm Ei, eV Ej, eV gi gj Aji,108 s�1

3s5S 3p5P 777.19 9.14 10.7 5 7 0.369
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from the obtained Doppler width TD is compared with the

Lorentz temperature by the performance function S

S ¼ TL � TD

TL

� �2

: (7)

When the performance function is at a minimum, the Lorentz

temperature will be the true temperature.

III. EXPERIMENTAL APPARATUS

A. Laser driven plasma wind tunnel

A cross-sectional diagram and a photo of the LSP wind

tunnel are presented in Figs. 1 and 2, respectively. The LSP

generator is composed of a laser induction window, a

plasma-sustaining channel, and a convergent nozzle. The

throat diameter is 12 mm and the nozzle diameter is 10 mm.

With this slightly convergent configuration, the LSP can be

sustained at the nozzle exit. As a beam source, a continuous

wave CO2 laser (YB-L200B7T4, Matsushita Electric Indus-

trial Co., Ltd.) with a wavelength of 10.6 lm is used. The

maximum output power is 2 kW and the transverse mode of

the laser beam is TEM10. The beam divergence is less than 2

mrad at the laser exit. The beam diameter of 20 mm is mag-

nified by a factor of 2.2 using a ZnSe beam expander, and

the expanded beam is condensed into the generator by a

ZnSe meniscus lens (P/N 61853, Ophir Optronics Ltd.)

through a ZnSe window. The focal length of the lens is

95 mm, corresponding to an F-number of 1.9, which is

defined as the focal length normalized by the beam diameter.

This lens can move back and forth in the laser beam direc-

tion using a traverse stage. A rod made of stainless steel

(SUS304) is used as the source of the initial electron emis-

sion. After the ignition, the LSP is moved toward the nozzle

exit by moving the focal lens position. The generator is con-

nected to a water-cooled high-pressure chamber with two

quartz windows for optical diagnostics. The chamber is evac-

uated through the 1 mm throat by a rotary vacuum pump

(VD401, ULVAC Technologies, Inc.).

B. Measurement system

Figure 3 shows a schematic of the LAS measurement

system. A tunable diode laser with an external cavity (Veloc-

ity Model 6300, New Focus, Inc.) is used as the laser oscilla-

tor. Its line width is less than 500 kHz and the laser

frequency is scanned over the absorption line shape. The

modulation frequency and width were 0.5 Hz and 30 GHz,

respectively. An optical isolator is used to prevent the

reflected laser beam from returning into the external cavity.

An etalon with a free spectral range of 0.75 GHz is used to

calibrate relative frequency. Microwave discharge plasma is

used as a reference cell to adjust the laser frequency to the

absorption peak.

The probe beam diameter is 1 mm, and the beam is

guided to the chamber window through a single mode optical

fiber. The fiber output is mounted on a two-dimensional tra-

verse stage to scan the flow in the radial and axial directions.

To reduce plasma emission, the transmitted laser intensity is

measured by a photo detector (DET110/M, Thorlabs, Inc.)

FIG. 1. Cross-sectional diagram of the laser driven plasma wind tunnel.

Chamber

Lens

Water cooling

Window

FIG. 2. Photo of the laser driven plasma wind tunnel.

FIG. 3. Schematic of LAS measurement system.
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with a 2-mm pinhole and a band-pass filter whose full width

at half maximum is 10 nm (FB770-10, Thorlabs, Inc.). The

signals are recorded using a digital oscilloscope with 16-bit

resolution at a sampling rate of 10 kHz (Yokogawa DL1540;

Yokogawa Electric Corp.).

IV. RESULTS AND DISCUSSION

A. Generating conditions

Figure 4 shows the minimum laser power for LSP gener-

ation as a function of plenum pressure. For comparison, the

minimum laser power of argon is also plotted. Here, the pres-

sure represents cold gas values. As seen in this figure, the

LSP can be generated with less laser power at higher pres-

sure. The minimum laser power for the CO2 LSP generation

is around 600 W, which is much higher than that needed for

argon. This is because the dissociation energy is necessary

for the molecular flow to generate enough electron density to

maintain the LSP. In this study, the upper limit of the pres-

sure is determined by the gas regulator system because the

heating system is necessary only for CO2 operation. There-

fore, with the higher power heater, the CO2 LSP would be

generated at a higher pressure by comparable laser power.

Figure 5 shows a typical photo of the CO2 plasma flow. By

moving the focal lens downstream, the LSP flow can be sta-

bly produced at the nozzle exit.

B. Temperature measurements

The operating conditions are tabulated in Table II.

Under these conditions, the plasma was maintained for more

than 20 min. Figure 6 shows a typical distribution of OI

777 nm line emission intensity. An extremely strong peak

was observed. This peak is thought to be the LSP core posi-

tion, where most of the laser beam is absorbed.17 The LSP

position is not the same as the focal point but depends on

operating conditions such as ambient pressure, flow velocity,

and laser power.18 We therefore set the coordinate origin not

to the focal point, but to the peak point of the OI 777 nm line

intensity.

Figure 7 shows typical absorption signals. The absorption

signal could be detected at the front of the LSP, where the

temperature was highest. At 0.5 mm away from the position in

the radial and axial direction, no absorption signal was

observed. This result is consistent with the emission distribu-

tion shown in Fig. 6. Then, the obtained absorption signal is

assumed to give the local absorption coefficient on the origin

for an absorption length of 0.5 mm. However, note that the

measured transmitted laser intensity generally gives only the

200
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FIG. 4. Generating conditions for CO2 and argon LSP.
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30mm

FIG. 5. Photo of CO2 plasma flow.

TABLE II. Operating conditions.

No. 1 2 3

Laser power, W 1000 1000 1400

Mass flow rate, g/s 0.39 0.46 0.39

Pressure, MPa 0.313 0.383 0.323

-20 -15 -10 -5 0 5 10 15 20
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FIG. 6. Emission intensity distribution of OI 777-nm line.
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path-integrated absorption coefficient; Abel inversion is nec-

essary to determine the local absorption coefficient.

For the normalized absorption signals, the Voigt func-

tion was fitted as described in Sec. II. Figures 8 and 9 show

how a typical performance function varies with the Lorentz

temperature and the absorbance with a fitted curve. As

shown in these figures, the performance function has a mini-

mum, and the Voigt function is well fitted to the measured

profile. In all conditions, the performance functions have a

minimum, and their values are less than 0.03.

Figure 10 shows the measured temperature, which

ranged from 8500 K to 8900 K. The temperature decreased

with the increase in pressure. This might be because that the

radiation loss increases with an increase in pressure.18

Increasing laser power from 1000 to 1400 W increased the

temperature only slightly. In our previous research,19 the

LSP position was found to move upstream from the focal

point with an increase in laser power. Thus, the laser inten-

sity at the front of the LSP does not increase even if the laser

power is increased. As a result, with the increase in laser

power, the temperature increases are slight even though the

front area of the LSP increases in the radial direction.

C. Validation of thermochemical equilibrium

Assuming that the LSP is in local thermal equilibrium,

the number density of the absorbing state is related to the

number density of atomic oxygen nO by the Boltzmann dis-

tribution law, expressed as

ni ¼
nogiexpð�Ei=kBTexÞP

k gkexpð�Ek=kBTexÞ
: (8)

FIG. 7. Typical transmitted laser intensity in the LSP and microwave plasma

and etalon signal.
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FIG. 9. Typical absorbance and Voigt fitted curve.

FIG. 10. Measured temperature as a function of pressure.
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Here, the summation is conducted for the ground and all

excited states of atomic oxygen. Around the measured tem-

perature, the CO2 gas is completely dissociated into carbon

and atomic oxygen under the thermochemical equilibrium.

The number density of atomic oxygen can then be obtained

by the equation of state. In the case of the no.1 condition, the

number density of the absorbing state based on these equa-

tions is estimated as 1.1� 1019 m�3. On the other hand, the

number density measured by LAS is 1.3� 1019 m�3. These

values show good agreement. Hence, it is reasonable to

assume the LSP is in thermochemical equilibrium.

V. CONCLUSION

Atmospheric CO2 plasma flows were generated by the

laser driven plasma wind tunnel. The plasma was maintained

stably for more than 20 min at a pressure of up to 0.4 MPa.

As a result of the flow diagnostics measured by laser absorp-

tion spectroscopy, the temperature at the front of the LSP

was found to range from 8500 K to 8900 K, where the plasma

was in thermochemical equilibrium.
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