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Chapter 1

Introduction

1.1 Laser propulsion

Laser propulsion is a candidate for a low cost and less fuel launching system. And this propulsion

can be considered as the mass driver, in which the vehicle is accelerated by the laser power

transmitted remotely from the ground-based laser oscillator. Kantrovitz �rst proposed laser

propulsion in 1972 soon after the invention of laser[1]. To his proposal, many studies on the

laser propulsion were activated especially in U.S.A, Russia and Japan. Especially Mylado

carried out and succeeded the demonstration of the �ight of the pulse laser propulsion at height

about 70 meters.

Laser propulsion uses laser energy to thrust, which is very di�erent from the conventional

chemical rocket. This propulsion has big advantage over conventional chemical propulsion.

Laser propulsion is classi�ed into the following two modes according to the laser transmission

mode.

CW laser propulsion Continuous wave (CW) laser propulsion uses the continuous wave

laser. CW laser beam focused in the engines. Laser Sustained Plasma (LSP) is generated on

the focus. LSP is maintained by the laser energy absorption through the inverse bremsstrahlung

process. LSP supplies its enthalpy to the cold propellant gas, which �ows around LSP. The

heated propellant gas passes through the throat and expands in the nozzle. In this expansion

stage, the gained enthalpy is converted into the kinetic energy. In this way, thrust is provided.

CW laser propulsion is considered to be applied to transitions between the orbits and the

attitude control in the space because the CW laser, which power is presently several KW class,

is not enough to launch the vehicles from the ground. Applying CW laser propulsion in the

space has the advantages that propellant gases could be selected freely.

RP laser propulsion Repetitively Pulsed (RP) laser propulsion uses the repetitively pulsed

laser. Pulse laser beam focused in the ablator on board or in the air. Then laser-induced plasma

and blast wave is generated on the focus. The plasma supports the blast wave. This particular

kind blast wave is called Laser supported detonation (LSD) wave. The �ow energy converts

into the thrust. The detail of this process and LSD wave is described later section.

RP laser propulsion is considered to be applied to the ground launch system because the

RP laser, which power is presently several MW class. By comparison with the chemical rocket,
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applying RP laser propulsion to ground launch system has the advantages that there is no need

to be the complex and heavy propulsion systems on board because laser energy is transmitted

from the base located in the space or on the ground.

This study is drawn attention on RP laser propulsion and LSD wave. In particular this

study is focused on the clear up of the phenomena of LSD.

1.2 RP laser propulsion

From the 70’s through 80’s, many studies were performed for the �at-plate type [2][3][4][5]. An
intense laser beam was irradiated on a metallic plate surface in the atmospheric air to produce

a high-pressure region on the surface as illustrated in Fig.1.1(a)[6]. Pirri et al. �rst studied

a laser pulsejet with a bell nozzle illustrated in Fig.1.1(b). A laser beam was focused by a

parabolic mirror to produce plasma. Expansion of the plasma drives a spherical blast wave in

the surrounding air, and impulsive thrust is generated on the nozzle wall while the blast wave

expands in the nozzle.

Ageev et al. also studied a laser pulsejet experimentally using a parabola and conical nozzle

with a 5J-pulse CO2 laser [7]. In DLR (German Aerospace Center), a 53g-Bell nozzle was

launched to 60cm high using a repetitive pulse laser whose average power was 7.9 KW (the

laser pulse energy was 175J/pulse and the repetition frequency was 45 Hz) [8].

In 1998, Myrabo et al. published the results of their �ight demonstrations using a 10kW-class

repetitive pulse CO2 laser [9]. Their demonstrations were the world �rst and recent researches

on laser propulsion were activated by their report. A‘ Lightcraft’used in the demonstrations

is illustrated in Fig.1.1(c). An impulsive thrust is imparted on a spike nozzle, which focuses a

laser beam onto a cowl to produce plasma. Its mechanisms of impulse generation are same with

those in the laser pulsejet though the geometry of focusing optics is di�erent from the Bell type

nozzle. One remarkable feature of the Lightcraft design is a front intake from which the air is

taken and compressed.

A Laser In-Tube Accelerator (LITA) [10] is another variety of laser propulsion. LITA is a

laser-driven ram accelerator where a projectile is accelerated by successive laser-induced explo-

sions in a tube �lled with a rare gas. Its thrust generation mechanisms are also quite similar to

those of the laser pulsejet.
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Figure 1.1: Schematics of di�ernet varieties of the propulsion
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1.3 Our vision of the RP laser propulsion

Laser-Powered launch system would be the material supply for the construction of a Solar Power

Satellite, for example. Our perspective of launch is introduced here to survey the overall picture

of the system. Payload is launched through three modes; pulsejet, ramjet and rocket, as shown

in Fig.1.2 Near the ground, the vehicle is accelerated until the velocity of the vehicle reach to

M=2. This mode is called pulsejet mode. When the velocity of the vehicle reach to M=2, the

air intake open and the air is drawn in at the front of the vehicle and compressed to compensate

the reduction of the ambient pressure. This mode is called ramjet mode. In ramjet mode,

compared to the pulsejet mode, the time to exhaust and re�ll air in the nozzle is much shorter

because the intake �esh air sweep away the high-temperature and low-pressure air toward the

rearward of the vehicle. Therefore, compared to the pulsejet mode, the laser pulse could send

to the vehicle with high frequency in the ramjet mode. The rocket mode is initiated at the

altitude where the adequate air pressure can not be acquired through the ram compression. In

the rocket mode, the hydrogen on board is injected into the nozzle is injected into the nozzle

with the pressure of the propellant tank higher than the pressure of the nozzle, and used as the

working �uid.

The velocity increment by the laser propulsion at 10 km/s is required to launch a payload

to GEO. An engine cycle analysis was adapted to the estimation of the thrust performance, and

the speci�cations of the engine model are summarized in Table.1.1 Fig.1.3 shows the vehicle

trajectory calculated by Katsurayama et al. for the vertical launch [11]. A vehicle is gradually

accelerated through a trajectory from the sea-level up to 200km above sea level, and it will not

su�er from excessive aerodynamic heating and load. A 100kg-vehicle accelerated to 10km/s in

one minute, and the payload ratio of the vehicle was 0.6.
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Figure 1.2: 3modes of the laser propulsion launch system
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Table 1.1: The speci�cations of the engine model

Transmitted Laser Average power (MW) 500

Vehicle Initial mass (kg) 100

Structure coe�cient 0.1

Pulsejet mode Cm (N/MW) 100

Ramjet mode Absorption e�ciency (%) 40

Di�user e�ciency (%) 97

Rocket mode Absorption e�ciency (%) 40

Propellant H2

Speci�c impulse (s) ∼950
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Figure 1.3: 100-kg-Vehicle trajectory through the three modes of laser propulsion in a vertical

launch

1.4 Impulse generation process

The impulse generation processes for laser propulsion are divided into four processes as follow.

1. Breakdown of the gas and laser supported detonation (LSD) wave generation

2. Blast wave energy conversion

3. Impulse generation

4. Re�ll of the gas

This process is illustrated in Fig.1.4 A breakdown of the atmospheric air occurs by focusing
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an intense laser pulse. A plasma front propagates along the laser light channel while absorbing

the laser energy. Then, the plasma drives a blast wave, and the blast wave energy is converted

to the thrust work by a nozzle-shaped re�ector [1][12]. Laser energy is absorbed and converted

to the blast wave energy by the plasma in a laser supported detonation (LSD) regime [13]. The

detail of the LSD wave is described next section.

Figure 1.4: Impulse generation process

1.5 breakdown

Laser breakdown of the atmospheric air is initiated by focusing an intense laser pulse. The

power density threshold for the breakdown was measured at he order of 103 to 104 MW/cm2

using a CO2 laser. Laser breakdown process and laser-induced plasma generation process are

as follows [12]. In the �rst stage, N2 and O2 molecules in the air are ionized by multi photon

absorption. This phenomenon occurs when the simultaneous absorption energy of n photons,

nhv, exceeds the ionization potential, where h stands for the plank constant and v stands for the

frequency of the light. The minimum ionization energies of O2 and N2 are12.5eV and 15.8eV,

so it could be estimated as n=11 for O2 and n=14 for N2 for a CO2 laser. The electron which

generate in this �rst stage are called the �rst generation electron. In the second stage, the

�rst generation electron is accelerated by the inverse-bremsstrahlung e�ect. These electrons

remove other electrons from the order molecules and atoms. In this way, an electron avalanche

develops. When the characteristic length of the ionization regime is parallel to the Debye length,

a laser-induced plasma generates.

1.6 laser absorption process

After the laser induced-plasma is generated, the intense laser beam continues to be irradiated

on the surface of this plasma. The laser energy is absorbed by this plasma mainly through

the inverse-bremsstrahlung process. It is well known that the laser absorption mechanism is

classi�ed into two regimes. At laser power densities greater than the order of 107 W/cm2, laser

absorption occurs in Laser Supported Detonation (LSD) wave [14][15][16]. On the other hand,

at power densities lower than 106/cm2, it occurs in Laser Suppported Combustion (LSC) wave.
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1.6.1 LSD regime

LSD wave travels at a supersonic velocity along the laser light channel in the direction opposite

to the beam incidence. Although the mechanism of LSD wave propagation is not still clari�ed,

existing an electron seed in the front of the strong laser absorption regime are considered to be

essentially important. The electron seed is considered to be produced by mainly three e�ects.

1. shock compression e�ect

2. electron di�usion e�ect

3. photoionization or photoexcitation e�ect

The dominant e�ect in three e�ects is determined by the laser power density irradiated on

LSD front.

Similarly to the chemical detonation wave, LSD wave is thought to have a Zel ’dovich-
Nuemann-Doring (ZND) wave structure, in which cold gas ahead of the wave is compressed and

heated in a shock front called the von-Neumann spike [17].

In general, very high temperature region radiate the ultraviolet-ray. The high energetic

photon emitted from this region could directly remove or excite the electron of the molecules in

the cold gas ahead of the thermal boundary layer. This is called photoionization and photoex-

citation. The speed of the propagation of the discharge front is very high and in the hydrogen

at 40Pa, the speed is estimated to be 106m/s [18]. Photoionization and photoexcitation is

appeared in the radiation detonation phenomenon, for example, in the extraordinary explosion.

In LSD regime, very high energetic electrons, which are distributed in the foot of electron

distribution function, are considered to exist. By the di�usion of the high energetic electrons,

the laser absorption precursor is generated ahead of LSD front. This e�ect is reported to be

essential to generate LSD wave in room temperature by Shiraishi [19].

The laser beam irradiated on LSD front could be re�ected because the electron density in

such a strong absorption regime would be near to the critical density for the incident laser beam.

By principle of superposition, the re�ected wave and the incident wave make the composite wave,

which amplitude is twice as much as each one and which electromagnetic energy is four times

as much as one. In this high electromagnetic energy, the cold gas ahead of LSD front occurs

breakdown by multiphoton e�ect and this regime become new absorption regime.

1.6.2 LSD termination and LSC regime

The propagation of LSD regime terminates and transfers to LSC regime when the laser power

density on the LSD wave front decreases to LSD threshold. In the LSC regime, laser absorption

occurs in plasma mostly at uniform pressure. The absorption wave has a structure similar to

a de�agration wave: it is called an LSC wave. The wave propagates in the direction opposite

to beam incidence at a subsonic velocity due to heat conduction. After cold gas ahead of the

wave is heated and ionized through heat condition, it expands to absorb the laser beam.

The propagation of LSD regime terminates when the laser power density on the LSD wave

front decreases to LSD threshold. Since CO2 laser beam is absorbed mostly by the electrons

through the inverse-bremsstrahlung process, and the fractional absorption of LSD wave, the

shock wave interacts with the laser absorption region, and the irradiated energy is delivered

e�ciently to the motion of the surrounding air through the expansion work of the plasma after

the LSD termination cannot generate a high presuure wave and has no contribution to the

increment in the energy of the LSD termination may be converted into the radiation energy
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and the internal energy frozen in the plasma region. Larger duration of LSD existence in using

the same laser system brings higher energy conversion e�ciency from the laser pulse energy to

the energy of the surrounding air motion.

Mori investigated systematically the LSD termination with di�erent value of focusing f-

number, laser energy and atmospheric pressure by using shadowgraph method [20]. Figure.1.5

shows the shadowgraphs of an exploding plasma and blast wave induced by a 10J-CO2 laser.

Figure 1.6 shows the displacement of the shock front and plasma from the focus in the direction

opposite to the laser incident channel. The coincident of each front occurs during LSD regime.

After LSD regime termination, the shock front propagates further and the plasma front stays.

The intersection point of the two curves indicates the timing of the transition from LSD regime

to LSC regime.

Figure 1.5: shadowgraph images for point focusing LSD wave

Figure 1.6: displavement of theshock front and plasma front for the point focusing LSD wave
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1.7 Theory of LSD termination

As seen in the previous section, sustention of the LSD is e�ective in increasing the thrust

performance of laser propulsion. Therefore, the theory of LSD termination by Raizer[?] is

introduced in this section.

As seen in the Fig.1.7, heated and compressed gas in the zone where the LSD takes place

expands not only along the direction of propagation of the shock wave, which causes the motion

of this wave, but also in the lateral directions. This lateral expansion uses some of the energy

which will not help the propagation of the detonation wave. The ratio of the energy lost as

a result of this lateral expansion to the energy utilized in the propagation of the detonation

is characterized by the ratio of the lateral surface 2πr∆s to the area of the wave front πr2,

i.e., it is characterized by the ratio ∆x/r. ∆x is the order of the path traveled by the incident

radiation l. If the thickness l is of the order of or greater than r, the energy losses by the lateral

expansion are so large that the input laser energy is insu�cient to sustain the initiation shock

wave. In practice, Raizer predicted that an LSD would terminate when l/r ≈ 4.

Figure 1.7: Schematic of a lateral expansion of an LSD.

In Raizer's theory, laser light channel geometry is one dimensional. However, in the laser

propulsion, LSD is mainly generated in the cone shaped laser channel. In order to represent

the ratio of energy lost by the lateral expansion to the energy utilized, a ratio

Sside/Sfront (1.1)

would be accurate in the case the geometry of the laser light channel di�ers. In this expres-

sion, Raizer's prediction of LSD termination would be as follows: LSD would terminate when

Sside/Sfront ≈ 8. In this theory, LSD termination is determined only by the energy loss due to

lateral expansion. This indicates the possibility of preventing the LSD termination by con�ning

the lateral expansion.

1.8 Previous study

Usio et al investigated two and quasi-one dimensional LSD wave driven by a linearly focused

laser beam using the shadowgraph method. The schematic of the shadowgraph experimental
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apparatus is shown in Fig.1.8. CO2laser was linearly focused on an aluminum plate to initiate

the breakdown in the atmospheric air. An o�-axis linearly condensing parabolic mirror was

used to focus the laser beam. Its focal length was 48mm. The 2D collector optics is shown

in Fig.1.9(a). Besides, an aluminum wedge nozzle was used to realize quasi 1D LSD wave

propagation by limiting the blast wave expansion in the direction perpendicular to the laser

channel as Fig.1.9(b).

Pin hole

Plane-convex

lens

Plane-convex

lens

Band pass

filter

Micro

lens

PCPhoton

detector

Delay

generator

Off axis 

parabolic mirror

Figure 1.8: Schematic of the shadowgraph experimental apparatus

CO
2

laser

20mm

Al plate

slide glass

(a) 2D
(b) quasi -1D

Figure 1.9: Schematic of 2D and quasi-1D collector optics

Fig.1.10 and Fig.1.11 shows theshadowgraph images of a 2D and quasi-1D LSD waves. Laser

started to irradiate at t=0micros. In these �gures, a head of shadow is shock front and a head

of emission is plasma front. Temporal variation of these fronts on the laser axis is shown in

Fig.1.12 and Fig.1.13. As seen in the �gures, the shock front and plasma front began to separate

at 1.3micros for the 2D LSD wave and 1.8micros for the quasi-1D LSD wave.
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Figure 1.10: shadowgraph images of a 2D LSD wave

Figure 1.11: shadowgraph images of a quasi-1D LSD wave
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Figure 1.12: Displacement of the shock front and plasma front for the 2D LSD wave

Figure 1.13: Displacement of the shock front and plasma front for the quasi-1D LSD wave
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1.9 Objectives

The laser was line-focused on an aluminum plate, and generated line-focused LSD wave. Prop-

agation direction was controlled and 2D and quasi-1D LSD waves was generated.

The electron number density distribution behind these LSD waves is measured by two-wavelength

Mach Zehnder interferometry.

Furthermore some physical quantity is estimated in 2D LSD wave.

At the LSD termination, similarity of termination conditions between 2D and quasi-1D LSD

wave is picked up.

From these results, one of the LSD termination condition is found out.
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Chapter 2

Measuremnt of electron number

density distribution

Our purpose is measurement the electron number density distribution behind the LSD wave.

Two-wave length Mach Zednder interferometry that is was applied to measure the electron num-

ber density. Principle of Mach Zednder interferometry and the way to analyze theinterferogram

is shown in this chapter.

2.1 Principle of Mach Zehnder Interferometry

In Mach Zehnder interferometry, coherency of light is used to determine the refractive index.

This measurement method is one of the quantitative visualization methods. It has the advantage

of noncontact method and enough to acquire the nonsteady phenomena.

The system of the Mach zehnder interferometry consists of two beam splitters and two plane

mirrors as shown in Fig2.1. A homochromatic light from the light source is divided into two,

and recombined on a screen. With slight di�erence in little path lengths, two lights interfere

each other and make a interferometric fringe pattern. Where the di�erence in light path length

is the same to λ × n (λ is wavelength, n stands for positive integer), they reinforce each other

and become bright because two lights are in phase. On the other hand, where the di�erence is

the same to λ × (n + 1/2), they cancel each other and become dark. When one of the lights

propagates through the target object, di�erence of the refraction index in the object will be

visualized quantitatively in the form of fringe pattern shift. (Thus one of the two lights is called

a reference light and the other is called a probe light.) This fringe pattern shift is expressed as

h =
1
λ

∫
(Nref (z) − Nflow(z)) dz (2.1)

where h is the number of fringe shift, z is the direction of the channel of the probe laser beam, N

is the refractive index, λ is the wavelength of the light source. The subscripts "�ow " and "ref"

represent the case inside and outside(reference path) of the test section respectively. When the

�ow in the test section was homogeneous, with width of d, Eq.2.1 could be rewritten as

h =
(Nref (z) − Nflow(z)) d

λ
=

∆Nd

λ
(2.2)

∆N =
hλ

d
(2.3)
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Objectives 

(LSD wave)

Interferometric

fringe pattern

Figure 2.1: The fundamental system of Mach Zehnder interferometry.

where ∆N is the di�erence of the refractive index between the reference area and the object.

Thus just by reading the shift of a fringe pattern, refractive index inside the target object will

be known.

2.2 The relative refractive index of electron

A refractive index is de�ned as the ratio of the phase speed of the light in a given medium and

in a vacuum. In this study, this medium corresponds to laser-induced plasma which consists

of electrons, ions and neutral particles, and a blast wave which consists of neutral particles.

In general, the refractive index N of the medium consisted of many species is approximately

expressed as follows

N − 1 =
∑

Kjnj (2.4)

where Kj and nj are the relative refractive index and the number density of species j respec-

tively. The medium in this study are consisted of three species; an electron, an ion, a neutral

particle. The relative refractive indices of an ion and a neutral particle is approximately con-

stant; Ki=7.4×10−30 [m3], Kn=1.1×10−29[m3]. On the other hand, the relative refractive

index of electron is dependent on the wave length as seen in the Fig.2.2.[21] And its value is

estimated from the dispersion relation of the electromagnetic wave propagating in plasma under

the assumption of no magnetic �eld. The dispersion relation is as follows,

ω2 = ω2
pe + k2c2 (2.5)

ωpe =

√
nee2

meε0
(2.6)
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Figure 2.2: The dependence of the refractive indices on the wave length.

where ω, k is the angular frequency and the wave number of the electromagnetic wave in

a plasma, respectively, and ωpe is the plasma frequency. c, ε are the light velocity and the

permittivity of free space, and ne, me, e are the electron number density of the plasma, the

electron mass and electron charge, respectively. The refractive index of an electron to the

electromagnetic wave of angular frequency ω, is

Ne = kc/ω (2.7)

Using Eqs.2.5 and2.7, the following equation are derived.

Ne =
(

1 −
(ωpe

ω

)2
)1/2

(2.8)

Under the additional assumption, Eq.2.5 is

Ne − 1 = − ωpe

2ω2
(2.9)

From Eq.2.4, the relative refractive index is expressed as follows

Ke = − e2

8π2c2meε0
λ2 (2.10)

where λ is the wavelength of the electromagnetic wave. As seen in Eq.2.10, -Ke is proportional

to the square of the wavelength.

Ki and Kn is approximately constants. In contrast, Ke is dependence on the wavelength of

probe laser. In the two-wavelength Mach Zehender interferometry, this dependence is used to

measure the electron number density. The detail was described next section.
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2.3 Re�active-index change

Using Eq.(2.3) and (2.4),

∆N =
hλ

d
=

∑
ref

Kjnj −
∑
flow

Kjnj (2.11)

= Knn0 − (Knnn + Kini + Kene) (2.12)

where K is a relative refractive index and n is a number density. The subscripts, n, i, e,

represent a neutral particle, an ion, an electron, respectively. n0 is the number density of the

neutral particle in the atmospheric air (reference path was set in the atmospheric air).

Without any assumption, contribution of the number density of each particle to the total

refractive index cannot be identi�ed from simple Mach Zehnder interferometry and this equa-

tion. However, by using the dependency of Ke to the wavelength as above, contribution of the

electron density would be extracted. The detail of this method is described in the next section.

2.4 Two-wavelength Mach Zehnder interferometry

The large dependence of the electron component and the relatively small dependence of the other

plasma constituents on the probe light wavelength make it possible to determine electron density,

even in the presence of contributions to the refractivity from the nonelectronic constituents.

This is accomplished by simultaneous measurement of the refractive index of the plasma at two

wavelength.[22] By two-wavelength Mach Zehnder interferometry using the wavelength λ1 and

λ2, ∆N1 and ∆N2 would be known from Eq.2.12 and 2.10 as follows,

∆N1 = Knn0 − (Knnn + Kini + Ke1ne) (2.13)

= Knn0 − Knnn − Kini −
(
− e2

8π2c2meε0
λ2

1

)
ne (2.14)

∆N2 = Knn0 − (Knnn + Kini + Ke2ne) (2.15)

= Knn0 − Knnn − Kini −
(
− e2

8π2c2meε0
λ2

2

)
ne (2.16)

where K1 and K2 is the relative refractive index of the electron for each wavelength. By

substituting Eq.2.16 from 2.14, ne is expressed as follows.

∆N1 − ∆N2 =
e2

8π2c2meε0
(λ2

1 − λ2
2)ne (2.17)

ne is expressed from Eq.(2.17) as follow

ne =
1

(λ2
1 − λ2

2)

(
8π2c2meε0

e2

)
(∆N1 − ∆N2) (2.18)

As Eq.(2.18), using couple of ∆N , the electron number density is calculated.

In addition, under the assumption of the singly ionized plasma ne=ni, the nutral particle

number density is derived from Eqs.2.14 and 2.18.

nn = n0 −
∆N1or2 − (Ki + Ke1or2)ne

Kn
(2.19)
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Chapter 3

Experimental Apparatus

In this chapter, the system of apparatus as follow was used to measure the electron number

density distribution

� 1) For generating line-focused 2D and quasi-1D LSD wave

� 2) Two-wavelength Mach Zehnder interferometer

These details of the system was shown.

3.1 Apparatus for Generating LSD

In this study, linearly focusing LSD wave was generated. A 10 J Transversely Excited Atmo-

spheric (TEA) CO2 pulse laser was used to generate the linearly focusing LSD wave, as Fig.3.1.

The laser was line-focused on an aluminum plate to initiate the breakdown in the atmospheric

air. An o�-axis line-focusing parabolic mirror was used to focus the laser beam. Details of these

apparatus and the whole system to generate the LSD are shown in this section.

CO2 laser

generating apparatus

Off axis parabolic mirror

Aluminum plate

Linearly focusing LSD wave

CO2 laser

10J

30mm 30mm

Figure 3.1: schematics of the LSD generating apparatus
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Figure 3.2: Picture of TEA CO2 pulse laser. (a) Exterior of IRL-1201, (b) laser-dixcharge tube

and gap-switch.

3.1.1 TEA CO2 pulse laser

Plasma was produced by Transversely Excited Atmospheric (TEA) CO2 pulse laser whose

nominal energy Ei was 10 J. The laser was made by Usho optical system co. ltd. Its speci�cation

is summarized in Table 3.1. Its exterior is shown in Fig.3.2(a). Laser excitation is initiated

by triggering the discharge in the gap-switch shown in Fig.3.2(b). The electric circuit is shown

schematically in Fig.3.3. Voltage applied to the capacitor is controlled using a slide-regulator,

and Ei can be changed slightly using the slide-regulator. Ei also depends on the �ll-pressure

in the laser-discharge tube. Figure 3.4 shows the relation between Ei and the �ll-pressure.

Ei increases with the �ll-pressure. Pulse energy was measured before and after experiments

using a joule-meter; consequent shot-to-shot pulse-energy �uctuations were maintained below

5% throughout experiment.

Table 3.1: The speci�cation of TEA CO2 laser.

Product No. IRL-1201

Max. Ei 10 J

Repetition single, 0.1∼0.5 Hz
Gas �ll pressure 110kPa,a

Impressed voltage ~10kV

Ei �uctuation > ± 5%

Power source AC 100V 50/60Hz

Laser gas composition He:N2:CO2 = 84:8:8
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Figure 3.3: Electrical circuit for the TEA CO2 laser.

Figure 3.4: Relation between the laser pulse energy and the �ll-pressure in the laser-discharge

tube.
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Figure 3.5: Energy distribution of the laser beam.

The laser beam was in the high-order multi-transverse mode: its beam quality factor was

approximately 18. Energy distribution of the laser beam was measured using a joule-meter as

shown in Fig.3.5. The burn pattern of the laser beam is also shown in the �gure. It has gaussian

distribution on the horizontal axis, and trapezoidal distribution on the vertical axis. The laser

beam cross-section can be approximated by a 30 Ö30 mm square. Equivalent beam diameter

was 34 mm, which was the diameter of a circular beam having the same cross sectional area

as the square beam. As in the �gure, 20mm height area was used to generate the line focused

LSD and that with con�nement, while 2mm at the center was used to generate the thin LSD

for interferometry.

Pulse shape was measured using a photon-drag detector (Hamamatsu photonics-B749)

shown in Fig.3.6. The speci�cation of the detector is summarized in Table 3.2. Typical pulse

shape is shown in Fig.3.7. A leading-edge spike appears and an exponentially decaying tail

follows. The shape is typical for TEA CO2 pulse lasers. FWHM of the spike was 0.12 ± 0.02

µ s. The temporal change in the power at the tail Ptail(t) can be approximated as

Ptail{t} = P0,tail exp
(
− t

τd

)
(3.1)
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The pulse shape is in�uenced by the �ll pressure in the discharge tube. Figure 3.8 shows

the relation between the laser pulse shape and the �ll-pressure in the laser discharge tube.

The decay-constant of the tail τd decreases with the �ll-pressure. The duration of the laser

irradiation is mostly proportional to the duration of the excitation discharge, which is presumed

to decrease with the �ll-pressure of the gas in the tube. At the �ll-pressure lower than 50 kPa,

the reproducibility of the laser pulse shape became quite poor due to the instability of the

excitation discharge in the tube. Tests were performed at the �ll-pressure lower than 120 kPa

for the safety of the discharge tube. With the nominal �ll pressure at 110 kPa, the tail decay-

constant τd was 1.15 ± 0.05 µs. The fraction of Ei that is contained in the tail was approximately

75 %.

Table 3.2: The speci�cation of Photon-drag detector(Hamamatsu photonics, B749).

Aperture diameter 5mm

Sensitivity 1.2 V/MW

Rise time (10∼90%) < 1 ns

Figure 3.6: Photon-drag detector.
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Figure 3.7: Laser pulse shape typical for IRL-1201.

Figure 3.8: Relation between the decay-constant at the exponentially-decaying tail and the

�ll-pressure in the laser-discharge tube.
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3.1.2 An o�-axis line-focusing parabolic mirror

The laser beam was focused using an o�-axis line-focusing parabolic mirror that was free from

aberration. The schematic of the mirror is shown in Fig.3.9. Its focal lengths was 48 mm along

the optical axis; its corresponding focusing f-number was 1.5. (Here, "corresponding f-number"

is de�ned as laser focal length / laser beam width.) It re�ects an incident laser beam by 90

degrees along the optical axis into focus. Line width on the focus was estimated at 0.25 mm.

Figure 3.9: The schematic of the o�-axis line-focusing parabolic mirror.

3.1.3 Collector optics

As seen in Fig.3.10, the laser was line focusing on an aluminum plate to initiate the breakdown

in the atmospheric air. In this experimental condition, ablation of the aluminum was necessary

to generate the LSD wave. Two glass walls were attached perpendicularly to the aluminum

plate to prevent LSD wave spreading up and down. In this study, the LSD was generated in

2mm height space in order to modify the strong refractive e�ect. Then laser intensity on the

shock front is exactly similar to shadowgraph experiment that is shown in section 1-8. Therefore

motion of LSD wave 2mm thick is much the same to 20mm case. This detail is described later

section.

As seen Fig.3.10(b) and Fig.3.11 an aluminum wedge nozzle was used to realize quasi-1D LSD

wave propagation by preventing expansion in the direction perpendicular to the laser channel.

This nozzle shape is similar to the converging angle of CO2 laser light. As seen Fig.3.10(b)

and Fig.3.11 an aluminum wedge nozzle was used to realize quasi-1D LSD wave propagation

by preventing expansion in the direction perpendicular to the laser channel. In Fig.3.11, the

region of space around nozzle were necessary to ambient fringe pattern to measure the density

distribution as Fig.3.12. Because the information of the fringe pattern on the center before LSD

wave propagation was interporated ambient fringe pattern. This detail was described in the

Capter 4-2-2.
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laser
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Slide glass

(a) 2D (b) quasi-1D

LSD wave

Figure 3.10: The schematic for propagation of the LSD wave.

Figure 3.11: Nozzle shape.

Figure 3.12: The image of the �ringe pattern in quasi-1D case.
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3.1.4 ICCD camera

The shadowgraphs and Mach Zehnder interferograms were taken using an ICCD camera (Oriel

Instruments InstaSpecVTM ICCD detector, Model 77193-5) shown in Fig.3.13. It's dependence

of the quantum e�ciency on the wavelength is shown in Fig.3.14. The camera image intensi�er

was operated as a shutter and an optical emission from the gap-switch of the laser discharge tube

was used to trigger the shutter: strong emission from the gap-switch prior to laser oscillation

was detected by a photo-sensor through an optical �ber. The measurement sequence is shown

in Fig. 3.15. Soon after the gap-switch was triggered, its emission was initiated to trigger the

measurement system. The laser irradiation started about 200 ns after the gap-switch ignition.

The photo-sensor signal was transmitted to a delay-circuit (Stanford Research Systems, Inc.,

Digital Delay/Pulse Generator Model DG535), which allowed the setting of a delay period from

the beginning of the laser pulse. The whole imaging set-up is shown with the shodowgraph

system in Fig.3.16.

Figure 3.13: InstaSpecVTM ICCD detector.

Figure 3.14: Typical quantum e�ciency versus wavelength.
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Figure 3.15: Measurement sequence: the laser pulse was measured using a photon-drag detector.

Figure 3.16: Imaging setup.
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3.2 Interferometer

3.2.1 Two-wavelength Mach Zehnder interferometer

The system of two wavelengths Mach Zehnder interferometer is shown in Fig.3.17. The list

of the optical equipments in this system is shown in Table.3.3. The detail of this system was

shown Fig.3.18,3.19 and 3.20. The Pin-hole.2 and band pass �lter at 532nm and 633nm are

used to remove the strong emission by plasma. In the table, width and height of the Pin-hole.2

is di�erent. This is due to the following e�ect. When the pinhole diameter was small enough

(< 10 mm), di�ractive e�ect becomes indispensable. The probe laser di�racts prominently,

especially when the phase of the probe laser was perturbed in the phenomena. On the contrary

when the pinhole diameter is large (> 4mm), plasma emission cannot be removed. Therefore,

pinhole width was set in order tiremove the plasma emission sacri�cing the clear interferogram

in this direction, and height was to visualize the phenomena without the distribution of the

di�ractive e�ect in the direction of the target density distribution.

IC
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He-Ne laser

633nm

YAG laser

532nm

CO
2

laser

PC

Delay

generator

mirror

mirror

Parabola
mirror

Beam splitter

Beam splitter
mirror

Red reflector

Photon

detector

Band pass filter 1, 2

achromatic lens 2, 3

achromatic lens 1

Pin hole 1

Pin hole 2

Red reflector

Micro lens

Figure 3.17: Two-wavelength Mach Zehnder interferometer
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Table 3.3: Speci�cations of optical equipments.

speci�cations

Pin-hole.1 φ=10[µm], 50MW/cm2

Pin-hole.2 3mm width, 12mm hight

Micro lens.1 f=15[mm]

Achromatic lens.1 f=250[mm]

Achromatic lens.2 f=500 ∼ 800[mm]

Achromatic lens.3 f=500 ∼ 800[mm]

Red re�ector green:transmission

red:re�ection (Thorlabs)

Beam splitter 1:1

Band-path �lter.1 λ=633±1nm
Band-path �lter.2 λ=532±1nm

YAG laser (532nm)

He-Ne laser (633nm)

Red reflector 

Micro lens (f=15mm)

Pin hole =10mm

Figure 3.18: Shematics Two-wavelength Mach Zehnder interferometer (a)
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Achromatic lens (f=250) Beam splitter

CO2 laser

mirror

CO2 Laser is focused 

and

LSD wave is generated

Figure 3.19: Shematics Two-wavelength Mach Zehnder interferometer (b)

Achromatic lens

(f=500~800)

ICCD camera

Red reflector

mirror

mirror

Band pass filter

(633nm FWHM:1nm) 

Band pass filter

(532nm FWHM:1nm) 

Figure 3.20: Shematics Two-wavelength Mach Zehnder interferometer (c)
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3.2.2 Probe Laser source and Red re�ector

A He-Ne laser and a diode pumped green laser were used as a light source of visualization. These

lasers were combined using a red-re�ector (Thorlabs, Inc.), which transmits the 532nm(green)

light while re�ecting the 633nm(red) light. Its dependence property of the re�ectance ratio on

the wavelength is shown in Fig.3.21. Combined laser was focused to the pinhole by the objective

lens, and dirty spatial pro�le was collimated to be clean. (This apparatus is called spatial �lter.)

Clean pro�led light from spatial �lter, was parallelized by another lens. As a laser was used

for the light source, its high coherency produced a obstructive fringe pattern (which was like a

Newton ring), by the interference of the transmitted laser light and the re�ected laser light of

the objective lens.

Figure 3.21: Red-re�ector's dependence property of the re�ectance ratio on the wavelength.

3.2.3 Achromatic lens

Using conventional optical lens, slight di�erence of the f-number between irradiated laser wave-

lengths, which is called chroma aberration, is occurred. Table.3.4 shows di�erence of the f-

number with laser wavelength. This di�erence is cause of a faint image and di�erence of di-

ameters two (633nm and 532nm) images. It is important for digitalization of fringe pattern

to display crisp images. Using the achromatic lens, optical system with very little chromatic

aberration is set and clearer images was produced.

Table 3.4: chromatic aberration of conventional plane-convex lens

f-number wavelength-1 (515nm) wavelength-2 (590nm) wavelength-3 (633nm)

250mm 249.5 251.0 251.9

500mm 499.0 501.9 503.9

700mm 698.7 702.7 705.4
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Chapter 4

Result and Discussion

The fringe pattern images in LSD wave were taken with Two-wavelength Mach Zehnder interfer-

ometer. The electron number density was conduced these fringe pattern shift. In this chapter,

the result was divided into three parts as follow 1) interferograms, 2) method of conversion

from these images to electron number density, 3) electron number density distribution. Then

the discussion of these results was described.

4.1 Two-wavelength interferograms

Fig.4.1 shows two-wavelength interferograms of 2D propagation LSD wave for 532nm (left side)

and 633nm (right side). In otherwise,4.2 shows interferograms of quasi-1D LSD wave. In these

�gures, laser started to irradiate at t=0micros. In irradiate the pulse CO2 laser, one time one

image is taken. In the image, two wavelength (532nm and 633nm) interferograms are taken.

4.2 Method of conversion from interferograms to electron num-

ber density

In this analysis, the electron number density distribution on the center axis of the LSD wave

was contributed. This analysis is spirited into three parts as

1) Digitalization and graph visualization of contrasting of the interference fringes.

2) Derivation of refractive-index change from displacement of the fringes.

3) Calculation of a jump of the fringe pattern on the shock front. (Only 2D LSD wave)

4.2.1 Digitalization

The variance of the brightness and darkness on the center axis was extracted from the visualized

data of LSD, as Fig.4.3. Local shift of the fringe pattern was digitalized by detecting the peaks

of contrast in this data as seen in �gure.

4.2.2 Derivation of refractive-index change

Fig.4.4 shows number of fringe shift in the LSD wave. In this �gure, fringe pattern on center

axis before the LSD wave was interpolated from ambient and untinged from LSD wave fringe

40



pattern, as Fig.4.5. Using eq.(2.14),(2.16), refractive-index change is calculated each wavelength

(532nm and 633nm ) as Fig4.6.

However, on the shock front, the jump of fringe pattern is occurred. Therefore movement

distance is added this in�uence. As the Fig.4.4, the density increases repidly on the shock front

and fringe shift is rapidly. Therefore, fringe shift is discontinuity and added alpha behind the

shock front. To know about value of jump is so di�cult to cut of the information of fringe.

If this jump isn ’t known, shape of the electron number density distribution is derived, but

the position of zero point of the electron number density pro�le isn ’t known. The method of

calculation of this jump is shown next section.
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Figure 4.1: Two waverength Mach Zehnder interferograms of the 2D LSD wave (left:532nm

right:633nm).
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Figure 4.2: Two waverength Mach Zehnder interferograms of the quasi-1D LSD wave (left:532nm

right:633nm).
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Figure 4.3: The digitalization of the bright and dark on the center axis.

Figure 4.4: Number of fringe shift.
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Figure 4.5: Interpolating of the fringe pattern before phenomena on the center axis.

Figure 4.6: the di�erence of the refractive index.
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4.2.3 Calculation of a jump of the fringe pattern on the shock front

The shock front on the center axis is complex phenomena, because laser is irradiated. The other-

wise, lateral expansion is untinged from laser, and ascribed conventional shock wave. Therefore

using Mach number of lateral expansion, ratio of the density and jump of the fringe pattern is

calculated as eq.(2.17),(4.7).
ρ2

ρ1
=

(γ + 1)M2
1

(γ − 1)M2
1 + 2

(4.1)

Fig.4.7 shows propagation Mach number in the lateral direction of 2D LSD wave.

However this method is applicable to 2D LSD wave. In quasi-1D LSD wave, there is not lat-

eral expansion. Then in quasi-1D, in distribution of electron, minimum point of this distribution

assumes 0 number density.

Figure 4.7: Mach number in the lateral dirextion and axial direction in the 2D LSD wave.

4.3 Electron number density distribution

Fig.4.8 and Fig.4.9 shows electron number dnsity distribution of the 2D LSD wave and the

quasi-1D LSD wave on the center axis. In these �gure, three times experimental result is shown

each times. There are peak values of electron density near the shock front. These peak values

are separated with time. Especially, this phenomena is occured after LSD termination. Here

LSD termination times for 2D and quasi-1D are de�ned from Shadow Graph experiment as

chapter 1-8.
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Figure 4.8: Electron number density distribution on the center axis in the 2D LSD wave.
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Figure 4.9: Electron number density distribution on the center axis in the quasi-1D LSD wave.
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4.4 Discussion

4.4.1 The peak electron density

Figure.4.10 and 4.11 show propagation histories of the shock front and the position of the peak

electron density in the 2D-LSD and quasi-1D LSD wave. In these �gure, dashed lines are results

of Shadowgraph method on the 20mm thick LSD wave. The propagation of the shock front

in Mach Zehnder images (2mm thick LSD wave) is well accorded with Shadowgraph images

(20mm thick LSD wave). The reason being that laser intensity irradiated on the shock front is

same. It is assumed that the time of the LSD termination in 2mm thick LSD wave is accorded

with 20mm LSD wave. These times are 1.3µs (2D) and 1.8µs (quasi-1D).

In Fig.4.10 and 4.11, in the LSD regime peak electron density is bordered on the shock front

and the propagation speed of the peak position is corresponded with the speed of the shock

front. In contrast, after the LSD termination (LSD regime), peak position and shock position

are separated. Furthermore, the position of the peak electron density grows stagnant. This

di�erence of the tendency of propagation comes from the di�erence between LSD regime and

LSC regime. In the LSD regime, the construction of the LSD wave (shock + absorption region)

is shown from Fig.4.10 and 4.11. In the LSC regime, laser absorption region separated from

shock front and formed combustion wave.

Figure 4.10: The displacement of the shock front and position of the peak electron density in

the 2D LSD wave.

Fig.4.12 and shows variation of the peak electron density. The density decreased with time.

Especially, near the LSD termination time, gradient of these decreases is shape. Fig.4.13 shows

relationship between the laser intensity on the shock front and the peak electron density. In

this �gure, electron density in the quasi-1D LSD wave is kept the same value in the 2D LSD

wave despite laser intensity in quasi-1D case was smaller than 2D case.
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Figure 4.11: The displacement of the shock front and position of the peak electron density in

the quasi-1D LSD wave.

Especially, at the LSD termination, the peak value of the electron number density was

1.7∼2.0×1024[m−3] in 2D and quasi-1D LSD wave. Despite dimension, velocity and laser inten-

sity are di�erent between 2D and quasi-1D LSD wave, the peak electron number density at the

LSD termination was comparable. It is assumed that keeping of 2.0×1024[m−3] peak electron

density is one of the important condition for prolong the LSD regime.
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Figure 4.12: Time variation of peak electron density.

Figure 4.13: Laser intensity variation of peak electron density.
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4.4.2 Electron temperature

In these experiments, particle density behind the LSD wave was so high density that LSD wave

was generated in atmospheric air. It is considered that LSD wave in this condition is optically

thick. And so Local Thermal Equilibrium was assumed. Therefore using saha equation as

Eq.(4.2), electron temperature was calculated[23].

NeNi

Ne + Nn
= 2

zi

zn

(2πmekT )
3
2

h3
exp[−Ui/kT ] (4.2)

Where zn and zi is partition functions for neutral and ion, Ne, Ni, Nn the electron, ion,

neutral number density, Ui the ionization energy, k the boltzmann constant. In this case,zn
∼=4,

zi
∼=4[24]. And Ui

∼=14.5 is ascribed the nitrogen ionization energy. Here electron and neutral

particle number densitis is necessary to use Eq.(4.2), and electron temperature behind the only

2D LSD wave was estimated.

Fig.4.14 shows time variation of the electron temperature at the position of peak electron

density. In this �gure, in the LSD regime, electron temperature was about 14000∼14500 [K].

Figure 4.14: time variation of the electron density at the position of the peak electron density.

4.4.3 Absorption length

In the plasma region behind the LSD wave, laser light was absorbed by inverse-bremsstrahlung,

which involves the interaction of electron with either ions and neutral particles. The electron-ion

absorption coe�cient is as follow[25].
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ke−i =
4
3
G

( 2π

3mekT

) 1
2 z2e6λ3

hpc4me
neni

(
exp(hpc/λkT ) − 1

)
= 1.37 × 10−27Gλ3T−1/2neni

(
exp(0.014388/λT ) − 1

) (4.3)

Where λ is laser wavelength, e the electron charge, c the speed of light, me the electron mass

and hp Plank’s constant. To account for quantum-mechanical e�ects, Eq.(4.3) was multiplied
by a Gaunt factor G. Here G is �tted G = 1.04 + 3.74 × 10−5T − 3.28 × 10−10T 2

In otherwise, electron-neutral particles absorption coe�cient is as follow[25].

ke−n =
k2T 2A(T )λ3

hpc
nenn

(
1 − exp(−hpc/λkT )

)
= 9.6 × 10−5T 2A(T )λ3nenn

(
1 − exp(−0.014388/λT )

) (4.4)

Where factor A(T ) is taken from reference[25]. From Eq.(4.3) and (4.4), absorption length

l was estimated as follow

l =
1

ke−i + ke−n
(4.5)

Fig.4.15 shows the time variation of absorption length for the CO2 laser. From this �gure,

in the LSD regime, absorption length was about 0.1∼0.2mm. This length lengthens with time,

because electron number density went down. From Eq.(4.3) and (4.4), absorption length is

most in�uenced on electron density.

Figure 4.15: time variation of the absorption length at the position of the peak electron density.
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Chapter 5

Conclusion

� The electron number density distribution behind the 2D and quasi-1D LSD wave was

measured. In the LSD regime, the propagation speed of the peak position of the electron

density was similar to the shock speed. In otherwise, after the LSD termination, the peak

position grew stagnant and the electron distribution was changed gentle declivity with

time.

The peak value of the electron density was decreased with time. The electron density in

the quasi-1D LSD was comparable to the density of the 2D LSD wave despite low laser

intensity.

Especially, at the LSD termination, the peak value of the electron number density was

1.7∼2.0 ×1024 in 2D and quasi-1D LSD wave. Despite di�erence of dimensions, propaga-

tion velocities and laser intensity between 2D and quasi-1D LSD wave, the peak electron

number density at the LSD termination is about the same. It is assumed that keeping

of 2.0 1024 peak electron density is one of the important condition for prolong the LSD

regime.

� About 2D LSD wave, electron temperature was estimated using saha equation under

the local thermal equilibrium. In LSD regime, this temperature of the position of peak

electron density was

14000∼14500 [K]

From the electron temperature, absorption length at the electron peak position was esti-

mated

0.1∼0.2 [mm]

This absorption length lengthens with time. And this length is quite shorter than plasma

existence region.
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