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Chapter 1

Introduction

1.1 Background

The history of space development and use of space of human beings has just passed through 100 years
at last, and is almost the same as the history of an airplane. After the first space flight of Major Gagarin
of the Soviet Union, the first manned landing the moon’s surface by the spaceship Apollo, and the manned
transportation by a space shuttle with improvement and progress of rockets and satellitesgoing, the history
are going to the construction of International Space Station. Development of the body which can bear the
severe environment at the time of atmosphere reentry is one of the subjects which should be overcome for
such space development or space activity. For example, Space shuttle which is a typical spacecraft entries
the earth at the velocity of 7km/h (Maci20), and the gas temperature in front of its nose is heated up
7000K. The relationships of the flight altitude and the enthalpy of a space shuttle, Apollo and Single-Stage-
To-Orbit, are shown in Fig.1.1[1]. Many missions which entry atmosphere of the earth or other planet are
also performed, such as Mars exploration by Mars Pathfinder, and sample return mission by MUSES-C,etc.
Itis a key for development of Thermal Protection System (TPS) which protects spacecraft from such severe
conditions to overcome this subject from the demand of the above missions.

As indicated by Auweter-Kurtz [2], 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, var-
ious types of ground test facilities have been developed to simulate specific conditions as shown in Fig.1-
2[1]. 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 mgi®. 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.
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1.2 High enthalpy wind tunnels

As described in sectionl.1, various plasma wind tunnels are developed. Plasma wind tunnels more
than 10kW class developed in Japan are shown in Table 1.1[3]. And, plasma wind tunnels developed in the

world are shown in Table 1.2

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
Kyusyu Univ.  Constricted 20 0.1 10
Nagoya Univ.  Constricted 12
ISAS/JAXA Segmented 1000 1.05 9.5
ISTA/JJAXA Segmented 750
ISTA/JAXAH ICP 110 0.05 25
ISAS/IAXAD] ICP 10 0.04 32




Table 1.2: Plasma wind tunnels in the world

Country Facility Affiliation Input Total Specific
power pressure  enthalpy
MW MPa MJ/kg
Huels
USA 2.9 in Turbulant Flow NASA Ames 20 4 9.3
USA Direct Connect NASA Ames 50 25 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 9MW HP Aerospatiale 9 13 5.1
France Simoun Aerospatiale 5 15 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 U15-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 1 325
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. Stuttgart  0.25 0.1 116
Germany PWK2 Univ. 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 0.240.04 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

10



Smith classified these plasma wind tunnels into six types which are Huels arc, Constricted arc, Magnet-
ically stabilized, Segmented arc, MagnetoPlasmaDynamic (MPD) and Inductively Coupled Plasma (ICP),

according to the heating method. The relationship of stagnation point temperature and specific enthalpy of

these six wind tunnels are shown in Fig.1.3 [6].

20

10

Magnetically
Stabilized

Pressure, MPa
-
T

01

150

Figure 1.3: Pressure specific enthalpy envelops for various plasma wind tunnels
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1.3 Plasma diagnostics

Although it is necessary to characterize high enthalpy 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. Therefore, various diagnostics techniques have been developed with the wind tunnels

developments [7, 8]. 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 enthaply

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 method This method is very easy and a most widespread one [8]. The specific
enthalpyhave is estimated by the plasma powBfiasmaOr the input powerP, and heat los$oss, expressed
as,

have =

Pplésma: F - Ploss‘ (1.1)
m m
where,m 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 [7].
Although this method may give an indicator to characterize the wind tunnels, the estimated specific

enthalpy is the averaged over the volume.

Sonic flow method This method developed by Winovich is based on the fact that sonic mass flow is
uniquely determined under thermal equilibrium [9]. 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,

12



" :m{p* (1_h*)”2} (1.2)

Apo RTy | po

Here, A is the cross sectional ardajs the enthalpyp is the pressureR is the gas constart; is the
temperaturep is the density, the subscript 0 refers to stagnation conditions and subscafets to

conditions at the throat.

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

empirically approximated as [10],

m c
Ap G ¢

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.

Species number density

Mass spectrometer The density and energy distributions of neutral and ionized particles are estimated.
A schematic of mass spectrometer is shown in Fig.1.4. 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. For

the absolute measurements, a reference cell is used.

Quadnipole mass filter Ton transfer optics

Multiphier Energy Ton Source  Orifice
Analyzer

Figure 1.4: Schematic of mass spectrometer
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Total pressure

Pitot probe For the total pressure measurement, Pitot probes shown in Fig.1-5 [7] have been widely
used. Care should be pair for the difference between subsonic and super sonic flows as described in follow-
ing paragraph. As for the measurement technique, a hole of the probe should be larger than the mean free

path of the gas.

1 RN

- & 1~
e N\
1 1
|
|
1

Figure 1.5: Schematic of Pitot probe

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,

N
) 1 54T _
Ppitot. _ (1 + FYMQ) for a subsonic flow, (1.4)
Pamb 2

0
ppitot:{(’y-l-l)MZ}”l{ y+1

} " for a sonic flow, (1.5)
Pamb 2 )

2yM?2 — (y—1
Here, ppitor, Pamb and-y represents total pressure, ambient pressure and ratio of specific heat.

1.3.2 Non-Intrusive methods

In non-intrusive method, besides emission spectrometry, various techniques have been developed with
development of laser. These techniques are roughly classified into spectroscopy, a scattering method, an

interference method, a transmission method, and a reflection method [7][12]. Since patrticles is seldom

14



ionizing in diagnostics of high enthalpy wind tunnels, techniques other than the spectroscopy which is the
way of measuring electron density and electron temperature are difficult to apply. Therefore, this section
describes spectroscopy. Spectroscopy is based on transition of the electron in an atom or a molecule accom-
panied with spontaneous emission, absorption and fluorescence. Spectroscopy is classified into emission
spectrography, laser absorption spectroscopy, and laser induction fluorescence by each transition. Each
measuring method is described in detail later. Moreover, the merit and demerit of these techniques were

summarized to Table 1.3.

Table 1.3: Comparison of LAS,ES and LIF

LAS textbfES(FPI) textbfLIF
Optically thick  Applicable Inapplicable Inapplicable
plasma
Calibration No need Absolute light source  Reference cell
Portability Easy Possible Impossible
Equipment Not expensive Expensive Very expensive
Wavelength  resolu- <1pm ~0.1nm <lpm
tion

15



Table 1.4: Diagnostic method

Parameter Intrusive method Non-Intrusive method
Specific enthalpy 1.Energy balance 1.Translational temprature,
flow
2.Enthaply probe velocity and species density
3.Sonic flow (LAS, LIF, FPI)
4.Stagnation point heat trans-
fer
Heat Flux 1.Gardon gage -
2.Slug calorimeter
3.Radiometer probe
Flow velocity 1.Pitot probe 1.Doppler shift(LAS, LIF,
FPI)

2.Mach probe
3.Time of flight probe

Stagnation pressure

1.Pitot pressure probe

Species density

1.Mass spectrometer 1.LAS

2.Solid state electrolyte probe  2.LIF with a reference cell

3.CARS(Raman scattering)

Electron density

and temperature

1.Electrostatic probe 1.ES with computation

2.Plasma absorption probe 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 computa-

tion

16



1.4 Objectives

The following two improving points are mentioned to the past research as Section 3.3 shows.

e The solid state laser medium whose internal loss is generally smaller than a semiconductor laser is

used.
e The system which suppresses mode-hopping and can sweep laser wavelength is developed.

In this research, the former point was set as the objective among these improving points, and the following

steps were prepared.
1. The fundamental experiment Cr:LiSAF laser
2. The oscillation experiment of Cr:LiSAF laser with long laser cavity

3. The experiment of intracavity absorption spectroscopy with Cr:LiSAF laser

17



Chapter 2

Laser absorption spectroscopy for

diagnosting high enthalpy flow

This chapter presents a theory of Laser absorption spectroscopy applied to plasma wind tunnels, its

experimental system and our past results.

2.1 Principle of Laser Absorption Spectroscopy

From the quantum theory, every material has the infinite, specific and discrete orbits of electron about
an atomic nucleus. A transition of the electron from one state to another can take place by absorbing an
incident laser beam whose energy corresponds to the difference between the two states. Fig.2.1 shows the

situation.

Excitation
by absorption  Absorbing

A photon holding, ot
a photon

arbitrary energy (laser beam)

nuclei

Figure 2.1: A transition of the electron by absorbing photon
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Incident laser intensity is decreased by this absorption. The variation of laser intensity is showed in
Fig.2.2. Reference signal showed the laser intensity which does not pass through an absorber, and absorp-
tion signal showed the laser intensity which passes through it. The absorption profile of atomic lines is
derived from this variation of laser intensity (Fig.2.3). The profile 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.2.3.

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.

“Refdrence Sigral

08

[}
m

Intensity, arbit.unit

[}
a

Time, sec

Figure 2.2: The variation of probe laser intensity
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2.1.1 Laser Absorption

The intensity variationl! of the probe laser with intensitly propagating through an absorbing sample

is expressed by Beer-Lambert's Law,

dr

o= ke 2.1)

Here,x andk are the optical pass length and absorption coefficient. The integration of (2.1) over the

absorption path: gives the following formula (2.2),

lnﬁ = —/kd:c (2.2)

Here,I; and I are the transmitting laser intensity and the incident laser intensity. For liner absorption, the

absorption coefficient is expressed as,

k=——In— (2.3)

Here, L is the absorption pass length.

2.1.2 Broadning of absorption profile

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 [13].

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

to

Vy = Vg + 0V (2.4)

ov = VQZ (2.5)
c

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 directionisHi\v is

21



o MA % MAV2
p(v)dv = (27rkT) exp (— 51T )dy (2.6)

Here, M, is the atom masg; is Boltzmann constant arifl is the temperature. Therefore, a normalized

profile is a Gaussian and expressed as,

1 v — 1y
g(y) - 7T1/2AUD exXp {_ < AVD )} (27)
This is called the Doppler broadening. The full width at half maximum (FWH) is related to the

Avp = 2”‘”1n 1/2’“T 7.16 x 1/—uo (2.8)

temperature as follows.

22



Natural Broadening

Natural broadening is originated by the finite time of the transition. The Heisenberg uncertainty

principle is expressed as,

AE-At~h (2.9)

Considering that the life time of the atomAst = 1/A, the uncertainty of the frequencydsvy expressed

as,

AFE
A= 57
A
2

(2.10)

This profile is the Lorentz type. Generally, typical A coefficient is frodi ~ 10%s~! [14]. Therefore
Auvy is the order o2 ~ 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.vc is expressed as, [13]

Ave = (C1 + C2 +2C12)p (2.11)

Here,p is the pressurd};, C; are the parameters related to with the collision-induced transitionCand
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, [13]

Avg = 1.0 x {1+ 1.75 x 10~ nl/a (1 - 006808/ 1/2) } ngw - 10° (2.12)

Here,w is electron impact parameteris ion-broadening parametet, is electron density, ang 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

Avp is expressed as,

1 2
Avp = — 2 2.1
v =\ + |z| (2.13)

Here,v is the reciprocal of the mean collision time andlis the Rabi frequency.
However, absorption saturation was found to cause the more broadening than that described above [15].
Transit-time Broadening

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

profile is Lorentz type and the broadeniAgy is expressed as, [14]

Avr = 2 (2.14)

2ra

Here,v is the velocity of the atom and a is the beam diameter.

«Avg = 1.0 X {1 +1.75 x 10~4n*a (1 - 0.068né/6Te‘1/2) } new - 10°
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Table 2.1: Comparison of broadening effects

Broadening | origin FWHM Typical Value
Doppler | Termal motion of 2”07‘6/@\/% ~ 2.2GHz(Oxygen 1000K)
atoms and molecules
Natural | Finite time of transi- A ~ 1.6MHz(A=10""s"1)
tion
Collision Interparticle collision| (C7 4+ C2 + 2C42)p ~ 10MHz(0.1 torr)
Stark Electric field * ~ 36MHz (Oxygen Ne=20m —3)
Saturation | Absorption saturation] /42 + [z[2 ~ 10MHz(10mW)
Transit-time | Transit of particles Do ~1kHz (o« = 1mm)

through the laser

beam

2.1.3 The way of estimating pysical paramateres of high enthalpy flow
Integrated absorption coefficient and number dencity

Integrated absorption coefficient is deifined as,

K = /+OO k(v)dv (2.15)

Here K is integrated absorption coefficiehty ) is absorption coefficient. Assuming that laser absorption

consists of absorption and induced emission, the total absorption is expressed as,

hv

k(v)dv = T(Bij dni — Bjdn) (2.16)

Here,n; is lower state number density; is the upper state number densiB,, B; is the Einstein B

coefficients. Substituting the following relationship between A and B coefficients,

= B (2.17)
to the equation (2.16), the integrated absorption coefficient is expressed as,
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K = /+00 k(v)dv

A g gi nj
_ Ggop (190 2.18
SThy3 gi ji T ( g ni) ( )

Assuming the Boltzmann equilibrium betweenandn; statesp; is related to; as,

gi AEH)
ny = =njexp | — 2.19
i p i €XP ( KTy ( )

Here, A Lj is the energy between state andy; statek is Boltzmann constant aritly is the electron

excite temperature. From the equations (2.18) and (2.19), the following relationship is obtained.

A2 gj AL
K= QEA“”I {1 — exp (— kiTex)} (2.20)

In our research) E1,/k corresponding to oxygen 777.19 nm and argon 840.82 nm absorptions is about
20,000K. This is much smaller thak,. Therefore, the integrated absorption coefficient is expressed as

follows.

K =29 Apn (2.21)

Here, if absorption coefficierit(r) is approximated by Gaussian profile, it is expressed as followes

k(v) = k(vo) exp {_ (VOA;.;/)Q} (2.22)

Terefore, integrated absorption coefficiéntis expressed as follows

“+o0
K :/ k(v)dv = /mk(vo)Avp (2.23)

Here Avp is Doppler broadening.

Flow temperature

As mentioned in 2.1.2 Doppler broadening,the flow temperature is related to the Doppler broadening
Avp as (2.8).
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Flow velocity

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.

V:AV'/\O

2.24
cost ( )

Here,V is the flow velocity,Av is the shift quantity)\ is the absorption wavelength of the atom at rest

and® is the angle between the flow direction and laser beam.

2.1.4 Absorption Target

In this research, the target absorption lines are the transition from the metastabe G¢y@raad
argon (s2[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 Fig 2.4 and 5 [14].

Table 2.2: Transition data

1 2 A E, Ey g1 g2 Ay

(nm) | (eV) | (eV) (10%s71)
Ol 3s°S 3p°P 777.19| 9.15 | 10.74| 5 | 7 0.369
Ol 3s3S 3P 84462| 952 | 1099| 3 | 1 0.322
Ol 3s3S 3538 844.64| 952 | 1099| 3 | 5 0.322
Arl | 452[1/2] | 4p%[3/2] | 840.82| 11.62| 13.09| 3 | 5 | 0.223
Arl | 452[3/2] | 4s2[5/2] | 842.46| 13.28| 14.74| 3 | 5 | 0.215
Arl | 452[1/2] | 4s2[2/2] | 852.14| 11.62| 13.28| 3 | 3 | 0.139
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Figure 2.5: Grotrian diagram of atomic argon
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2.2 Meajurement system

In our past research, diagnostics for plasma generating by argon discharge tube and arc heater have
been done by laser absorption spectroscopy. Experimental system of argon discharge tube and arc heater is
shown in Fig2.6 and Fig.2.7, respectively.

In the experiment of argon discharge tube, laser beam oscillated external cavity diode laser (ECDL)
was passed through an isolator and divided by a beam splitter into probe beam, reference beam and etalon
beam. Probe beam was passed through ND filter, argon discharge tube and band pass filter, and detected by
photo detector. Etalon beam was passed through an etalon, and detected by photo detector. Reference beam
was directly detected by photo detector. Detected beams were recorded by oscillo scope.

In the experiment of arc heater, laser beam oscillated ECDL was divided into three beams as well as
the case of argon discharge tube. The probe beam was entered into an optical fiber because the distance
between an optical bench and vacuum chamber which has the arc heater into itself is a little long. And then,
probe beam was passed through a collimating lens, which was attached to exit of an optical fiber, and an arc
plume in a vacuum chamber, focused by a parabola mirror, passed through a band pass filter, and detected
by a photo detector. In a measurement of a space distribution of an arc plume, spatial positioning was doing
by controlling two axis stepping motor which an optical fiber is attached to.

The optical components used in the systems are explained in the following sections.

Half Mirror
- \ Mirror
Iilsos(ii—{ Isolatorl \
= ND filter
Ar
Power Dl?rilh]:;ge
Supply @@ Etalon
pointer PD band pass filter

Function — Oscillo [—
Generator Scope

Figure 2.6: Schematic of the optical system for Ar discharge tube
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Figure 2.7: Schematic of the optical system for arc heater

2.2.1 External cavity diode laser (ECDL)

There were two ECDLs used in the experiment systems. One is External Cavity Diode Laser Model
2010 (Environmental Optical Sensors,Inc) and the other is Velocity Model 6300 (Indeco,Inc).

These lasers are composed of diode laser and diode laser controller. Diode laser is mounted with a
collimating lens, thermistor for controlling temperature, Peltier element, and external cavity for modulating
wavelength. This laser and laser controller are compact system, and a wavelength of the laser is modulated
only by connecting function generator.

The oscillating wavelength of EOR Model 2010 and Velocity Model 6300 is-&8Dnm and 768780nm,
respectively. The advantages of these lasers are a wide tuning range, modulating laser wavelength smoothly
and almost mode-hop flee in the tuning range. In addition, the output power is stable because injection cur-
rent of the lasers is maintained a constant value. Maximum output power of EOR Model 2010 and Velocity
Model 6300 is 20mW and 10mW, respectively.

A mechanism of External cavity and oscilaion principle are explained in chapter4.

2.2.2 Isolator

In the experiment system, the isolator (I-80-U4, ISOWAVE) was used in order to preventing the scatter-
ing laser beam from returning into the laser cavity and becoming a noise source. This isolator is developed

at 800nm. The figure of the isolator is shown in Fig.2.8. The Faraday rotator F which is inserted between
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polarizer P1 and P2, placed into an apertured permanent magnet, and applied a magnetic field to the laser
beam direction. This magnetic field is applied to make magnetic domains of the Faraday rotator a single
domain. As shown in Fig.2.8, figure, incident laser beam is made into linear polarization by polarizer P1,
and passes through the Faraday rotator F. Incidence linear polarization is rotated 45 degrees, only the com-
ponent of 45 degrees from vertical can pass through P2. This polarization component is rotated more 45
degrees by the Faraday rotator F, and become the polarization which is rotated 90 degrees to the direction

of transmission of P1. Therefore, laser beam does not return to the laser cavity.

Faraday rotator,
F

—

Polarizer, P,

Polarizer, Py

Magnetic field

Figure 2.8: Block diagram of isolator

2.2.3 Etalon

In absorption spectroscopy, an etalon signal becomes the standard data for transforming a time series
data into frequency. Etalon is a cavity built in the confocal mirror which faces each other. When a laser
beam enters into etalon and the wavelength becomes an integral multiple of the cavity length of an etalon,
it transmits and is detected by the detector of the opposite side. Then, a fringe-like signal is observed with
tuning wavelength. the free spectral range (FSR) depends on the cavity length. In the experiment system,
the etalon ( Neo Arc.inc ) whose FSR is 1GHz, was used. The principle of an etalon is as follows. The
feature of etalon is shown in Fig.2.9.

This is the figure that it is reflected in a B point and the laser beam which entered from A point is
reflected at B point, and further done at C point. Here, the case where a laser beam enteres perpendicularly
is considered. When cavity length, which is an interval of a mirror and a mirror, is $ethe condition

which incident light and reflected light resonate is as follows.

_ 2
P="

Here,p is an integer (order) andlis a wavelength of a laser beam. The cavity length should just be an

(2.25)

integral multiple of the wavelength of a laser beam. p is an integer (order) and lambda is a wavelength of
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Figure 2.9: The principle feature of an etalon

a laser beam here. The cavity length should just be an integral multiple of the wavelength of a laser beam.

When the wavelength of a laser beam is changed little by little, resonance is caused next in the following

cases.
2t
1= 2.26
PEEENT AN (2.26)
If these formulas are allied, the following relations will be obtained.
AX 1
SvERETIE const (2.27)

Here, the condition which i8¢ >> X\ is used. On the other hand, the speed of light, the wavelength of

light, and frequency of the relations is as follows.

c=rvA (2.28)

Here, c is the speed of light,amds frequency of light. If the wavelength of a laser beam is changy&d

and the frequency is donkv, the formula (2.28) is as follows.

c= v+ Av)(A+ AN) (2.29)

The following relations will be obtained if (2.28) and (2.29) are allied.

32



Av=—-c (2.30)

It is found that the left hand side of (2.30) takes constant value from (2.27). Therfore, an etalon will cause

resonance for every constant frequency, and will output a signal.

2.2.4 Photo detector

In order to measured laser intensity,High Speed Detector Package (DET1-S1/M and DET110, THOR-
LABS.inc) were used. Moreover, the light of a fluorescent is detected by a photo detector, and it becomes
noise because a photo detector has high sensitivity. Therfore, in the experiment, a band pass filter (the

center wavelength 840nm) was attached to the front of a photodetector.

2.2.5 Function generator

In the experiment system, the function generator (AFG310, SONY TEKTRONIX.inc) was used.lIt
changes continuously the voltage appling the piezo element for tuning laser wavelength. The change of

voltage was outputted as a triangular wave to detect the broadening of absorption profile.

2.2.6 Power meter

The power meter (TQ8210, ASVANTEST) was used to measure laser power. Detection element is a
silicon photo diode. A photodiode is a photo acceptance unit using the character which photoelectromotive
force generates, when light strikes upon the connection of PN junction diode. The current is proportional
to intnesity of light and the response speed is quick. As a result, light intensity can be measured with

+5percent of measurement accuracy in the range of 400-1700nm.

2.2.7 Argon glow discharge tube

In the experiment system, the argon glow discharge tube (CI techno) was used as a test plasma for
performing absorption spectroscopy. The outline view of an argon discharge tube is shown in Fig.2.10. Into
this glass tube, argon gas (0.5torr) is enclosed, and argon plasma is generated by applying the voltage of
about 200v between the cylindrical metals located in the central part of the glass tube. Because of glow
discharge, the currentis 1m#mA, and the power is 0.2W0.6W. The size of this discharge tube is 8.5cm
in length, 3cm in diameter. In addition, since the quality of the material of this glass tube had to be a thing

which can be transmitted by the laser beam near near-infrared for the plasma measurement, BK7 and Pyrex
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were used. In the experiment of a discharge tube, since the glass surface becomes black by sputtering as
an experiment is repeated, an electrode is good to locate in the center of a glass tube as much as possible.
Thereby, a laser beam transmits and a life time of a discharge tube also becomes long. The life time is from

half a year to one year generally. Fig. 2.11 shows the appearance of the discharge tube under operation.

Figure 2.10: Arc discharge tube
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Figure 2.11: Ar discharge tube on operating
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2.2.8 Arc heater

Fig.2.12 shows the outline view of the arc heater developed in the University of Tokyo. Moreover, the
cross section view is shown in Fig.2.13. The cathode of this arc jet is made of thoriated tungsten which has
high thermostability, and the anode is made of copper. Arc discharge is caused among both electrodes and
plasma is generated.

The ignition procedure of an arc heater is described. Argon is first supplied from the lower stream and
it is ignited by an ignitor. Then, oxygen is supplied from the part which is before the constricted part of a
nozzle, and the plasma is generated in an argon/oxygen flow because the tungsten cathode is deteriorated
by oxidization and it is impossible to generate plasma. Since energy is used for dissociation of oxygen and
it will be very hard to generate plasma if oxygen is supplied first, such a procedure is taken. In order to
simulate the reentry environment more correctly, not argon but nitrogen must be used. However, if nitrogen
is used instead of argon, it is difficult to generate plasma. Since the main cause of the thermostability
material wastage at the time of reentry is the catalysis of an atomic oxygen, the point of suppling nitrogen
has been compromised on this research. If plasma is generated in a nitrogen-oxygen flow, a power souce
which can supply more bigger than electric power than one supplied in this research can be needed. It is
hard to generate plasma because the tip of tungsten is oxidized and becomes blackish after the operation.
Therefore, after the operation, the maintenance of the cathode must be done.

An anode and cathode are cooled by cooling water. Cooling water and Gas, such as argon and oxygen,
is supplied to an arc heater from the straight with hexagon socket (POC6-01M mini type, PISCO) shown in
Fig.2.12. cooling water is supplied from the cooling tower installed in the outside of our laboratory. This
cooling tower is NT-1014 (Hitachi Cold). As for the performance, volume of water is 130 I/min, and the
cooling capacity is 45.3kW (39000 kcal/h). Moreover, supply gas, such as oxygen and argon, is made by
Joto gas. These are contained in the gas cylinder which can be borne to 150 atmospheric pressure, and go
into a massflow controller through a tube. The massflow controllers for argon and oxygen are MODEL
3610, MODEL3620, etc.(KOFLOC), and the lead-out unit for setting them up is CR700A etc.(KOFLOC).
Full scale of the massflow controller of argon and oxygen are 20slm and 10sIm, respectively.

The operating conditions of an arc heater are shown in Table 2.3. The thermal efficiency shown in
this table is refered from the past data. Moreover, specific enthalpy is obtained by dividing injection power

about 1kW by a gas mass flow, and multiplying it by heat efficiency.
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Figure 2.12: Arc heater made in Tokyo University
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Figure 2.13: Cross section view of the arc heater made in Tokyo University
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Table 2.3: Operating conditions of the arc heater

\oltage 15~20V
Current 50~60A
Thermal efficiency 0.56

Specific enthalpy 3.36MJ/kg

Mass flow rate of argon 6sim

Mass flow rate of oxygen 0.5sIm

2.3 Pastresults

In this laboratory, various plasma wind tunnels have been measured in the absorption line (840.82nm,
842.46nm) of argon, and the absorption line (777.19nm) of oxygen [16] using the laser absorption spec-

troscopy . The result was summarized to Table 2.4.

Table 2.4: Previous measurement for various plasma wind tunnels

Wind Tunnel Facility Input poweAr-O, O, No-Oy [No-Oy
uniform |uniform|(Air)  |(Air)
flows flows fflows [Shock

Arc Heater (Arcjet)|Univercity of Tokyo 1kW |Yes - No No
Arc Heater (Arcjet) JUTEM 20kw |Yes - No Weak
Arc Heater (Segment) ISTA/JAXA 750kW |- - No No
Arc Heater (Segment) ISAS/JAXA IMW - - No No
ICP Stuttgart 100kw |- - No -
ICP ISTA/JJAXA 100kW |- - No No

As shown in Table 2.4, in the pure oxygen flow (ICP), and argon/oxygen flow (Arc wind tunnel), the
strong absorption signal of the atomic oxygen line (Ol: 777.19nm) was detected [17]. However, in nitro-
gen/oxygen flow, the absorption signal could not be detected in the arc wind tunnel, except for the absorption
signal was slightly detected in ICP [18]. The absorption profile in a pure oxygen flow, and nitrogen/oxygen
flow are shown in Fig. 2.14. In N/O flow, although specific enthalpy was 130kW which is higher than

110kW of a pure oxygen flow, the absorbance became 0.045.
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Figure 2.14: Absorbance in pure oxygen and nitrogen/oxygen flows of IRS
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Chapter 3

High sensitivity laser absorption

spectroscopy

3.1 High sensitivity laser absorption spectroscopy

The sensitivity of laser absorption spectroscopy can be enhanced by extending an optical absorption
path length from a formula (2.3). Some methods shown below as the technique of extending the optical

absorption path length are proposed.

3.1.1 Free propagation of light in the atomosphere

Free propagation of light in the atomosphere [19] provides up to 16km absorption length. Such long-
path measurements, however, apply only to atmospheric extinction and merely provide an average over the

entire absorber length.

3.1.2 Multireflection cells

Multireflection cells [20] allow some 100 fold extension of the effective absorber length. This factor is
limited by the loss of light at the mirrors, and by the necessity of sufficient geometrical separation of the
successively reflected laser beams. With 10m base length of the cell, the effective absorption length may be

at most 1km.
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Figure 3.1: Schematic diagram of the long white cell optics and the interface to the spectrometer

3.1.3 Cavity ring down spectroscopy (CRDS)

Higher enhancement of the effective absorption path length is accomplished by the method of cavity
ringdown spectroscopy [21]. Here, the absorber is placed inside a passive cavity, into which a short laser

pulse is injected (Fig.3.1).

Laser

K0)

Photo
detector
K2dic)

. = Absorbir{g
Mirror (®) Object Mirror (&)

(a)

Figure 3.2: Schematic for principle of cavity ring down laser absorption spectroscopy

If an incidence laser whose intensityligis detected without reflection, the transmission intensity is as

follows.

I(0) = Ip(1 — R*) exp(—apL) (3.2)
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If it is reflected twice, the transmission tind is,

A= (3.2)
C

Here,c is light speed. At that time, the transmission intensity is,

I (M) = I(0)R? exp(—2aoL) (3.3)

C
Furthermore, the transmitted laser reflected one by one is detected behind time. Decay factor of the

transmission intensity is expressed as following formula.

d
i | mR | +aol) (34)
Therefore, to the decay factagin case there is no absorber,
To= % |InR | (3.5)

if agL is as follows, the decay by absorption of an absorber can be detected and the density of an absorber

can be obtained.

aoLl =~ |InR| ~ 107*(R = 99.9%) (3.6)

However, a slight change of the reflectivity R under measurement also influences the decay greatly. The

effective absorption length is determined by the reflectivity of cavity mirrors, and by the cavity IBngth

3.1.4 Cavity enhanced absorpton spectroscopy (CEAS)

A CW laser is used as a light source although CEAS is the same system as CRDS [22]. Its cost is
low by this, and transmitted laser intensity in CEAS is greatly larger than CRDS bcause a laser beam is
resonated in the cavity. Therefore it is easy to detect. Moreover, time resolution of CEAS is better than
CRDS since a CW laser is used.

In CEAS, only a laser beam whose frequency meets the resonance condition can transmit the cavity. Then,
the absorption signal is obtained through integration of the total signal transmitted through an optical cavity.

The integrated transmitted signal as the summation as follows,
I=1T*)  R*Mexp{—(2n+ 1)k,do} (3.7)
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Wheren is the number of reflections in the cavity. The summation can be approximated by an integral

overn (for largen) resulting in as follows

I = IoT? exp(—kydo)/ {Rexp(—k,do)}*"dn (3.8)
0

Solving this expression, following equation is obtained.

I exp(—k,dp)
— =~ (1-R)?
Iy ( ) —21In Rexp(—kydp)

(3.9)
Here the mirror loss is neglected. It depends for the absorption sensitivity in CEAS on the reflectivity of a

cavity mirror like CRDS.

3.1.5 Intracavity absorption spectroscopy (ICAS)

The principal features of ICAS are shown in Fig.3.2 [23].

HRcoating ARcoating HRcoating
Plasma
Pump \ /
n Oulput
Coupler
G I3 I
v v - /—W\
v
Mirror1 gain absorption Mirror2 output

Figure 3.3: Schematic for principle of intracavity absorption spectroscopy

The laser cavity consists of two mirrors M1 and M2 and includes a medium of broadban@@ain
and a sample with a narrow-line absorption spectrfm). The sample is either confined in an absorption
cell, or just placed in an open part of the cavity. The foremost requirement for the application of multimode
ICAS is that the linewidth of the absorber is smaller than spectral broadening of the gain medium. Although
the laser gain is made to compensate broadband cavity loss such as the mirror transmission, it is not affected
by narrow-line ICA. The laser light passes through the absorber many times, and ICA is accumulated in its
spectrum, as in a multipass cell.

The experiment has been performed using various lasers . They are shown in Table 3.1.
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Table 3.1: Intracavity absorption spectroscopy by several laser types

Lasertype ts(ms)  Le (km) Limitation Aveyy, (GHZ)

Dye 230 70000 FWM 45
Ti:sapphire 4.5 1300 FWM,RS 100
Diode 0.13 40 SE 3

Fibre 0.43 130 RS 1500
Nd®*-glass 12 3600 T 300

CCL 0.4 120 T 3000

OPO 5x 1075  0.0015 T 200

The values of spectral saturation timgeof absorption, effective absortption path lendiky and the
emission bandwidti\ve,, (HWHM) achieved in ICAS measurements with various lasers. The origin of
the limitation of sensitivity is indicated as FWM for four-wave mixing, RS for Rayleigh scattering, SE for

spontaneous emission, andor limitation by the laser pulse duration. The detailed principle of intracavity
absorption spectroscopy is expressed in next section.
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3.2 Principle of intracavity absorption spectroscopy

3.2.1 Laser thereshold power and output power

Rate equation
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Figure 3.4: Schematic for energy level of four level laser

Ideal four level laser as shown in Fig.3.3 is considered. In this case, to the grounéjetieé energy
E; of the laser lower level is large enough; >> kT is realized at the operation temperature T, and the
thermal excitation to the lower level is lost. Furthermore, if the lifetime of the level 3 is much shorter than
other levels, the distribution density of a level 3 can be neglected. The temporal change of the distribution

density of each atomic level becomes like the following formula from these conditions.

dN> Na
2 WoNy - N, — N S - 3.10
i piVo 2 — (92/91)N1o21cop To1 + 720 ( )
dN. N N
7152 = N2 — (gg/gl)Nlaglc(;ﬁ + L (311)
T21 T10

Here, the total atomic density i'§;ot = Ng + Ny + N». Inideal four level laser, sincg can be set to
710 = 0, N, decreases for a short time from (3.11). Then, siNge= 0, inverted population is set to
N = N,. Therefore, the temporal change of the atomic density of level 2 is given by the following

formula.
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dN N
E = —Naglcd) — ; + Wp(Ntot — N) (312)

Here, the fluorescence lifetime of a laser upper levé)is = 1/791 + 1/720. Moreover, excitation rate
and excitation quantum efficiency are definedigs= n,Wy3 andn, = (1 + 732/731 + 732/730) 1,

respectively.

Furthermore, the rate equation of the photon density of four level laser is given as follows.

9 _ Nopes— & 4 1IN (3.13)
dt Te T

Here,¢, 7c and f are the photon density, the lifetime of cavity and the rate that the photon generated by

spontaneous emission is distributed to each mode of a cavity, respectively.

Saturation of gain

Next, the gain of the medium in the state where a strong photon field exists like a laser cavity is
considered. By multiplying N by cross-section of stimulated emission, the gain coefficient to incident light

intensity is given by the following formula.

Yo
= 3.14
v(v) I T (3.14)

Here, I is saturation light intensity. Itis gively = hv /o217 by applying approximatiomV, << 1/7 to
(3.12).

The condition of oscillation

The amplitude condition at the time of laser oscillating are generally expressed as follows.

rirgexpy(v) —al =1 (3.15)

Here,r, l, v(v), o are reflectivity to an electrical field, cavity length, a gain coefficient and an absorption
coefficient by loss, respectively. The roud-trip gain in an oscillation threshold power is given as follows

from (3.15). Subscriptl, 2 are shown mirrorl and mirror2 of a laser cavity.

Q’Yth(l/)l = QANthCTQll =2al —In R1R2 (316)
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Here, Ris reflectivity to light intensity( R, = |r;|*). Moreover, generally, it can be set®y = 1 and

—1In Ry = T'. Furthermore, ifL; is loss in a cavity, it can approxima?el ~ L;.

Next, change of photon density is considered. After the initial val{tg goes and back to an optical
cavity, it is decreased by(t) = ¢(0)exp(—t/7c) in time. Here,r. is a cavity life and is expressed as

follows.

7e =2nl/c(2al —In R1Ry) = 2nl/c(L; + T) (3.17)

Moreover, a gain coefficient is expressed with the following formulas,

Y(v) = Na — (g2/91)N1021 (3.18)

Therefore, the oscillation threshold power inverted populaligis given by the following formula.

8mn?riTy

N =
T g(v)

(a — IRy Ry/20) ~ (L; + T) /20211 (3.19)

Threshold and output power

Next, whichWW, Ny« is the atomic density generated by excitation at a laser upper level is considered.

It is as follows to the excitation powe}, which entered into the laser medium.

WpNiot = 77p77q77a77m1in/hVLV (3.20)

Here,V is a volume of mode ang, is excitation quantum efficiency, which is the rate that translates to a
laser upper level among the numbers of atoms excited to the excited level is shown. Moygvatpmic
quantum efficiency and is defined@s= 11 /v, Which is a ratio of laser beam photon energyto an
excitation photon energy,. Furthermore, is excitation light absorption efficiency, and expresses with
the rate that excitation light is absorbed by the laser medium. Theis,mode matching efficiency , and

shows the rate of the overlap of the oscillation region and the excitation region.

In the case of four level laser, unsaturated gain coefficient is obtained as follows by exceeding an oscil-

lation threshold power in the range B,y << 1.
Yo = 021 NiatWprt(Wptt + 1) & npngnaimo21 Twaulin/hi V (3.21)
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By substituting this value and saturation light intendigyor (3.14), a laser output is as follows.

Io = nenpngnatin (Lin — Itn) (3.22)

Iy, is a laser threshold powey; = T'/(L; + T) is coupling efficiency, and iflex is defined as the effective

cross section of a laser beam, an oscillation threshold power is given by the following formula here.

hvpA
In= —22e (1, 4+ 7) (3.23)
2MpNa021 Tt

3.2.2 Laser oscillation power with placing plasma into a cavity

When plasma is placed into a cavity, the amplitude conditions for laser oscillation (3.15) are modified

as follows.

rirzexpy(v) —a—apl =1 (3.24)

Therefore, the gain is as follows,

1
2y(v)l = 2ad + 2apl + ln(m) (3.25)

If T is loss in a cavity and L is the mirror loss, the total loss is

T+ L+ 20pl (3.26)
Since Cr:LiSAF laser is used in this research, in subsequent arguments, the formulas of threshold power

and output power of Cr:LiSAF laser are used. They are described as follow,

nwihvp(T + L)
2(0e — OESA)TIN

hve Oe — OESA T
fo= {(hvp)n( e ) <T+L)}(Iin—fth) (3.28)

Here,w. is mode radius of laser, is oscillating laser frequency, is pump laser frequencye is

I = (3.27)

cross-section of stimulated emissien,is cross-section of absorption of excited level grid pump

efficiency. Then, using (3.26), (3.27) and (3.28) are rewritten as follows,
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rw2hvp(T + L + 2apl)
2(0e — 0ESA)TIN)

hve Oe — UESA T
I°:{<pr)n< oe ) (T+L+2apz)}(~’in—fth) (3.30)

The absorbance in ICAS can be expressed as follows from these.

Iy = (3.29)

(AI) 1 Ii(output power with plasma) 2oyl Iin (3.31)
in

Iy Io(output power without plasma) ag + 2apl Iin — Iot

Here,ag = T + L, Ion, is threshold power in case that there are no plasma into a cavity. Therefore, using

(3.31), the absorbance obtained by ICAS is convertible for the absorbance in a single path.
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3.3 Pastresults of intracavity laser absorption spectroscopy

In this section, past results research of intracavity absorption spectroscopy with a semiconductor lase
are shown, and the points which should be improved are clarified. In the past research, in order to place
an absorber into a laser cavity, an external cavity diode laser (ECDL) was developed. The applied external
cavity is Littrow configuration. Littrow congfiguration forms the cavity between the high reflection facet
of a semiconductor laser, and a diffraction grating. The detailed principle is shown in section 5.1.5. The
absorber was placed between a semiconductor laser and a diffraction grating. The experiment system is

shown below.

Spectrometer

"

Ethalon

Ar Discharge

tube
4
Diode laser Diffraction PD.2
L TNy Grating
1o s
PD. 1

Plasma \

Torch External Cavity
diode laser

Figure 3.5: Schematic of intracavity absorption spectroscopy system with ECDL

The domain surrounded by the dotted line in Fig.3.5 is ECDL, and a plasma torch is placed as an
absorber in it. Moreover, Ar discharge tube is a reference cell, and it is placed to obtain the reference signal
for the absorption signal obtained by intracavity absoption spectroscopy. P.D.1 signal and P.D.2 signal
which were obtained by this experiment are shown in the following graph. As being shown in Fig.3.6, the
absorption signal was not obtained by P.D.1, or P.D.2. It is considered that the reasons are the unstable
oscillation of ECDL by mode -hopping and internal loss of LD which was much larger than plasma loss.
Here, mode-hopping is a sudden laser intensity variation caused at the time of the frequency modulation of
laser. This is caused when the oscillation mode in a laser cavity changes. Then, the following two points

are mentioned as an improving point.
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e The solid state laser medium whose internal loss is generally smaller than a semiconductor laser is

used.
e The system which suppresses mode-hopping and can sweep laser wavelength is developed.

The objectives of research was set up as shown in Section 1.4 based on these improving points.
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Time, 8

Figure 3.6: The results of intracavity absorption spectroscopy with ECDL
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Chapter 4

Characteristics of Cr:LISAF laser

In this chapter, characteristics of Cr:LiSAF used in this research is described.

4.1 Selection of a laser medium

There are two performances required of the laser used in this research. One is that the oscillation
wavelength of laser is wide for measuring various objects. Another is that the laser system is a portable and

compact system. Here, the solid-state laser mediums which has a wide oscillation wavelength range are
shown in the following table.

Table 4.1: Laser mediums

Laser medium

Oscillation wavelength (nm)  Pump sorce
Ti3+:Al, O3 (Ti:Saphire) 660-1100 Argon laser
Cr’+:BeAl, 05 (Alexandrite) 680-800 Xenon lamp
Cr3+:LiCaAlFg (Cr:LiCAF) 750-900 laser diode
Cr3+:LiSrAlF¢ (Cr:LiSAF) 700-1050 laser diode
Cr*4:Mg,SiO, (Forsterite) 1100-1300 Nd:YAG laser

This table shows that the laser system of Ti:Saphire, Alexandrite or Forsterite becomes large and those

portability becomes poor. On the other hand, Cr:LiCAF and Cr:LiSAF can be pumped by a laser diode, and

those laser system becomes compact. In this research, Cr:LiISAF which has wide oscillation wavelength
range among the two was chosen as the laser medium.
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4.2 Cr:LiSAF

Against alexandrite laser, Cr:LICAF [24] and Cr:LiSAF [25] which are chromium fluoride crystals were
developed at the U.S. Livermore research institute in the 1980s. Especially Cr:LiSAF has spectral band
width wider than Cr:LiCAF, and researches applied to all solid state wide band tunable laser, a ultrashort
pulse laser, etc. have been carried out actively. This crystal is uniaxial nature and was first reported by
S.A.Payne et al. of the U.S. Livermore research institute. Absorption and the emission spectrum of this

crystal are shown in Fig.4.1.
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Figure 4.1: Absorption and the emission spectrum of Cr:LiSAF

Cr’* exists in low field site. The energy difference‘df, and?E is A < 0, and negative value.
For this reasor? E level entered intdTslevel like the energy level of Fig.4.2. The transitiontdh —* T
is ESA (excited] state absorption) and worsens the characteristic of laser. However, as for the feature,
there are few these effects at this LiISAF crystal. Cr:LiSAF is suitable for the laser for high energy ac-
cumulation by the flash lamp excitation since its fluorescence lifetime is a long time. Although@eAl
of an alexandrite crystal is much better than LiISAF in respect of heat conduction and hardness, it is hard
to glow a crystal several millimeters or more in diameter. Moreover, Be must be treated, it is toxic and
treatment is troublesome. However, LISAF has advantages in respect of growth being easy, and growth of

the large-sized crystal with which a diameter amounts to several centimeters being possible, and being able
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to add Cr so much etc. Thefore, Cr:LiSAF is used for amplification of ultrashort pulse laser, an oscillation
with an InGaAIP system laser diode (wavelength 670 nm band) is possible, and the use as all the solid state

laser is also started.
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Figure 4.2: Energy level of transition metal ion
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4.3 Tuning characteristics of Cr:LISAF

As the foregoing section described, Cr:LiSAF has a wide emission spectrum. Therefore, the expectation
as a tunable laser is also high, and research has been performed actively. In this section, the previous
researches by other research groups are introduced and the subject and solution at the time of treating

Cr:LiSAF laser as a tunable laser are described .

Because the emission cross-section-and-lifetime product of Cr:LiSAF is approximately 50 times smaller
than that of Nd:YAG, is is difficult to obtain a high gain, especially in the diode-pumped configuration owing
to the extent of the emitter in the diode array. Then, the output and tuning characteristics of a Cr:LiSAF laser
are very sensitive to an optical loss in the cavity. The tuning bandwidth of the Cr:LiSAF lasers including
dispersion elements (i.e., birefringent filter, diffraction grating etc.) in the main cavity has been limited to
~100nm owing to the insertion loss. Especially in the longer wavelength region over 900nm, it is difficult
to maintain the oscillation due to the lower emission cross section. The examples of reports are shown in
Table 4.1.

Table 4.2: The examples of tuning Cr:LiSAF laser

Authors Tuning method Tuning width Reference

Falcozet al. The Lyot filter 120nm [26]

Zenzieet al Birefringent filter plates  50nm(from 810 to 860nm) [27]

Zawischaet al.  Birefringent filter plates  78nm(from 814 to 892nm) [28]

The coupled cavity configuration is useful for the tuning of such low-gain laser materials, because the
tuning elements with high optical insetion loss can be separated by the coupling mirror from the low-loss
main cavity including the laser medium and the effect of the loss in the tuning characteristics. The coupled
cavity consists of two cavities whose length areand L, which are combined with the common reflection
mirror as shown in Fig.4.3. When these two cavities resonate simultaneously, the laser oscillates.

When two cavities are not coupled, resonance frequeneyjRL; andm’c/2Ls, respectively. Here,

m andm/’ are integer. Moreover, the resonant wavelength gaps at this tima?#ed.; and \?/2L,,

respectively (Fig4.4).
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N (4.1)

AN=_——"
2(Ly — Ly)

When two cavities resonate simultaneously, the resonant wavelength)gesas (4.1). This shows that

mode gap becomes very large compared with the case of one cavity. Therefore, the oscillation by single

longitudinal mode also becomes easy. The example using a coupled cavity is shown in Table 4.2.

Table 4.3: The examples of Cr:LiSAF laser with a coupled cavity

Authors Coupled type Tuning width Reference
Q.Zhangetal  FP cavity and three Lyot filters 85nm (from 850 to 935nm) [29]
N.J.Vasaetal.  FP cavity and optical fiber grat- ~0.5nm [30]

ing

M.lIharaet al. FP cavity and a diffraction grat- 148nm (from 814 to 962nm) [31]
ing

Y.Nagumoet al. a ring cavity and the ring cavity 136nm (from 800 to 936nm) [32]

with a diffraction grating

Thus, the tunable range over 100nm can be obtained by using a coupled cavity. However, it is considered

that the tuning operation is not a continuous sweep but a sweep with mode hop. In order to perform mode

hop free tuning, it is necessary to modulate two cavity length synchronously.
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Chapter 5

Experimental results and Discussion

In this chapter, results of characteristics of developed Cr:LiSAF laser and intracavity absorption spec-

troscopy with the laser are shown and discussed.

5.1 Characteristics of Cr:LISAF Laser (25mm cavity)

In order to perform the intracavity absorption spectroscopy, a laser cavity length have to be become
long. However, since a cavity loss in the long laser cavity become large, it was considered that the oscillation
of the Cr:LiSAF laser with a long cavity was difficult to operate from the start. Therefore, the oscillation
experiment in the cavity length of 25mm was performed as first step, and an oscillation spectrum, output
power, and a beam pattern was measured. Moreover, Littman configuration as an external cavity was
coupled to this laser cavity, and the experiment of selecting wavelength was performed. In this section, the

results are shown and discussed.

5.1.1 Experimental system

The schematic of a laser experiment system with 25 mm-cavity is shown in Fig.5.1. Furthermore, the

outline of the experimental device for every component is shown below.
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Figure 5.1: Schematic of Cr:LiSAF laser system with a 25mm-cavity

Laser diode

In this system, the laser diode (HPD1310, HPD.inc) was used as a pump source. Wavelength and
maximum output power of this laser diode are 670nm and 1W at 1600mA. Moreover, as a driver system of
this laser diode, LD driver with a built-in temperature controller and LD attachment-and-detachment head
(Asahi data systems.inc) was used. Since it can connect with LD drive system easily, without soldering can
package type LD, a risk of breaking LD can be avoid by LD head. A continuous oscillation is possible,
the temperature control function incorporating a Peltier device and a thermistor is included in the inside
of a head, and the temperature of LD can be adjusted. Since used LD is high power LD, its heat value is
also larger than the heat value of general LD. Therefore, in this research, LD head (ALTH-103AC) which
includes the Peltier device (2A and 5.6V) was used, a heat sink was attached to the head bottom,and air
cooling was carried out by a small fan from an outside as a measure against heat. Furthermore, when the
serge protection circuit is contained in a LD head, in order to exceed the limit voltage of LD driving device,
the limiter worked and sufficient LD current was not supplied. Therefore, the serge protection circuit is not
contained in this LD head. Then, the protect cage of the punching metal was attached to the circumference
of the head and the connector of acrylics was used for connection with a pole as a measure against serge,
and LD was insulated to the serge which incomes from an optical bench or the outside to it. The LD
driver (ALP-7233CA) which can injects a maximum current of 2A was used as LD driver with a built-in

temperature controller. The LD part is shown in Fig.5.2.
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Figure 5.2: Picture of pump LD laser system
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Lenses

Two cylindrical lenses and one plan-oconvex lens were used as focusing optics. Since the beam pattern
of LD is the elliptical shape, in order to raise focusing density, it is necessary to rectify it circularly. There-
fore, the cylindrical lens (f= 12.7mm :LJ1805L1-B and 60.0mm :LJ1430L1-B THORLABS.inc) rectified
the perpendicular axial component and level axial component of LD beam, respectively. In order to sup-
press spherical aberration by a lens, an plano-convex lens (f= 25.4mm :LSB01 THORLABS.inc) was used

as a focusing lens. Thereby, the diameter of focusing spot was set t+d.020:m?).

Cr:LiSAF crystal

Cr:LiSAF crystal in this research is made by CASTECH.inc. The size of this crystal is is 3mm in
diameter and 6mm in length. Then, this is dop&@ @r ion. One side of the crystal has a high reflection
coating (R=99.%) at 850nm and an anti-reflection coating (T=98)&t 670nm, and the other side has an
anti-reflection coating (T=99%) at 850nm. In order to promote heat radiation of this crystal, the crystal

was held with the holder made from aluminum. The photograph of the crystal is shown in Fig.5.3.

Figure 5.3: Picture of Cr:LiSAF crystal

Output coupler

The output coupler (CVL.inc) which is 1inch in diameter was used as a cavity mirror. The output coupler

has a high reflection coating (R=9%%at 850nm and its curvature radius is 50mm.
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Long pass filter

When the laser beam is detected, LD emission which is a pump source is also detected simultaneously.
Therefore, LD emission was cut by the long pass filter. A long pass filter is laminated 1/4 wave plate, and it
uses not absorption but interference in order to separate the spectrum range. The long pass filter (FEL0700
THORLABS.inc) cuts off emission below 700nm in wavelength The transmittance is larger t¥aim &@e

region of wavelength is longer than 700nm, and @0d the region of wavelength is shorter than 700nm.

Spectrometer

As detection device of a laser beam, the spectrometer (EPP2000C-SR StellarNet.inc) was used. The
spectrometer has a 2048 element CCD detector. The optical input is via fiber optic cable with SMA-905
termination. The instrument is designed to be vibration tolerant with no moving parts or detector sockets,
suitable for portable The instrument connects directly to & BTQISB port. The detectable region is from

200nm to 1080nm and the wavelength resolutior 8.5nm.
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5.1.2 Output spectrum

The spectrum of developed Cr:LiSAF laser is shown in Fig.5.4.
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Figure 5.4: The spectrum of Cr:LiSAF laser (25mm cavity)

As shown in this figure, a broad emission wavelength which is from 750 to 950 nm was observed.
Although it seems that this profile is continuous, the reason is that the spectrometer does not have enough
wavelength resolution. Since the laser cavity in this system is the Fabry Perot cavity, it is considered that
the spectrum includes many longitudinal modes in fact. Since the laser cavity is 25mm, free spectral range
(FSR) is estimated to be 6GHz0.01nm) from a formula (2.30).
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5.1.3 Beam pattern

Next, the beam pattern of Cr:LiSAF laser is shown in Fig.5.5 and Fig.5.6.
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Figure 5.5: The spatial distribution of Cr:LiSAF laser beam
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Figure 5.6: The profile of Cr:LiSAF laser beam

From this result, this laser beam is considered that a beam diameter is aboutr2 %0 single trans-

verse mode.
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5.1.4 Laser output power

In this section, a characteristic of laser output is described. The relationship of pump power and

Cr:LiSAF laser output power is shown in Fig.5.7.

140 —

NI
o
|

80

ay
(o]
|

I~
(a]
|

Cr:LiSAF lager output power (LUW)

20

¥ = 3.085 x 10-4(x - 38.661)

I I I
0 100 200 300 400

input power (W)

Figure 5.7: The relationship of pump power and Cr:LiSAF laser output power (25mm cavity)

The points in this graph show the relationship of input and output power, and the straight line is the
fitting line of them. The formula in this graph expresses the straight line. It is found from this graph that the
maximum output power of Cr:LISAF laser is 128V. Moreover, the oscillation threshold power and slope
efficiency were calculated with 38.6mW and 0Z0&om the formula obtained by fitting. The ouput power
is weak. However, if a photo-multiplier is used, the absorbance can measure enough. Moreover, although it
was observed that the Doppler width becomes broad with increasing of laser intensity because of absorption

saturation [33], it is considered that the problem of broadening the Doppler width is avoidable by this laser.
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5.1.5 Selecting laser wavelength

With this laser system, selecting laser wavelength was experimented. As described in chapter4, the
laser cavity has to been changed into a coupled cavity because the characteristic of selecting wavelength
of a Cr:LiSAF laser is very sensitive to an optical loss in the cavity. In this research, in order to avoid
complication of the laser system, Littrow configuration [34], which is easy to construct, as an external
cavity was adopted and the experiment was performed.

A diffraction grating is used in Littrow configuration. The first order light dispersed by the grating is
return to the laser medium. As the result, a cavity is formed between high refrection coating of the laser
element and a diffraction grating. Then, since an angle of incidence and the angle of diffraction become

equal, a diffraction condition becomes like the following formula.

A = 2dsin 6 (5.1)

Moreover, in order to oscillate the laser, it is required for the cavity lerigfhto become an inte-
gral multiple of the half-wave length of the laser. Therefore, the resonance condition expressed with the
following formula are fulfilled.
A

Lext = m§ (52)

As mentioned above, the laser is oscillated when (5.1),(5.2) are realized simultaneously in Littrow con-
figuration.

In this system, since the laser cavity is coupled cavity, it has become instead of high refrection coating
of the output coupler being one of laser medium mentioned above. Thefore, the auxiliary cavity is formed
between high refrection coating of the output coupler and a diffraction grating, and the cavity length is
330mm for arrangement of other optical devices. The grating in this system has 830 grooves/mm, brazed
wavelength 800nm (43849-H Edmund Optics japan.inc). The laser output was detected by the spectrometer
(StellarNet.inc). The laser system and the result of experiment is shown in Fig.5.8 and Fig.5.9.

It is found that wavelength could be selected from 828nm to 910.5nm. This selecting range was much
wider than the selecting wavelength region of general laser diodes, and the result which shows the advan-
tage of this laser was obtained. However, minimum full width half maximum (FWHM) of beam profile
was 2.3nm. Therefore, it is considered the beam profile was not single longitudinal mode. The reason is
considered that the wavelength dispersion by a grating was not enough. From Rayleigh criterion [35], the

wavelength resolution of a grating is expressed as follows,

A
FA:WLXNXW (53)
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Here,\, AX\, m, N and W are wavelength, wavelength resolution, order of diffraction, grooves of grating
and beam diameter, respectively. In this case, skv&50(nm), m=1, N=830(grooves/mm), W=2.5(mm),
the resolutiom \ is 0.4nm. However, When a diffraction grating actually is used together with other optical
elements, a spectral line is spread further by the imperfection or aberration of other optical elements (a lens,
a mirror, etc.), or the size of a light source or a slit. For this reason, since the dispersible wavelength
difference deltalambda of the spectrum becomes large, it is considered that the resolution in the whole
optical system is getting worse than the estimated resolution of the diffraction grating. Therefore, it is
considered that FWHM of the selected wavelength became 2.3nm. From this discussion, and itis considered
that wavelength selection in thinner line width can be performed by a diffraction grating with more grooves
is used and extending a beam diameter. Then, it is considered that mode-hop was occurred with selecting
wavelength because only the grating angle was moved. For mode-hop free tuning, an output coupler of

main cavity is needed to move simultaneously with adjusting the grating angle.
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Cr:LiSAF lens F=75mm Spectrometer
(Wavelength
- resolution 0.5nm)
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R N \
Main cavity Auxiliary cavity  Grating
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Figure 5.8: Schematic of the laser system for selecting wavelength
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Figure 5.9: The result of selecting wavelength
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5.2 ICAS measurement with Cr:LiSAF laser (150mm cavity)

Since the oscillation of Cr:LiSAF laser was observed, in order to perform ICAS measurement which
is the objective of this research, the laser system was changed into the system which set the cavity length
to 150mm. Althogh, construction of the experiment system is the same as Fig.5.1, the radius of curvature
of output coupler is changed into 300mm, and the high reflection coating at 840nm center is coated on its

facet in order to change the cavity length into 150mm.

5.2.1 Characteristics of Cr:LiSAF laser (150mm cavity)

The laser spectrum and the relationship of inputpower and outputpower are shown in Fig.5.10 and
Fig.5.11. The broad range of from 750 to 950nm was observed like the time of the 25mm cavity from
the results. Then, the maximum output power, the oscillation threshold power and slope efficiency were
12.8uW, 42.4mW and 0.003, respectively.
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Figure 5.10: The spectrum of Cr:LiSAF laser (150mm cavity)
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Figure 5.11: The relationship of pump power and Cr:LiSAF laser output power (150mm cavity)
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5.2.2 The magnification of absorbance in ICAS

From the obtained result, the magnification of the absorbance in ICAS can be estimated. From (3.29)
and (3.30), the cavity internal loss was estimated as shown in Table 5.1.

Table 5.1: Parameters for estimation

MeasuredParameters Fitting Parameters
Pino Slope efficiency T+L T/(T+L)
42.4mA 0.003% 0.0052 0.00007

From these parameters and formula, the magnification of the absorbance in the case of placing a smaple
absorber in the laser cavity was estimated. The result is shown in Fig.5.12.
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Figure 5.12: The magnification of absorbance

The magnification was estimated in the range of absorbance which is from 0.1 to 0XQ8k and
kdyas on vertical axis are the absorbance in ICAS and in LAS, respectively. From these results, it is found
that the higher input power approaches to the threshold power, the more the magnification of absorbance

gets. At the region where absorbance is less than 0.1, it is found that absorbance in ICAS was expected
about hundereds of times larger than that in LAS.
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5.2.3 The measurement of absorbance in ICAS

With the Cr:LiSAF laser, the plasma absorbance in ICAS was measured and compared with the ab-

sorbance in LAS. The measurement system is shown in Fig.5.13 and Fig.5.14.
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Figure 5.13: Schematic of the measurement system
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Figure 5.14: Picture of the measurement system

The laser beam is collimated by f=200mm plano-convex lens (THORLABS.inc) and its diameter is
about 250@m. The laser spectrum was measured by the spectrometer. An argon flow generated by plasma
torch was used as a test sample. The mass flow rate and input power were 0.5slm and 450W, respectively.
The input power of the laser was 384mW. In this measurement, since the line width of the beam by se-
lecting wavelength was not thin enough, measurement was performed without selecting wavelength. The
absorbance was estimated from the change of laser spectrum with and without an absorption of argon. The

results of the absorbance in ICAS and LAS are shown in Fig.5.15.
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Figure 5.15: The absorbances in ICAS and LAS

The absorbance in ICAS and LAS was shown in Fig.5.15. While the absorption line of Ar was detected
clearly in ICAS, it was not detected at all in LAS. This shows that absorption sensitivity is enhanced by
ICAS qualitatively. Moreover, to absorption of five absorption lines of argon which have appeared strongly,
the absorbance in the single path was estimated the magnification by using (3.31). The result is shown in
Table 5.2.

Table 5.2: The magnification of absorbance

Wavelength (nm) 763.51 772.42 811.53

The absorbance of multi patitlicas | 7.02 x 1071 4.62 x 107!  3.47 x 107!

The absorbance of single pathias | 4.33 x 1073 1.82x 1073 1.16 x 1073

Mgnification
kdicas/kdLas 161.7 253.7 297.8

(from the expeliment)

From these results, it is found that the magnification of absorbance is about 200times ,and the magnifi-
cation obtained from the experiment and that obtained from 5.2.2 are mostly in agreement. Then, number

density of meta-stable argon is estimated using the absorbance obtained by this system. The relation be-
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tween an integrated absorption coefficient and number density is expressed like (2.21). The parameter of

each absorption line is as follows.

Table 5.3: The parameter of absorption lines

Wavelength (nm)| 763.51 772.42 811.53

gi 5 3 7
Gi 5 1 5
Aj 2.45x107 1.17x107 3.31x107

Moreover, at the time of calculation, absorption length and absorption line width were assumed to be

0.002m and 10GHZz, respectively. As a result, number density of meta-stable argon was obtained as follows.

Table 5.4: Number density of meta-stable argon

Wavelength (nm) 763.51 772.42 811.53

Number density (m?3) | 3.8x106  9.8x10'6 9.4x10%

It is considered that every number density of meta-stable argon'is~t00'6 from these results. The
order of these values are comparable as the result obtained by experiment with the plasma torch in the past

[36]. It was proved that the absorption spectroscopy using this system is effective from this.
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Chapter 6

Conclusion

1. In order to observe an oscillation of Cr:LISAF laser, it experimented with 25mm cavity, and oscil-
lation in multi longitudinal modes was observed. The laser wavelength was 750-950nm, maximum

power was 128W, threshold power was 38.6mW and slope efficiency was%.03

2. A coupled cavity with Littrow configuration was constructed. Laser wavelength was selected 828-

910.5nm and minimum FWHM is 2.3nm in 25mm cavity.

3. Cr:LiSAF laser with long cavity was constructed for ICAS. The laser oscillated 750-950nm (Maxi-
mum power 12.8W, threshold 42.4mW, slope efficiency 0.008in 150mm cavity.

4. In the case of ICAS with this laser (150mm cavity), maximum magnification of absorbance was

estimated hundreds of times.

5. The absorption signal in ICAS and LAS of argon flow were detected with developed Cr:LiSAF laser.
It was estimated that the magnification was about 200 times and the number density of meta-stable

argon was about 16(m—3).
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