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CHAPTER 1 INTRODUCTION

l1-1. Features and Roles of Pulsed C0O2 Lasers

Since Mainmann succeeded in the oscillation of a ruby laser
in 1960(1-1) the various lasers have been developed as an ideal
optical source with an excellent spatiotemporal coherency, as
shown in Fig.1-1, Even now, the various investigations from many
approaches have been carried out vigorously to get a more high-
performance and compact laser device.

The first laser action of CO2z molecules was demonstrated by
Patel in 1964(1-2), and the first laser had the continuous output
power of only a few milli-watts. Nowadays continuous lasers are
built with output powers of more than 20kW(1-23). For pulsed
systems, it started in 1968 with a few joules{(l1-4)_, These
developments, especially stimulated by the big laser-fusion
projects, have led to huge systems in the range of 100kJ. The
technologies for not only the big output power but also the
output contreol, which is stability, beam divergence, mode
structure, pulse shape, spectral purity etc., were investigated.

A CO2 laser has the following features generally:

(1)An optical large energy is obtained with a comparatively
simple device.

(2)An electrical energy is conversed into an optical energy with




the high efficiency of 10~ 20%.

wave length (3)The propagation loss in air due to absorption is small because
(um) the wavelength of the laser beam 10.6um is within the optical
X-ray | | window of atmosphere.
harmonic generation
T 0.1Hqrare-gas excimer - (4)The cost on investment and maintenance is relatively cheap.
H -
vacuum-uv 2 The attentions of many researchers and engineers have been
focussed on the above high potentialities, particularly much
Ark excimer ' . o
1 0.2- excimer higher efficiency than other laser systems, and C0O2 lasers have
near-Uv KrF excimer been applied to various fields as optical and thermal sources.
N
2 : The large energy and the high efficiency of pulsed CO2
rare-gas 10
{L4_HE‘CH+ metal ion --aT lasers have been very attractive for nuclear fusion(1-%), and the
o % neutral atom ye
visible Ak Ar 1 biggest COz laser system known as "ANTARES" was built in 19883 at
T ﬂEBNE I- solid Los Alamos Laboratory. A small pellet with a few tenths of a
upy
near- ; &ﬂGﬂﬁS Seni - 1 millimeter is irradiated with an energy pulse of 100kJ. In Japan,
infrar . lass, YAG ; ‘
infrared ?HFHA;P conductor the CO2 laser system in the range of 10kJ was also built at Osaka
- |
= l_ I} University. However, the laser beam with a short wavelength is
“]_CU advantageous for laser fusion because both the absorption
2
¢ coefficient and the cut-off density of the laser-produced plasma
ar-
infrared 100 are increased with the decrease of the wavelength. Therefore Nd
glass lasers and excimer lasers have been also developed as a
T KEG_KCH fusion driver, and it will be concluded in future which laser
milli-(1nm) system is the most suitable.
wave

A pulsed COz laser 1is also useful for fusion plasma
diagnostiecs, teoo(l1-6)(1-7), The C0O2 laser is applied to an
optical source of the interferometer or to an optical pumping

1 5 of ious lasers source of far-infrared lasers using CH3OH, HCN, CHsI etc.. The
Fig.1-1.0scillation waveleng of wvarilo :

electron line density of 10!3-l4gm-2 can be precisely measured in




these systems. Further, ion temperature and electron density
fluctuation etc. can be also measured using laser scattering
techniques.

Another useful application of a pulsed COz laser is in the
field of isotope separation. There are the successful reports of
the isotope separation for B, C;, § and others with the
irradiation of CO2z laser beam, while the uranium concentration
has recently attracted special interesti{i1-8)., The molecules of
UFe have the absorption spectrum with the enough isotope shift in
the range of 16um , so a intensive tunable laser in the 16um
band is necessary to concentrate 235UFs. A para-hydrogen Raman
laser pumped by CO2 laser beam satisfies such a demand. It has
been reported that the maximum conversion efficiency of the COz
laser beam reaches B0% for the Raman laser(1-21,

Moreover, a pulsed CO:2 laser has been applied to the field
of material processing, especially to marking. The laser
processing has advantages of the superior control of the beam
power, the absence of mechanical contact with the work piece, and
the sharp focusing of the laser beam in the interesting region.
The applied energy 1is restricted in such a small point that
undesired deformation or decomposition of material can be
avoided. Ablation, melting of thin metal layers, and vaporization
without thermal effect for the material are possible. The 10um
wavelength of the C0O2 laser is better absorbed and preferable to
the near-infrared radiation of the solid-state lasers, 1.e. YAG

laser(A =1.06um).

1-2. Lasing Process of C0O2 Laser

The COz molecule is a linear symmetric molecule with an axis
of symmetry along the nuclei and a plane of symmetry
perpendicular to this axis. As shown in Fig.1-2(a), the CO2
molecule has the vibrational motions vi, v2 and v3 which
represent the symmetric stretch mode, the bending mode and
asymmetric stretch mode, respectively. The quantum numbers of
those modes are presented by ni, nz and n3, respectively. In the
vibration vi, the C atom remains stationary, and the vibrations
vz and v3a have the property in common that during the motion the
distance bhetween the 0 atoms remains unchanged. In the case where
the vibrational motion is only described by unperturbed harmonic
oscillator, these vibrations are associated with different wave
numbers wi, w2 and w3 and the vibrational state is indicated

with the symbol (ni nz n3):

wi1=1351.2cm~ 1, w2=672.2cm~1, @w3=2386.4cm"1

Figure 1-2(b) shows the schematic diagram of the pertinent
vibrational levels of the COz molecule. The life time, about 10us,
of the (001) state as the upper laser level is much longer than
that of the (020) or (100) states as the lower laser levels, a

few hundred nano-seconds. Therefore a discharge excitation of the

COz molecule results in the production of the population




oxygen carbon oxyaen

O
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O

() SYI'I”II'HE'LTiE stretch inversion between the upper level (001) and the lower levels

mode (V1] (020) and (100), and the stimulated emission occurs on one or

more lines between vibrational levels.

bending mode [vzj

asymmetric stretch

mode (V3)
1-3. High-Power and Efficient Operation of CO2 Laser
(a)

For discharge-pumped CO2 lasers, the various techniques lead
to the large energy extraction and the efficient lasing. The
countermeasures for high-power and efficient laser operations are

1ﬂcm'1vl as follows.
{001}-*—-*f-~ﬁ? ; v=1
enerqgy : ,
2000 transfer (1)Production of population inversion in a great degree
—_ The population inversion is produced in a great degree DY
: .
'E — g - the selective excitation to the upper level (001) and by the fast
- (100 ) e —— o —
> (020) 'E = relaxations of the lower levels (020) and (100).
o 1000 = : - 2
O relaxation = > a)Adjustment of the reduced electric field E/P in discharge
e prEETIEs
@ w L
r  relaxation Sl volume
(000) sl The excitation cross-section of the upper level (001)
0 ) ;
ng grnund state NE due to the electron collision has a maximum value when the
ground state electrons have the energy of about 1leV. The calculated
(b) (c) results of the electron distribution function(1-10) indicate
that the reduced field E/P of 6~ 7V/cm/torr is optimum to
Fig.1-2.(a)The upper figure shows the vibrational motion of CO2 produce such electirons.
molecule. The lower figures show the pertinent b)Increase of laser gas pressure
vibrational levels of (b)CO2 and (c)Nz. The increase of the partial pressure of CO2 results in




the increase of the density of the radiation media. Further
both the excitation to the upper level and the relaxation of
the lower level due to the meolecular collision are expected

to increase with the total pressure of the laser gas.

c)Addition of some other gases of N2, Xe, He etc. to COz gas

An electric discharge 1in nitrogen leads to a very
effective formation of vibrationally excited Nz molecules up
to 50% of all N2 molecules(i-11) 'The (001) level of COz2 is
only AE=18cm-! higher than the vibrational level y¥=1 of N:
as shown in Figs.1-2(b) and (c). In the presence of COz, the
vibrational energy of N2 is easily transferred to the (001)
level of CO2 because of the close resonance between the Nz
vibration and the vibration vz of COz, and the number of the
COz molecules excited to the upper level 1s increased.

The addition of Xe of a low concentration results in
the increase of the laser output mainly due to the change of
the electron energy distributionti-12)-01-14), The number of
electrons with energy of lower than 4eV is increased whereas
the number of those with larger energies 15 decreased(1-14),
This change of the electron energy distribution has a
favorable effect on the vibrational excitation of C0O2 and
Nz.

The addition of He is effective for the cooling of the
laser gas as well as the relaxation of the lower level. The
thermal conductivity of He 1is about six times as large as

that of COz and N2, therefore the rise of the laser gas

temperature is suppressed. Because the more relaxation

effect for the lower laser level is obtained by He than by
COz2z or Nz2(1-1%) the addition of He also leads to the
decrease of the molecular density of the lower laser level.
Further, He has a favorable influence that the gas discharge
become more homogeneous, especially for high-pressure pulsed

laser systems.

(2)Suppression of glow-to-arc transition

The diffusible discharge such as a glow discharge is
desirable to excite the C0O2 molecules in the discharge volume
homogeneously. However, under the condition of the excess of a
certain critical value for the input energy in the discharge
volume, the glow discharge changes to an arc discharge during the
main discharge, where the discharge current passes at one special
peint on the electrodes. This phenomenon is well known as a glow-
to—arc transition. The occurrence of a glow-to-arc transition
leads to the decrease 1in the laser output because of the rapid
reduction of E/P and the rise of the gas temperature near the arc
discharge channel. The following various technigues to suppress
the glow-to-arc transition have been reported.

a)Design of electrode surface.

The uniformity of the electric field on the surface of
the electrode is necessary to make a homogeneous glow
discharge all over the surface of the electrodes as well as
to suppress the glow-to-arc transition. For pulsed laser
systems, although Rogowski profile has been used, the more

uniform field can be obtained using the profiles proposed by




Chang(1-16) and Ernstii-17).
b)Circulation of laser gas with disturbance by turbulent flow

The discharge products cause the glow-to-arc transition
during the main discharge. Therefore the laser gas 1S
circulated to remove the discharge products from the
discharge area as well as Lo cool the gas through heat
exchanger. The discharge 15 stabilized by aerodynamilc
turbulences in the gas flow to disturb the gas layer stayed
near the wall, and the effective gas cooling is possible.

¢)Preionization of discharge volume tO supply many primary
electrons.

Prior to the main discharge, the primary electrons are
sufficiently produced in the discharge volume to Suppress
the glow-to—-arc transition due to the inhomogeneous
propagation of an individual electron avalanche.

d)Mixture of fractional additives with low ionization energy.

When a fractional gas with a low ionization energy 15

added to the laser gas, the preionization effect is more

intensified and the discharge plasma becomes moOre

conductive.
(3)Production of glow discharge with large volume.
A large volume of glow discharge using a long laser tube

with a large diameter leads to the increase in the laser output

energy in proportion to the active volume.

(4)Efficient injection of stored energy into discharge volume

10

The energy in the storage capacitor is efficiently 1injected
into the discharge volume using the excitation circuit with PFN
(Pulse Forming Network) or PFL (Pulse Forming Line) to make a
impedance matching between the excitation circult and the

discharge plasma.

1-4, Development of Device Technology for Pulsed CO2 Laser

In early reseaches, a modest laser pulse with the order of
only a few killo-watts was generated by a pulse discharge
excitation using an ordinary CW laser device(1-18)-(1-20]_ In
addition, Hill(1-4) achieved the output energy of 5J with a peak
power of 200kW using large-scaled devices such as a 8-1t
discharge tube and a transformer in the ranges of 200kV to 1MV.
Thus the increases of the discharge tube length and the total gas
pressure result in the increase of the energy extraction, whereas
a high voltage power source is necessary using an axial discharge
excitation.

Beaulieu proposed the transverse discharge excitation
perpendicular to the laser axis using a relatively low voltage,
and the homogeneous glow discharge was obtained at an atmospheric
pressure(1-21), This type of device has been called as a TEA
laser. The anode of a plane electrode was separated by 2.5cm from
the cathode of needle electrodes with ballast resistors. The

laser output energy of 150mJ was obtained with the efficiency of

g |




2,.5%. Substituting capacitances for ballast resisters, the
maximum laser output energy of 1.2J was also obtained with the
efficiency of 6%(1-22), Such a device has a disadvantage that the
rise time of the discharge current 1s 1ncreased with the
inductance around the discharge circult due to the stabilizers of
ballast resistors or capacltances. Therefore, when the glow
discharge with a short duration was obtained without the
stabilizer by reducing the i1nductance around the malin discharge
circuit, the efficiency of 15% was achieved(1-23),

On the other hand, Dumanchin et al. examined the new
technique of preionizing the discharge volume prior to main
discharge, and it was shown that the preionization is effective
to make a glow discharge in a large volume compared with the
above techniques(1-24)(1-25), Since then, the various preionizing
sources have been developed such as corona discharge, spark

discharge, electron beam and X-ray radiation.

(1)Corona preionization

The corona preionization 1s preferable for a sealed-off
laser device because the energy for the preionization is so
small that the laser gas is not very degraded due to few
impurities produced from the preionizeri(1-2%), For the device
shown in Fig.1-3(1-27) the cathode has parallel grooves and a
trigger electrode covered with a glass tube is put in each
groove. The trigger electrodes are grounded with the anode
through the capacitance Cs to avoid the breakdown of the glass

tube due to the application of the over-voltage. When the

12

o

| -
charging strage [1[ £ G160
resistor Capacitor e
- Ik fgfj C’tjtj]C'ELHH%H_
l I{/ T
t N Spark =3 =
H.V T_ trig ‘T a0 “ A—
+
pulser
transformer &

Fig.1-3.Schematic of electrical circuit.(1-27)
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negative high voltage raised DYy the pulse transformer 1is

applied to the cathode, the corona discharge occurs between

the trigger electrode and the cathode through the glass tubes, CGHIE—EHSHTHQE
Capacitor

and the homogeneous electron layer is formed on the surface of cathode

the cathode. The output energy density of 18J/1 has been \-... perspex G Tta

dnode

sbtained at the operating frequency of 100Hz with the

efficiency of 17%. Further using a PFN circuit without a pulse

L - 01] ~
transformer, the efficiency of 24% has been achieved(1-28), In

Ak & N LT

these devices, although the efficient laser operation has been | (a)

achieved, the input energy density in the discharge volume 18
less than 200J/1 because of the weakness of corona preionization.

vamabe et al.(1-28) have been reported that the

extractable energy of a corona-preionized TEA-COz laser can be

HV
increased by the superposition of a high-frequency corona R
discharge (HFCD) on a main discharge, although they examined
the effect of HFCD only for the input energy density less than a: A A
200J/1. Frnst(1-30)-(1-33) achieved the input energy density -__EE: S 3 (D)
over 200J/1 with the efficiency of 18.5% both to intensify the R Gap
effect of the corona preionization due to the rapid ke

application of high voltage and to uniform the electric field
on the cathode with Ernst profilef(1-17). Figure 1-4 shows the

schematic diagram of the laser device reported by Ernst. The Fig.1-4.(a)Scheme of the construction of the system and detailes

increase of the applied voltage was restricted rather by the of side-wall construction of the laser

occeurrence of the surface discharge between the cathode and (b)Electrical scheme of the laser system.(1-33)
the preionizing electrode connected with the anode than by the
instability of the main discharge due to the glow-to-arc

transition. This device is unsuitable for the high-repetition-

14 15




rate operation because the corona preionizer obstructs the

transverse gas flow perpendicular to the laser axis.

(2)Spark preionization

Spark discharges emit such strong UV radiation that the
discharge volume is preionized in a great degree compared with
the corona discharge. Consequently, the use of.this technique
results in the attainment of the input energy density over
300J/1. In the laser system shown in Fig.1-5(1-34)  the
sufficient preionization of the discharge volume 15
automatically carried out after the fire of the two-stage Marx
generator by means of the auxiliary multiple spark discharges
from point electrodes which are situated close behind a
perforated mesh anode. Also, the preionization circult are
isolated from the main discharge circuit to preionize the
larger discharge volume, and the preionizing spark electrode
has a two dimensional array of 160 spark discharges
distributed over an area of 600cm2(1-35) as shown in Fig.1l-6.
In this system, a glow discharge has been obtained across the
main electrodes separated by 30cm. Moreover, the UV radiation
of spark discharges through the both mesh electrodes 1s
effective to obtain a glow discharge in a large volume!ll-361,
(1-37) ., Thus, the use of spark discharges is preferable for a
large-volume preionization, however the degradation of the
laser gas and the consumption of the preionizer due to the

vaporization remain as a problem for a practical application.

16

solid electrode

(aluminium) ——
Sedveest

(a)

(stainless Steel)

pos. HV
e — I Ccr i :iSG3
trig
TS =N ; (b)

Fig.1-5.(a)Basic electrode structure of each discharge module.
(b)Schematic of Marx bank excitation circuit. Cs-storage
capacitors, 0.1u4F; Ct—trigger capacitors: Ct~160pF
(5-cm system), Ct~100pF(7.5-cm system); Ce-cathode
capacitor, 100pF; SGi, SG2, SG3, pressurized nitrogen

spark gaps.(1-34)
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Fig.1-6.(a)Schematic diagram of the electrode configuration for
the preionizer electrode.

(b)Schematic diagram of the situation of the preionizer
electrode.

(e)Excitation circuits of the main discharge and of the
preionizer. Legend: SGi, SGz2, SGs-high-pressure spark
gaps for Marx bank; €1, C2, C3, Cp—0.00 or Q.1uF low-
inductance (20nH) capacitors; SGp-high-pressure delay

spark gap; SGp-spark gap.(1-335)
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(3)Electron-beam preionization

An electron—-beam preionized TEA-COz2 laser has been
developed for a laser—-fusion driver, and this technique was
pioneered by Fenstermacher et al.(1-38) and later also by
Daugherty et al.(1-3%) and Basov et al.(1-40)_ The electron
beam controls the level of preionization and the conductivity
of the discharge. Therefore an independently controlled main
discharge volume provides the excitation of the vibrational
levels in the laser process. Since the electric field of the
main discharge in the conductive plasma can be chosen
independently, this field can be adjusted for optimum
excitation rates into the vibration levels. However, even
under the best condition, the total efficiency of about 10% is
lower compared with using the corona preionization. It 1s also
difficult to operate the laser system at a high repetition
rate because the metallic thin film as an electron-beam window

is heated due to thermal losses.

(4)X-ray preionization

X-ray radiation has attracted an attention as a
preionizing source because the mass penetration depth of X-ray
is much greater than that of energetic electrons or UV
photons. Further sealed-off operation at a high repetition
rate is possible because of no degradation of laser gas due to
X-ray radiation. The principles of X-ray preionization has
been improved by Jayaram et al.(1-41)_  TIn their system, the X-

ray exposure in the active volume was 1-ZmR/pulse with a

19




duration of 100ns, and the input energy density up to
300J/1/atm was obtained. Their experimental results indicated
that the X-ray preionization results in the more energy
extraction and makes the decrease of the laser output energy
in a sealed-off operation smaller than the UV preionization by
36 spark discharges. However, the X-ray preionization system
1s inconvenient because the high voltage source in the range

of more than 100kV is necessary to generate X-ray radiation.

1-5. Fundamental Research on Discharge Physics and Excitation

Circuit for Pulsed CO:2 Lasers

For high-pressure pulsed C0O2 lasers, both a homogeneous glow
discharge and an efficient energy injection into the discharge
volume are necessary to extract a large energy. To achieve an
efficient laser operation, many reserchers have studied on

discharge physics and various excitation circuits.

1-3-1, Studies on Discharge Physics

(1)Conditions of primary electron density
At first, Palmer has shown the condition of primary electron
density to produce a glow discharge in an atmospheric gas(1-42)

In order to suppress a filamentary streamer formation, i.e. an

20

arc discharge, the electric field associated with the space
charge of avalanche should be smoothed out. If the following
condition is satisfied, the homogeneous electron layer is
produced in the discharge volume by overlapping the head of the
neighboring electron avalanche, and the space charge field is

expected to become sufficiently uniform:

no-1/3< re, re=(A Zerit)i/ 2

where no is the primary electron density, re is the radius of the
head of the avalanche, A 1s the electron mean free path and
zerit 1S the critical distance to initiate streamer breakdown.
Substituting the typical parameters of a TEA-CO2 laser into the
above equations, no 1is estimated as more than 10%cm- 3.

Levatter et al.(1-43) have given the radius of the avalanche
head by the following equation, considering both the thermal

diffusion of electrons and the space charge field:

re=0.955(2CeZeritA/3ue)l/ 2

where Ce is the electron mean thermal velocity and ue is the
electron mean drift velocity. The effect of voltage rise time is
also examined considering the preavalanche and avalanche phases.
The developing distance xo of the electrons to start from the
cathode depends on the voltage rise time in the preavalanche
phase, and it has been suggested that the filamentary streamer

formation is suppressed under the condition of Xo<re. This

21




condition considerably agreed with the experimental results for
excimer lasers where the voltage is rapidly applied across the
main electrodes.

Karnyshin et al.{(1-44) have proposed the following

conditions to obtain a glow discharge:

noz (3ea E/32& )3/72, 27 noea lexpla do)2 E,

where e is the electronic charge, a 1is the first Townsend
coefficient, E is the electric field, &£ is the mean electron
energy and do is the length of discharge gap. The former is a
relation for a mutual overlapping of the neighboring electron
avalanche, the latter is a relation for the initiation of main
discharge. These conditions considerably agreed with the

experimental results using a gas mixture of CO2/Nz2/He=1/1/8.

(2)Computation of transport coefficients and discharge phenomena
Transport coefficients for a laser mixture gas were not only
measured(1-45)-(1-48) but also calculated using the Boltzmann
equationti-10),(1-50),(1-31), The good agreement between the
calculated and observed values has been obtained for the pressure
of several torr. However, 1t is necessary to compensate the
coefficients for the pressure of more than one atmosphere(l-52),
Kline et al.(1-53) have computed the waveforms of discharge
voltage and current for the mixture gas pressure of less than
400torr, considering the spatiotemporal development of discharge

plasma, The calculated results considerably agreed with the

22

observed waveforms. Also, the calculation has predicted that the
discharge formative time 1s primarily determined by the
characteristics of external excitation eircuit and that
photoemission in the gas can be neglected when strong
preionization is used.

Further Midorikawa et al.f(1-%2) have calculated the
waveforms of discharge voltage and current as well as the
dependence of the deposited energy on gas pressure for the gas
pressure up to 10atm, correcting the transport coefficients

calculated by Lowke et al.{1-10],

(3)0ccurrence and development of discharge instability.

The discharge instability has been studied by Nighan et al.
and so onl(1-34)-(1-537), The instability has been considered to be
amplified with a positive feedback due to heating of gas, and the
relationship between the developing velocity of instability and
the deposited energy or the gas pressure has been examined,
treating the instability as a small disturbance in the
calculation model. Also, Marode et al.(1-38) have calculated the
development of instability, considering the variations of the
transport coefficients caused by the decrease of the gas pressure
in the heated region due to the thermal diffusion. The
instability due to the production of negative ions(1-5%5) and the
dissociative attachment of C02(1-3%) have been also reported

other than the thermal instability described before.

(4)Change of gas components due to laser discharge
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The production rates and the life time of the discharge
products in the active media have been measured(1-80)-(1-85), For
a sealed-off TEA-CO2 laser, CO2 molecules are dissociated into CO
and 02z, and the negative ions of CO3- or CO4-, which cause the
laser discharge to be instabilized, are produced by the reaction
between CO and Oz.

Hokazono et al.(1-66) have analvzed the dissociation of COz
and the production of CO, 02, 03, N20, NO2z and NO due to the
laser discharge, using the Boltzmann equations in addition to 175
of plasma kinetic rate equations. For the laser gas mixture
C0z/N2/He=1/1/5, the dissociation of CO2 is proportional only to
the deposited energy density in the ratio of 3.0x10-%(%1/J). The

amounts of CO, 0z etec. also are increased with the deposited

energy density.

1-5-2, Optimization of Excitation Circuit

Cridland et al.(1-67) have studied on the influences of a
excitation circuit configuration on an extractable energy and a
total efficiency. It has been concluded that a charge-transfer
circuit makes a more efficient laser operation possible than a
LC-inversion circuit and that a charge-transfer circuit with a
Marx generator results in increasing the laser output.

Sato et al.(1-88) have investigated the effect of the
circuit parameters in the charge-transfer circuit shown in Fig.1-7

using an experimental planning method. For the waveform of the
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main discharge current, the continuous current is observed after
the pulsive current. The laser output is increased in proportion
to the amount of electrical charge of the continuous current. AS
the ratio of C2z/C1 is decreased, it is difficult to obtain a glow
discharge for a relatively high voltage of Vi applied on the
storage capacitor Ci, whereas the laser output and the total
efficiency is increased for a relatively low voltage Vi. Although
a glow discharge is apt to be obtained with the increase of the
ratio C2/C1 even at a relatively higher voltage Vi, g27/0x OF

about 1 is optimal value to maximize the laser output.

1-6. Present Situation of Non-Destructive Inspection

The non-destructive inspection has been developed and is
very useful to ensure the quality of products. The inspectlions
have been usually carried out using radiocactivity, supersonic-
wave etc.(1-688),(1-70),

The radioactive ray is irradiated to an article and the
defects in the article are realized by the figure of the
photograph. a«-ray, fg-ray, v -ray and X-ray are properly used
according to the transmittance of the article and the kind of the
film. A copper or steel board of 20cm thick can be inspected
using the radiocactive ray emitted from 60Co or X-ray with a high
energy of 1~ 35MeV. However, the shape of the defects and the

incident angle of the ray have much effect on the clearness of
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the figure, so that it is difficult to detect small cracks under
the condition of the incident angle over 15°. Moreover, strict
treatments of radioactive sources are needed, i.e. the check of
working safety zone, the custody of sources etc.

Supersonic wave 1s considerably propagated in a solid
article, and is reflected on the discontinuous boundary such as a
defect. The characteristics of the reflected and transmitted
waves 1Inform us the existence of defects. The recent development
of small supersonic devices makes the inspection more convenient,
and the wave 1in a frequency range of 2~ 5MHz is usually used in
practice for the inspection. For the pulse reflection method, the
depth of defects from the surface can be realized by processing
the echo signal of the reflected pulses. For the pulse
transmission method, although the information of the depth can
not be obtained, the defects can be detected more simply only by
measuring the transmittance of the pulse. However, the supersonic
wave is unsuitable for a remote inspection because of the very
low transmittance of supersonic wave into a solid material from
air. Further, especially for the pulse reflection method, it is
difficult to recognize the echo signal reflected on the defects
inside the article which has a complicated shape.

A laser beam has recently attracted an attention as a new
media for non-destructive 1nspection because of more convenlience
of a laser device than radioactive sources. Also, a laser beam
which has both a good directivity and a long interferable length
is preferable for a remote inspection. The two different types of

laser inspection have been reported(1-71),(1-72)
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One is the detection of the ultrasonic vibration generated
by a high-power pulsed laser with a laser interferometerti-731.
(1-74)  One example shows in Fig.1l-8. A laser pulse from a Nd:YAG
R-switched laser, having typically the energy of 16mJ in 30ns
pulse duration, 1is rocussed onto the aluminum block with a f=15cm
convex lens to form a surface plasma. The aluminum block has an
artificial slot typically 0. 75mm deep and 0.25mm wide. The
longitudinal, shear and Rayleigh pulses with a frequency
components up to 15MHz are transmitted through the slot, and the
depth of slot can be estimated by the time difference bhetween the
shear pulse and the Rayleigh pulse.

The other is the detection of the change of the periodical
vibration with the irradiating frequency of the incident laser
beam(1-75)-(1-78)_ One example ShOwSs in Fig.1-9. A chopper wheel
modulates the intensity of an argon laser beam, which is focused
onto a specimen’'s surface, generating a temperature variation and
a periodical spherical heat flow into the material. The specimen
is mounted onto a steping-motor-driven and computer-controlled
table which can be moved 1in X and Y directions with a position
accuracy of lum. A computer-controlled pilezo element (PZT) moves
the reference mirror in order to adjust the interferometer. The
interference signal detected by photodiode is fed into a lock-in
amplifier to measure the amplitude and the phase ol ‘the
specimen's vibration. The drilled holes of 0.8mm diameter in an
aluminum block can be detected due to a phase decay of 5 degrees.

However there are the following problems in these techniques

in a practical application. For the former method, not only the

28

laser pulse

151, 30ns
cCapac 0 - -
Convex ( ;?‘E?a;;?"' H;:]tglttziﬂw 1C detector
lens i erareter probe
f=15cm /

alminium block

artificial slot typically
0.75m deep x 0.25m wide

Fig.1-8.Experimental arrangement.. (1-73)

mrror

beam splitter

i |
Ar' laser ]ﬂ__ = | He-Ne laser
spatial filter
photodiode /* S5 gl
control led-table Bratodioo:
reference signal
lock-1n amplifier
Fig.1-9.Experimental arrangement using a sSensor head. (1 =721

28




interferometer with a very high upper limit frequency over 15MHz
18 necessary but it is difficult to realize the signals due to
the defects in the article with a complicated shape. For the
latter method the use of a lock-in amplifier and the scanning of

the laser beam lead to the prolongation of the working time.

1-7. Purposes and Composition of the Dissertation

1-7-1. Purposes of the Dissertation

A corona-preionized TEA-CO2 laser has a relatively simple
Structure and a good ability for efficiency and lifetime in a
sealed-off operation. However it is inferior to TEA-CO:2 lasers
with the other preionization for high energy of laser output
because of the weakness of the preionization. Therefore it is
desirable to enlarge the extractable energy of corona-preionized
TEA-CO2 lasers to make use of the superior features. One of the
purposes of this study is to increase the input and output energy
densities of a corona-preionized TEA-COz laser with the Dumanchin's
electrode configuration by intensifying the corona preionization.
In order to attain this object, a high-frequency corona discharge
(called as HFCD) is superposed on the main discharge as reported
by Yamabe et al.(1-28) and it is examined how effect on the
discharge condition and the optical energy extraction the HFCD

nas. Further the new circuit called as SC-HFCD circuit is devised
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to save the energy for the HFCD operation. In the SC-HFCD
circuit, ¢the residual energy not to be injected into the
discharge volume is ecollected and recycled as the energy source
of the HFCD in the next laser operation. Therefore it is probable
not only to save tht energy for the HFCD operation but also to
miniturize the laser device because another power supply for the
HFCD operation is not necessary. The results are included in the
former half of this dissertation.

Another purpose of this study are to apply the TEA-CO:z laser
to a vibrational source of electric suspension insulators and to
develope a new inspection method to distinguish a cracked
insulator detecting the natural vibration, whose frequency
components and decay constant change due to the cracks in the
insulator. Although various informations of the cracks can be
realized by the techniques described in 1-6, it is sufficiently
useful in some application to find only whether some cracks are
in the solid sample or not. The characteristics of the vibration
generated by a pulsed COz laser beam are measured, and the
mechanism of the vibration is investigated. Moreover the author
has studied on the possibility that the existence of a crack can
be found by performing Fast Fourier Transfer (FFT) to the
vibrational signal detected with a laser interferometer or by
hearing the vibrational signal. The results are included in the

latter half of this dissertation.

1-7-2. Composition of the Dissertation
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This dissertation is composed of the following 6 chapters.

Chapter 1 is the introduction of this dissertation. The
survey of the progress and the remaining problem for discharge-
pumped pulsed CO2 lasers and non-destructive inspection is
described. The motivation and the purpose of this study are also
described.

In chapter 2, the characteristics of the main discharge and
the laser output in a corona-preionized TEA-CO2 laser with a HFCD
circuit are described. It is shown that the laser output 1is
increased by the HFCD circuit due to the suppression of the glow-
to—-arc transition and that some conditions of the HFCD current
are required to be satisfied in order to increase the laser
output.

In chapter 3, the performance of the TEA-COz laser with the
SC-HFCD circuit is described. It is examined whether the HFCD can
be superposed on the main discharge using the SC-HFCD circuit,
after both the main discharge circuit and the ratio of the laser
gas mixture (CO2/N2/He) are optimized to operate the SC-HFCD
circuit without the remarkable decrease of the laser output. It
is shown that the SC-HFCD circuit is effective to increase the
laser output and that the output voltage of the SC-HFCD circuit
is predicted by the calculation using the equivalent circuit.

In chapter 4, the vibrational characteristics of an electric
suspension insulator with the irradiation of a pulsed CO2 laser
beam on the surface of the insulator are described. It 1s

observed that the insulator is vibrated in the natural mode with
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the passing of time after the irradiation of the laser beam. The
variation of the vibrational amplitude with the change of the
irradiation intensity can be approximately explained by
calculating the force applied on the surface of the insulator.

In chapter 5, the non-destructive and remote inspection
system for an electric suspension insulator using a pulsed TEA-
CO2 laser to vibrate the insulator and a laser interferometer to
detect the vibration remotely is described. It is shown that the
crack in the insulator is found by performing FFT to the detected
vibrational signal or by hearing the signal.

In chapter 6, the content of this dissertation is summarized
and the significance of the present work is also given.

In each chapter, references are listed cumulatively at the

end of the chapter.
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CHAPTER. &£ IMPROVEMENT OF CORONA-PREIONIZED TEA-COz LASER

BY MEANS OF HIGH FREQUENCY CORONA DISCHARGE

9-1. Introduction

The corona-preionized TEA-COz laser, proposed by Dumanchin
et al.(2-1), has a simple and compact structure, and 1S
preferable for a sealed-off operation, because the laser mixture
gas is not degraded due to few impurities produced by corona
discharge(2-2) . Furthermore, only less than 1% of the energy for
the main discharge is consumed to preionize the discharge volume,
while the electrons produced on the surface of the cathode by the
corona discharge are effectively used for the formation of Elow
discharge. However, the input energy density in the discharge
volume has been reduced to less than 200J/1 because oOf the
weakness of the corona preionization compared with the other
preionization, i.e. spark discharges, X-ray radiation etc..
Therefore, it is expected that the I1ncrease of the corona
preionization intensity leads to the development of a high-power
and long-1ife laser device.

In this chapter, the superposition of high frequency corona
discharge (called as HFCD) on the main discharge is described as
a method to increase the intensity of the corona preionization(2-3)

(2-4). The influences of the superposition of the HFCD on the
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laser output as well as on the main discharge are examined,
changing the parameters in the HFCD circuit., The developing
distance of the electrons starting from the surface of the
cathode is calculated to examine the influence of the triggering
time and the period of HFCD current. The calculation of the HFCD
current using the equivalent circuit makes the effect of the
parameters in the HFCD circuit clear, comparing with the observed

HFCD current.

2-2, Experimental Apparatus and Procedure

The electrical circuit of the experimental apparatus 1s
shown in Fig.2-1. The main electrodes, 50mm wide and 600mm long,
are made of aluminum at a gap length of 30mm. The effective
discharge volume is estimated to be 0.5(1). The anode is formed
with the Chang profile(2-5) and the cathode has ten parallel
grooves, 4.5mm wide and 3mm deep, on the surface along the laser
axis. Many trapezoidal protrusions are distributed on the surface
along the laser axis between each groove(2-3).

A trigger electrode covered with a pyrex glass tube is put
in each groove. The outer diameter and the thickness of the glass
tube are 4mm and 1.2mm, respectively.

The electrical discharge circuit with the pulse forming
network (PFN) is composed of the capacitances Ci1(=60nF),

C2(=52nF), the inductances Li(=22.4uH), L2(~ 100nH), and the
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apparatus and

experimental

Fig.2-1.Schematic diagram of

electrical circuit.

gaps Gi, G2 pressurized with nitrogen gas. The HFCD cilircult 1is
enclosed by the broken line in Fig.2-1, and the operating
sequence of these circuits is described in 2-383-1 in detail. The
minimums of the inductances L3 and Ls are 1.7uH and 2.5uH,
respectively, due to the geometrical structure of the laser
device.

A CO2/N2/He mixture gas in the ratio 1:1:5(1/min) is flowed
along the laser axis at an atmospheric pressure. The optical
resonator consists of a gold-coated reflector with a 10m radius
of curvature and a germanium flat coupler with a reflection
coefficient of 51%. The length of the resonator is about 1m.

The laser beam 1s partially reflected on the surface of the
NaCl Brewster window, and the waveform of the laser output pulse
is measured by detecting the reflected beam with a gold-doped
germanium detector cooled by ligquid nitrogen. The waveforms of
the voltage V between the main electrodes and the main discharge
current Im are measured with a R-C divider and a search coil,
respectively, while the waveform of the current at the trigger
electrode, It, 1is measured with a Rogowskil coll. The glow-to-arc
transition rate is measured by timing the rapid reduction of V
due to the arcing for the thirty discharges at the repetition
rate of 0.1Hz. The laser output is also measured with a

calorimeter.

2-3. Experimental Results
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9_3-1, Effect of Triggering Time of HFCD Current

The waveforms of the voltage V, the main discharge current
Im, the laser power and the trigger current It are shown in
Fig.2-2 when Vi1=60kV, Va=20kv, C3=40nF, Cs=850pF, La=1.7uH and
Ls=2.5uH, where Vi1 and V3 are the voltages applied on the
capacitances Ci: and C3, respectively. The breakdown voltage
between the main electrodes and the peak value of Im are about
s5kV and 3.5kA, respectively. After triggering the gap Gi, the
electrical charge stored 1in Ci1 is transferred to Cz, and the
voltage V is appllied on the main electrodes. Then the trigger
current passes through the capacitance Cs before the spark of Gs.
If the voltage V exceeds a critical value, the gap G3 18
automatically fired and the HFCD current flows by L-C oscillation
at the trigger electrode through C3 and L3 after the spark of Gs3.
The peak value of the HFCD current (= 700A) is so large that the
main discharge volume is intensively preionized by the HFCD
current. The time teca-sp between the spark of G3 and the maln
discharge indicates the delay time of the main discharge after
the preionization, as shown in Fig.2-2. The delay time tG3-BD is
controlled by the pressure of nitrogen gas sealed in Ga3. The
laser oscillation with two peaks is observed after the main
discharge initiation. The first peak is due to the excitation of
the CO2 molecules by electron collision, whereas the second peak
is due to the energy transfer from the vibrationally excited N2

molecules to the COz molecules.
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electrodes, main discharge current, laser output power
and trigger current. The definitions of delay time tca-8D,
peak value Ip, half-period T and duration te are also

shown in the bottom figure.
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Figure 2-3 shows the variation of the glow-to—arc transition
rate with the delay time tca-sp. The operating parameters are
Vi=58.8kV, V3=20kV, Cz3=40nF, Cs=8B50pF, La=1.7uH and Ls=2.54H.
There is an optimal value of tg3-BDp, 220ns~ 240ns, for
suppressing the glow-to-arc transition, and an arc-free discharge
(zero transition rate) 1s maintained at the input energy density
of about 205J/1. A similar tendency is reproducibly observed at
other operating parameters.

The delay time of the main discharge from the preionization
has been reported in refs.2-6, 2-7 and 2-8, however the reported
values are longer than the values obtained in this experiment.
All experimental results described below are obtained under the

most suitable condition for the delay time of tTG3-BD.

9-3-9. Characteristics of Laser Output with HFCD Circuit

Figure 2-4 shows the relationship between the laser output
and Vi as a parameter of V3 in the case of C3=40nF, L3=1.7TuH,
Ls=2.5uH, and Cs=850pF.

The laser output without the HFCD circuilt 1s saturated at Vi
of about 51.3kV and gradually is decreased for Vi>51. 3KV because
of the occurrence of the glow-to-arc transition, while that with
the HFCD circuit is saturated at Vi higher than 51.3kV because of
the suppression of the glow-to—-arc transition due to the 1increase
of the peak value of the HFCD current with Va. Arc-free

discharges are produced for the input energy density up to about
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205J/1 for V3>20kV, where the output energy density is about

13J/1, as shown in Fig.2-3, while the output energy density of
about 14J/1 is obtained at a transition rate of less than 10%
8 - @, without HFCD when the input energy density is 220J/1 at Vi=80k¥,. It 18
suggested that the HFCD circuit is effective for the increase of
> VE{RV} e the laser output for the input energy density over 200J/1, where
@
O 5 the glow-to-arec transition would occur during the main discharge
10
® 15 without the HFCD circuit. The waveforms of the voltage between
6 )=
3 ® 20 the main electrodes and the main discharge current prior to the
o &
e 23 glow-to-arc transition are independent of the parameters 1in the
o
.E. o= HFCD circuit, so that the laser output depends only on the
s
o < stability of the main discharge, i.e. the glow-to-arc transition
— o~
- 4 8 rate.
fe
=
]
5-3-3. Effect of Parameters of C3, Cs and L3 in HFCD Circuit
e
0 {} | | ' Figure 2-5 shows the relationship between the capacitance C3
0 50 55 60
and the laser output, where Vi=60kV, V3=20kV, Cs=850pF, La=1 5 un
V4 (V)
and L3=2.5uH. The laser output is saturated at a certain value
of ‘C3
Figure 2-6 shows the relationship between the inductance L3
Fig.2-4.Relationship between laser output and voltage Vi as a and the laser output as a parameter of Vi, where Vi=60kV,
parameter of voltage V3. C3i=40nF, Cs=850pF and Ls=2.5uH. The laser output is decreased

with the increase of L3, and it is found that the reduction of L3
results in the increase of the laser output.

Figure 2-7 shows the relationship between the capacitance Cs
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and the laser output, where Vi=60kV, V3=20kV, C3=40nF, L3=1.7uH
and Ls=2.5uH. There is the optimal value of Cs, Copt, to
maximize the laser output.

These characteristics of the laser output are considered to

depend on the waveform of the HFCD current, and it is discussed

in 2-4-1.

2—4, Discussion

2—4—1. Influence of Waveform of HFCD Current on Laser Qutput

The waveform of the HFCD current is characterized by peak
value, period and duration. The influence of these factors on the
laser output is examined on the basis of the previous
experimental results.

The values Ip, T and te are defined as the peak value, the
half-period and the duration of the HFCD current, respectively,
as shown in Fig.2-2. In this experiment, te is the time required
for the amplitude of the HFCD current to decrease down to T7O0A
after the spark of G3. Figure 2-8 shows the dependence of te on
Cs at Vi=60kV, V3=20kV, Cs=850pF, La3=1.TuH and Ls=2.5uH, where
both Ip and T do not change appreciably with C3. The variation of
te with Cs considerably corresponds to that of the laser output
shown in Fig.2-5. It is found that te of 1~ 1.5u4s at the

Ssaturation point of the laser output considerably agrees with the
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pulse width of the main discharge current from the peaking
capacitance Cz. Therefore it seems to be important to produce the
electrons on the surface of the cathode while the main discharge
current flows from Cz at least.

= Figure 2-9 shows the contour lines of the laser output EL
with the changes of Ip and T using the experimental results shown
in Figs.2-4 and 2-6, where te 1is more than lus. As shown in

Fig.2-9, the laser output 1is increased as Ip becomes higher or T

becomes shorter with the 1ncrease of V3 and with the decrease of

7
=
—rt I.3. Therefore short T and high Ip are very important, and it is
b
1™ | (G necessary both to increase Vi and to reduce L3 in order to
. increase the laser output.

Figure 2-10 shows the observed variations of (a)lIg, T and
(b)te with Cs in comparison with the calculated results described

in 2-4-3. The period T is so large for Cs>Copt, while te 18 less

than 1us for Cs<Copt. Therefore, there is the optimal value of

| | Hoad
0 S& Cs, Copt, to maximize the laser output as shown in Fig.2-7.

Cs3 (nF)

2-4-92. Mechanism of Suppression of Glow-Lo-Arc Transition with

HFCD Operation

Fig.2-8 pependence Of duration te ON capacitance C3.

Both the adjustment of tes-sp and the shortness of T other
than the highness of Ip lead to the stabilization of the main
discharge due to the suppression of the glow-to-arc transition
and to the increase in the laser output as described before. It

is very important to ionize the whole discharge volume

b6 o
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homogeneously and tTo SUppress the filamentary streamer formatlion
with a homogeneous layer of eleclrons formed by overlapping the
electron avalanches for the suppression of the glow-to-arc
transitiont2-9)(2-107,

Here are estimated the relationships between the developing
distance of the electron layer from the surface of the cathode
and tgz-sp as well as T. Assuming that the distortion of the
electric field by the spatial charges in the discharge volume can
be neglected, the drift velocity va in the laser mixture gas 1S
given by(2-11)

1.4-106- (E/P) .swss. { OS E/PS 2 )
vd = { (2-1)

4.5-105+(E/P)+2-10% s ( 2< E/PS 20)

(va in cm/s, E/P in v/cm-Torr)
Therefore the developing distance, x, from the cathode 1s
approximately given by

;¥
X :j vda dt (x in cm) . (2-2)
1

where E is the electric field in the discharge volume, P is the
total pressure of the laser mixture gas, and ti is the time when
the electron layer starts from the cathode.

Figure 2-11 shows the relationship between x and t1 when t is
1.9us, which is the time of the main discharge initiation, where
the change in E before the main discharge is calculated Tor the
circuit shown in Fig.2-1. When ti is 1.66us, X is equal to the
gap length between the main electrodes, 3cm. The value of t-ti,
240ns, 1is very close to the optimum of tecs-sp, 220~ 240ns, 1in

Fig.2-3. Therefore it is considered that the efficient and
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Fig.2-11.Relationship between developing distance x and time t1.
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homogeneous electliron layer reaches the anode and that the whole
of the discharge volume 18 sufficiently ionized at the optimal
value of tga-Bp. Most electrons are consequently distributed
throughout the discharge volume., and the transition toO the
homogeneous Elow discharge occurs there at the same time,

Oon the other hand, if the electrons are produced on the
surface of the cathode in both polarities of the HFCD current
during the main discharge, the homogeneous electron layers
successively start from the cathode at intervals of the half-
period T and propagate across the main electrodes along the
oelectric field. Figure 2-12 shows the developments of the

Wi 1]

electron homogeneous layers represented by e from the cathode
to the anode at intervals of T like a streak-mode photograph. The
value ti-A represents the time required for the layers to
propagate across the main electrodes. No homogeneous layers are
periodically 1in the discharge volume for the time of T-tk-a 1n
the case of T>tik-a, whereas One homogeneous layer 1is always there
at least in the case of TStE-A. The homogeneous layers Suppress
the formation of filamentary streamer and maintain the glow
discharge due to the uniformity of the electric field on the
layers. The glow-to-arc transition is considered to occur when
there are no layers in the discharge volume during the main
discharge. Therefore 1t is important that there is one
homogeneous layer at least in the discharge volume to SuUuppress
the glow—-to-arc transition, and it 1s necessary to produce the

layers frequently on the surface of the cathode.

when E in eq.(2-1) is the average electric field in the
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discharge volume for 1lus after the initiation of the main
discharge, it 1is estimated that the electrons starting from the
cathode reach the anode at 300ns. The shorter the half-period T
hetween the first and next layers is down Lo 300ns, the larger
the laser output becomes as shown in Fig.2-9. This result 18

consistent with the above model.

9_4-3, Analysis of HFCD Current using Equivalent Gircuit

In order to increase the laser output according to the
results of the previous experiments, it 1s necessary for the
waveform of the HFCD current tO satisfy the following conditions;
the increase of the peak value (for Ig), the decrease of half-
period (for T) and the prolongation of duration (>1us for te).
Therefore, it is useful to calculate the waveform of the HFCD
current and to suggest the optimal parameters 1n the HFCD circuit
for the increase of the laser output.

The HFCD current is considered Lo be the transient current
for charging Cs and Ceg from the charged capacitance C3, where the
following conditions are assumed to simplify the calculation,
1)The impedance of the main discharge circuit, including the

discharge volume, 18 negligible compared with the impedance of
Cs.
2)The voltage across the main electrodes is assumed toO be

constantly equal to the breakdown voltage Vep after the spark

of (3.

64

3)The impedance of the corona discharge between the cathode and
the trigger electrode is given by the constant resistance of
Rg .
The equivalent circuit of the HFCD circuit is shown in Fig.2-13,;
where VBp is the breakdown voltage of the main discharge, Rs is
the resistance of the electrical line, Cg 18 tLhe capacitance of
the glass tube, Lg is the inductance at the trigger electrode. It
is so difficult to resolve the waveform of the HFCD current
analytically that it is computed numerically.

Figures 2-10 shows the calculated values of Ig, T and te as
4 function of Cs. The relatively good agreement between the
observed and calculated values is obtained at Lz=1.TuH, Le=2.5M4H,
Le=90nH, Rg=210 and Rs=30Q .

Figure 2-14 shows the calculated contour lines of 1p, T and
te as functions of Ls and Ls at Cs=3400pF, C3=40nF and V3=20kV.
The duration te is decreased with the decrease of L3 because of
no oscillation due to over-damping, while Ip 1is decreased with
the increase of L3 because the HFCD current 1s more apt to flow
into Cs. Therefore there is the optimal relation between L3 and
.« in the HFCD current flow according to the condition for the
increase of the laser output. The measurement of Ip, T and Le 18
performed at the values of Lz and Ls shown by the circle (QO) 1in
Fig.2-14, because L3 and Ls are limited to = 1.7TuH and 2 2.5uH,
respectively, due to the structure of the laser device. If L3 and
Ls can be reduced in accordance with the shaded portion in Fig.2a-
14, the conditions of Ip>1kA, T<250ns, te>lus will be satisfied.

Consequently, it is expected that greater laser output would be
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I J I T L
obtained without the glow-to-arc transition than that 1in
thisexperiment where the best condition of Ip, T and te are
obtained at Cs=850pF as about 800A, 300ns and 1.5us, i = T
Ilm I
respectively. Also, Figures 2-15(a) and (b) show the part which s = = o
B — +
satisfies the conditions of Ip>lkA, T<250ns, te>lus at Rg=11Q , _:2 = E E
@
o ]
1600 , 21Q and at R=s=1Q , 3Q . It is obvious that the reduction = E
o= 3
of the resistances Rs and Rg serves to enlarge the area of such D = ;
o -
condition. Consequently, it may be possible to increase the g o
= o
‘ o
laser output for the input energy density over 220J/1 in a future | l : r 0
i |
2 - i s
study. = P ..:1
(i R
(Hrf) >7 O
" "
@ o
- =
L = .
= L w
- B e 2
| —
l I y = = |
2-5, Conclusion i B
O g i
The superposition of the HFCD on the mailn discharge was o g w
0 "
v
examined in order to increase the intensity of the preionization E “® b=
H o
b ~
in a corona-preionized TEA-COz laser for the input energy density e E »
= ) )
over 200J/1. The laser output was increased by this method for g E E
— _ - m
the input energy density up to about 220J/1 and the maximum laser B g i ﬁ
o e = —_— ﬁ +r
o :- n
output density of about 14J/1 was obtained. i g Ei E
It was confirmed that there is an optimal delay time between &
|
(A%
the spark of the gap G3 and the initiation of the main discharge S
-~
to suppress the glow-to-arc transition. When the HFCD current was ey
I | [ -
characterized by the peak value (Ip), the half period (T) and the - > L &
duration (te), both higher Iy and shorter T were necessary to 1 < =
(HM) 9

increase the laser output, while te was required to be more than

about lus. The calculation of the waveform of the HFCD current
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resistance and inductance in the HFCD circuit might result in 2-1)R.Dumanchin, M.Michion, J.C.Farcy, G.Boudinet and J.Rocca-
increasing the laser output. Serra : "Extension of TEA CO2 laser capabilities", IEEE J.
Quantum Electron. QE-B(1972) 183,
2-2)R.Marchetti, E.Penco and G.Salvetti : "Sealed, miniaturized,
corona-preionized, high-repetition-rate TEA CO2 laser using
hydrogen buffered gas mixtures", IEEE J. Quantum Electron.
QE-21(198B5) 1766.
2-3)H.Aklyama, T.Takamatsu, C.Yamabe and K.Horii : "Suppression
of glow-to-arc transition in atmospheric pressure gas
discharge of TEA CO2 laser by high frequency corona
discharges", J. Phys. E: Sci. Instrum. 17(1984) 1014,
2-4)C.Yamabe, H.Ishihara, H.Akiyama and K.Horii : "Improvement of
laser output of TEA CO2 laser by high frequency corona
discharge”, Rev. Laser Eng. 14(1986) 960.
2-5)T.Y.Chang : "Improved uniform-field electrode profiles for
TEA laser and high-voltage applications", Rev. Sci. Instrum.
44(1973) 405,
2-6)H.Shields, J.Giannelli and A.L.S.Smith : "X-ray preionized
COz2 laser", Appl. Phys. B 37(1985) 219,
2-7T)M.C.Richardson, A.J.Alcock, K.Leopold and P.Burtyn : "A 300-J
multigigawatt C0O2 laser", IEEE J. Quantum Electron. QE-
9(1973) 236.
2-8)M.C.Richardson, K.Leopold and A.J.Alcock : "Large Aperture
CO2 laser discharges'", IEEE J. Quantum Electron. QE-9(19873)
8934.

2-9)A.J.Palmer : "A physical model on the initiation of

70 71




atmospheric-pressure glow discharges”", Appl. Phys. Lett.
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homogeneous formation of pulsed avalanche discharges at high
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As described in chapter 2, the superposition of HFCD on the
main discharge leads both to the keep of a glow discharge for the
input energy density over 200J/1 and to the increase in the laser
output in a corona-preionized TEA-CO2 laser. However, as the
energy for the HFCD operation has to be supplied from another
power source, there are problems of enlarging the size of laser
device and reducing the total efficiency.

About 10% of the electric stored energy is converted to the
laser beam energy, while the rest of the stored energy is lost by
heating. Therefore, the heat exchanger is necessary to prevent
the temperature of the laser mixture gas from rising in a closed-
cycle device at a high-repetition-rate operation. In the
experiment described in the previous chapter, it is observed that
the voltage across the main electrodes remains for more than Bus
after the main discharge initiation, because the stored energy is
not fully injected into the discharge volume. This residual and
inefficient energy is considered to be converted to the loss by
heating.

Here 1s described a new HFCD circuit in which the residual
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energy not to be injected into discharge volume is collected and

recycled as the energy for the HFCD in the next operation, It 1is

called as SC-HFCD (1i.e. gelf-Charging HFCD) circuit. Using the

850pF
and

SC-HFCD circuit, it 1s expected that the laser device becomes

SC-HFCD circuit

more compact and efficient because of the innecessity of another

power source LO supply the energy for the HFCD operation. After

_— . O 2O O A A A e S R owmmi S S
— —

the PFN circuit 1s optimized toO operate the SC-HFCD circult

apparatus

1
1
I
|
I
;
I
I
1
l
|
|
I

the characteristics of the

without the decrease of laser output,
laser output with the SC—-HFCD circult are examined. Both the

collection of the residual energy and the consumption of the

energy due to the HFCD operation in the SC-HFCD circuit are also

examined, and the output voltage in the SC-HFCD circuit 1s

&

investigated by the calculation using the eguivalent circuit

:,l-."' L]

L2

AT )
100nH

described in 2-4-3.

3-2. Experimental Apparatus and Procedure
. |

22, 4)H

A
. Schematic diagram of experimental

electrical circuilt.

Figure 3-1 shows the electrical circuit of the laser device

with the SC-HFCD circuit. The same apparatus as the previous =
o

chapter except the SC-HFCD circuit is used. The SC-HFCD circuit B =
1

Fig.38-1

enclosed by the broken line is composed of the capacitances C31 & :E¢
LTy
o~

and C3z in the two-stage Marx bank, the collecting capacitance AA
O
Cso, the diode D and the inductance La. The inductance Ld =
sy
o~

restricts the amplitude of the current through the diode D so as

not to exceed the permitted value of surge current for the diode.
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(a) o |
The operating sequence of the SC-HFCD circuit is described 1m 3-3 =5 Lime(pus)
@
in detail. The waveforms of the voltage across the main =
electrodes, the main discharge current, the laser power and the
=
current through the trigger electrode are measured 1n the same %ﬁ“ 1F
b = -
way as chapter 2. The waveform of the current through the diode D (b) E 5 = 0 M
W e m f }
: : : 7 =5 L :
is measured with a shunt resistor. The voltage Vcs, which 1s the = 5 =1 2 4 Lime(us)
& H
voltage applied on C30, ca31 and Caz before the laser operation,
is measured with an electrostatic voltmeter. 5
@
= 2L
::'_l.d—-u.
(e s ~
(c) o 1
o QU
m =
= 0 | ,
time(us)

3-3., Operating Sequence of SC-HFCD Circuit

Figure 3-2 shows the typical waveforms of (a)the voltage V

+J€; -
st 1% s
(b)the main discharge current Im, (d) E‘E D......=__________' n\/},‘yaw.
E.":‘ J ) A time(us)

-

across the mailn electrodes,

| —rm

(c)the laser power, (d)the current through the trigger electrode, :
i
|

It, and (e)that through the diode D, Ta, in the steady-state
spark of G3¢ and 632

operation described later, where the gC-HFCD circuit has a Uwo- 1

; - : : o= #
stage Marx bank as shown in Fig.3-1. The operating parameters are = ~ L
L1i=10H Ci=C2=40n¥F C30=T750nF C31=40nF Cz2=100nF and (e) t:E 0 t f’fﬂﬁﬁxm ;

- - - = 3 S — L 2 I4 q? tTmE {”5]
I

Vi=68.1kV, where Vi is the voltage applied on C1. The

capacitances C3o, C31 and C32 are charged at the voltages Vaiago,
Fi - ; ,

1g.3-2.Temporal characteristies of (a)voltage across the mai

- in

and these voltages remains at a

Va1 and Vaz, respectively,
electrodes, V, (b)main discharge current, Im, (c)laser

certain voltage Vc3s before the laser operation.
the voltage V power and (d)current on the trigger electrode, It, and
L i

After the nitrogen-sealed gap Gl is triggered,
(e)that on diode D, I4, with the operation of SC-HFCD

s the main electrodes and the trigger current

is applied acros
cireunit.

passes through the capacitance Cs before the sparks of the main
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electrodes gap and the gaps Gi1t and G3iz. When V exceeds a
critical value, the gaps G&:it and Gaz are automatically fired and
the output voltage Vout of the Marx bank in the SC-HFCD ecircuilt
is applied between the trigger electrode and the cathode, where
Vout is estimated as the value multiplying Vca by the stage
number of the Marx bank. The triggering time is controlled by the
pressure of the nitrogen gas sealed in Gai1 and G3iz. Consequently,
the HFCD current flows by L-C oscillation through the Lrigger
electrode, Cai, Caz and L3. The discharge volume between the main
electodes is mainly preionized by the HFCD current prior to the
main discharge because the HFCD current has the higher peak value
than the trigger current passing through Cs. The flow of the HFCD
current also causes Va1 and Vaz, the voltages on C3i and Csz, to
drop in proportion to Qout which represents the amount of electrical
charge flowing out of the Marx bank in the SC-HFCD circuit.

Before the polarity of V reverses, most of the energy stored
on C1 is injected into the discharge volume and the COz2 molecules
are excited, whereas 5~ 10% of the stored energy, ErR, 1is not
injected and remains in the main discharge circuit. Therefore the
reverse voltage VR appears as shown in Fig.3-2(a) because of both
the increase of the impedance in the main discharge volume and
the I,-C oscillation in the circuit of Ci-Li1-C2. The residual
energy Er becomes usually the loss by heating of resistances. In
this laser device with the SC-HFCD circuit, a part of ERrR 18
collected and recycled as the energy for the HFCD in the next
operation in the following way.

The voltages of Vso, Va1 and V3z before the laser operation

T8

are equal to Vcz. When a glow discharge is produced in the main
discharge volume, V is gradually decreased after the main
discharge initiation and is increased again up to VR in the
opposite polarity as shown in Fig.3-2(a). Consequently, when V=&
is larger than Veca, the charging current flows to Cao in the
circuit of G31-Cao-La-D with the electromotive force of VaR-VcC3
due to the application of the forward voltage on the diode D, and
the amount of electrical charge, Qin, is supplied to Csc. Then
the voltage V3o is the value higher than Vc3 because of
collecting the residual energy, whereas the voltages Va1 and Va2
are the values lower than Vca because of passing the HFCD
current. After the recovery of the insulation in the gaps Gai and
Gaz, Ca:1 and Caz in the Marx bank are slowly charged from C3o0
through the several mega-ohm resistances R3o, R3: and Rsz. The
voltages Vo, V31 and Vsz accordingly settle at a certain value
Vea' lower than Vr. If the amount of electrical charge consumed
for the HFCD operation is equal to that supplied to Caoc from PFN
while the reverse voltage appears, Vcs' 1is equal to Ves. Then the
voltages Vso, V31 and Vaz can be maintained at Vca between shots,
and the successive laser operation is possible without the change
of Vao, V31 and Vsz, It is called as the steadyv-state operation.
Thus the residual energy collected in Cao is distributed to C31
and Csz, and is recycled as the energy for the HFCD in the next
laser operation.

When V1 is a relatively large value, a glow discharge 15 not
produced in the first laser operation where V3o, Vi1 and Viz are

zero, because the main discharge volume 1is preionized only by the
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trigger current through Cs. However, when Vi is a relatively low
value, a glow discharge is produced even without the HFCD
operation, and Czo, C3i and C3z2 are charged if the reverse
voltage Vi appears. Then it is possible to superpose the HFCD on
the main discharge because Csi1 and Csz are charged, and a glow
discharge is produced evenwhen Vi is increased slightly. AS the
reverse voltage VR is increased with Vi as described in 3=4-1,
Vso, Va1 and Vsz are increased and a glow discharge is maintained
even at the higher Vi. Therefore, repeating such a procedure, the

steady-state operation is obtained even at a relatively high

voltage of Vi.

3—-4, Experimental Results

9-4—1. Determination of PFN Parameters and Laser Mixture Gas for

SC-HFCD Circuit

Under the condition that the reverse voltage Vr is so small,
the SC-HFCD circuit can not be operated because it is difficult
to collect the residual energy due to the small electromotive
force in the circuit of G3:i1-C3-La-D. Therefore, it is necessary
to determine the conditions of the PFN parameters and the laser
mixture gas so as to enlarge Ve without the decrease of the laser
output.

The following parameters are determined in the laser device

without the SC-HFCD circuit.

80

(1) PFN parameters of Ci, Cz and Li
Sato et al.(3-1) has reported that the ratio C2/Ct of
about one and C: over 20nF are preferable to obtain large
laser output. Therefore, the combinations (Ci,C2) of

(40nF,40n¥F) and (60nF,52nF) as well as Li between 1uH and

22.4u4H are examined 1in this experiment.

(2) Ratio of N2, CDz and He in the laser mixture gas
As shown in Fig.3-3, the optimal ratio of N2/C0Oz in the
laser mixture gas 1s 1:1, and this mixture ratio has been
popularly used(3-2)-(3-5), Therefore the optimal ratio of He
is examined at atmospheric pressure, changing the flow rate
of He to other gases at a constant flow rate of Nz2/COz2=

1/1(1/min) .

Figure 3-4 shows the relationship between the input energy
density and the laser output as parameters of (Ci1,C2z) and the
flow rate of He at Li=10uH. When the flow rate of He is 3(1/min)
at (Ci1,C2)=(40nF,40nF) or 4(1/min) at (Ci1,C2)=(60n¥F,52nF), the
laser output has a maximum value at the input energy density of
220J/1.

Figure 3-5 shows the variation of the reverse voltage V=g
with the input energy density as parameters of (Ci1,Cz2) and the
flow rate of He. The voltage Vr at (Ci1,C2)=(40nF,40nF) becomes so
large as compared with that at (Ci,C2)=(60nF,52nF). On the other
hand, VR 1s increased with the input energy density. This
characteristic of Vr is favorable to the suppression of the glow-

to-arc transition as described in 3-4-3.

81




He (1/min)
He(%) V4(kV) C
& ?:J 1 2 [ R (T T
2
G - A0nF 40nF ®@ O O
30 6onF s2nF | [ O [
E 70
= 50 60 :
= 30
|
" s
g S 4=
O &
L)
2 5
0 ks
— —
= 3L
=
(o
» \\ 3
\\ O
(¥
(y»
X W
Q
0 1 : | |
0 0.25 0.5 0.75 1 1L

0 _S I j 1 |

0 100 200

rig. 3- iati f laser output as a function of CO2/N2 mixture : :
Fig.3-3.Variation o y input energy density (J/1)

ratio as parameters of voltage Vi and mixture ratio of

He. Fig.3-4.Relationship between input energy density and laser

output as parameters of flow rate of He and combination

(C1,C2) &t TA=10%H.

82 83




He (1/min)
6 Figure 3-6 shows the variation of the laser output with the

C

fad

1 Vi
40nF 40nk

&
0olw

A
® 1) input energy density up to 200J/1 as a parameter of Li, where
0 i

60nF 52nF (C1,C2) is (40nF,40nF). The laser output is Iincreased with Li up

to 10u4H, whereas the glow-to—arc transition described in the

& previous chapter causes the laser output to decrease for Li>10uH.

o
/r - A similar tendency has been reported by Sato et al.(=2-1),
According to the above results, (Ci1,C2), Li and the flow
‘ rate of He are determined to be (40nF,40nF), 10uH and 3(1/min),
respectively, as the suitable condition to enlarge VrR without the

decrease of laser output.

10 |-
3-4-2. Improvement of Laser Qutput with SC-HFCD Circult

vR[kU}

Figure 3-7 shows the relationship between the input energy
density and the laser output in the steady-state operation at
C3o=75nF as a parameter of the stage number of the Marx bank in
the SC-HFCD circuit. When the stage number is equal to 1, the SC-

HFCD circuit is operated both with the shortening of R::i and

without the spark of G2z. The laser output without the SC-HFCD

0™ circuit is saturated at the input ener densit of 230Jd/1
0 100 200 : P BY v

input energy density (J/1) because of the occurrence of the glow-to-arc transition, while

the laser output with the SC-HFCD circuit is increased for the

input energy density over 230J/1. Using the SC-HFCD circuit with

Fig.3-5.Variation of reverse voltage Vk with input energy density a two-stage Marx bank, the maximum laser output of B.75J is
as parameters of combination (C1,Cz) and flow rate of e obtained at the input energy density of 250J/1, and the arc-free

at Li=10uH. condition is maintained for the input energy density up to
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230J/1. The laser output of 8.75J corresponds to the output
energy density of 17.5J/1. It 1is suggested from these results
that the SC-HFCD circuit with a multi-stage Marx bank 1s
effective for the increase of the laser output due to the

suppression of the glow-to—arc transition.

3-4-3. Characteristics of Output Voltage Vout of SC-HFCD Circuit

It is useful to examine the characteristics of the output
voltage Vout of the Marx bank in the SC-HFCD circult because Vout
have much influence on the HFCD operation, the laser output and
the stability of the main discharge.

Figure 3-8 shows the relationship between Vout and the
voltage Vi applied on Ci1 in the steady-state operation at
C3o=75nF as a parameter of the stage number of the Marx bank in
the SC-HFCD circuit, where Vi of 68.1kV corresponds to the input
energy density of about 186J/1. The voltage Vout with a two-stage
Marx bank is larger than that with a single-stage one, and the
laser output is increased with the stage number as shown 1n
Fig.3-7. On the other hand, Veout is increased with Vi because of
the increase of the reverse voltage VeR. This tendency in Vout 1S
favorable to suppress the glow-to-arc transition, because it 1is
necessary for the HFCD current to have a higher peak value as the
input energy density is increased. The characteristics of Vout
are discussed in 3-6, using the equivalent circuit.

After the charging current flows into Cso through the diode
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Fig.3-8.Dependence of output voltage Vout on applied voltage Vi

as a parameter of stage number of Marx bank in SC-HFCD

circult.
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D, the recovery current of the diode is observed 1in the polarity
opposite to the charging current as shown in Fig.3-2(e). As the
amount of electrical charge due to the recovery current 1s not so
small, it causes Veut to be reduced. Therefore the voltage Vout

will be larger if the diode D has a good recovery ability.

3-4-4, Decrease of Qutput Voltage Veut with Occurrence of Glow-
to—-Arc Transition

When the glow-to—-arc transition occurs, the capacitance C3ao
cannot be charged and the voltage Vout is decreased because of
the rapid reduction of the reverse voltage. It is important to
make the decrease of Vout due to the glow-to-arc transition as
small as possible so as to insure the laser operation even 1f the
glow-to-are transition should occur.

Figure 3-9 shows the decrease of Vout due to the glow-to-arc
transition with the number of shot, i, as a parameter of C3ao,
where Vi1 is 68.1kV and the control of triggering time of the HFCD
current due to the change of the gas pressure in G3i1 makes the
glow-to-arc transition rate be 100% artificially after Ca3o, C31
and C32 are sufficiently charged in the steady-state operation
until io using the SC-HFCD circuit. The voltage Vout 1S gradually
decreased with i, and is maintained at a relatively high value
with the increase of Cs3o even if the several glow-to-—-arc
transitions occur successively. Therefore it 1s required to
increase (O30 in order to insure the laser operation against the

glow-to-arc transition because the Kkeep of Vout at a high value
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leads to the suppression of the glow-to-arc transition.

3-5, Discussion

As described in 2-4-3, the HFCD current is considered to be
the transient charging current from the Marx bank in the SC-HFCD
circuit to the parallel-connected capacitances Cs and Ceg (the
capacitance of the glass tubes which cover the trigger
electrodes) under the condition that the impedances of the PFN
and the main discharge plasma are negligible compared with Cs.
The output voltage Vout 0of the SC-HFCD circuilt is here calculated
and compared with the experimental results.

Assuming that Vcs, which 1is equal to the voltages on (C30,
C31 and C3:2 before the laser operation, changes to Vc3' after the
laser operation, Vecs' is related with Vca by the following

equation on the charge conservation:

%th+vca’ = %Czi-vca - Nn*Qout(Vea) + Qin(Vi,Vecs3) - (3-1)
1=0 =0
Vout = n-Vc3a : (3-2)

where n is the stage number of the Marx bank in the SC-HFCD
circuit (n=1 or 2 in this experiment), C3t at 1=0 1s the
electrostatic capacity of the capacitance C3p to collect the

residual energy and C3i: for iz2z1 is that of i-th stage

g2

capacitance in the Marx bank. The value Qin is the amount of
electrical charge supplied to Cszo while the reverse voltage
appears, and the value Qout is that flowing out of each
capacitance in the Marx bank by the HFCD current. The value Qin
is considered as functions of Vi and Vca, and it is obvious from
the other experimental results shown in Fig.3-10 that Qin is
decreased linearly with the increase of Vca.

It 1s assumed that the conductivity of G3i: and G3z2 is
sufficiently maintained until the voltage across the main
electrodes disappears. The amount of electrical charge Qout can
be approximately expressed by the following equation as =a
function of Vecs, estimating the amount of electrical charge
flowing from the series-connected capacitances in the Marx bank.
which correspond to Cz charged at the voltage n:-Vcs in Fig.2=-13,
to the parallel-connected capacitances of Cs and Cg (the

capacitance of the glass tubes which cover the trigger

electrodes):

n+Vea-(Cs+Cg) - u;é‘gucain
Qout(Vea) = - - (3-3)

Cs*Cg*}l;’;%{ 1/C31)

In the steady-state operation, eq.(3-1) can be transformed

to the following equation because Vc3' equals to Vea:

Qin(Vecs3) = n-Qout(Vea) ; (3-4)
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Resolving eq.(3-4) for Vea, the calculated variation of Veut
expressed by eq.(3-2) in the steady-state operation is shown in
Fi1g.3-8 with the observed value. It is obvious that the
comparatively good agreement between the observed and calculated
values is obtailned.

On the other hand, the decrease of Veout due to the glow-to-
arc transition 1is calculated, where the residual energy is not
collected because the reverse voltage Vr do not appear. Therefore
eq.(3-2) can be transformed to the following equation,

substituting zero and eq.(3-3) for Qin and Qout, respectively:

ng-{Cs+Cg)- h’iiil{ 1/C3t)
Vea' = Ves- | 1 - - . (3-5)

{c5+cg+1ﬂiﬁlfCa1}}1%§mi

Letting the successive occurrence times of the glow-to-arc
transition be m, Vcs' can be expressed by the following

geometrical progression:

n2:(Cs+Cg)-1/2 (1/Cs1)
Vca = Veso - | 1 - -2 g (3-6)
{C5+Cg+1i§51HC31}}1%EM1

where Vcso is the initial value of Vca. Substituting eq.(3-6) for
eq.(3-2), the calculated variation of Vout at n=2 is shown with
broken lines in Fig.3-9. The considerably good agreement between

the observed and calculated values is obviously obtained. From
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the above results, the characteristies of Veut can be predicted
if Qin and the initial value Vci3o are known.

Next, the energy saved by the SC-HFCD circuit is estimated.
If the capacitances in the n-stage Marx bank are charged with
another transformer, the energy E#rcp supplied for one HFCD 0%

operation is expressed by the following equation:

(3-7)

Vead-Cat t 2 Ves-Cai- ) &
EHFCD = E-[ il < TN - ili Rt ]
i=1 2 2(Cs+Cg) =1 2l3d

In practice, the hysterisis loss and the iron loss in the

0.5

transformer are added to Erxrfrcp. Eliminating Vecz: and Qout in

Eyrep ()

eq.(3-7) by eq.(3-2) and (3-3), the relation between Eurfcp and
Vout 1s shown in Fig.3-11, where n=2., At Vi1=75.8KkV where Vout is
about 16KV as shown in Fig.3-8, the energy Eifcp 1is 0.7J, while

the energy stored on Ci1 is about 115J. Therefore it is estimated

| I
0 10 20

that the electric energy is saved by the order of 1 percent of 0
the stored energy using the SC-HFCD circuit.

Although the energy 1is saved by only ~ 1% with the SC-HFCD
circult in this experiment, the more energy might be saved when
Lthe capacitance of the glass tube or the stage number of the Marx

Fig.3-11.Relationship between output voltage Veout and energy for

bank is increased to intensify the corona preionization.
a HFCD operation, EHFCD.

3-6. Conclusion
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A new HFCD circujit called as SC-HFCD circuit has been References

devised, and the HFCD was able to be superposed on the mailn 3-1)S.,Sato, C.Yamabe and K.Horii "An analysis of the laser
discharge without another energy source for the HFCD circuit by output properties for a TEA CO2 laser with the design of
recycling a part of the residual energy not to be injected into experiments", Trans. IEE Jpn. 100-A(18980) 657, in Japanese.
the main discharge volume as the energy of the HFCD in the next 3-2)R.Marchetti, E.Penco and G.Salvetti : "Sealed, miniaturized,
laser operation. Accordingly, it was possible to miniaturize the corona-preionized, high-repetition-rate TEA- CO2 laser using
laser device and to save the energy for the HFCD operation. hydrogen buffered gas mixtures", IEEE J. Quantum Electron.
The laser output was improved due to the HFCD effect QE-21(1985) 1766.
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density of 17.5J/1 was obtained using the SC-HFCD circuit at the Opt. Commun. 44(1982) 125,
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the SC-HFCD circuit was maintained at a relatively high value
even if the glow-to-arc transition should occur successively. The
output voltage was maintained at a certain value between laser
operations under the condition that the amount of electrical
charge flowing into the SC-HFCD circuit was equal to that flowing

out of the SC-HFCD circuilt.
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CHAPTER 4 GENERATION OF ACOUSTIC VIBRATION IN ELECTRIC

SUSPENSION INSULATOR WITH IRRADIATION OF PULSED

CO2 LASER BEAM

4-1. Introduction

It is well known that, irradiating a pulsed laser beam onto
the surface of a substance, the acoustic vibration of the
substance is generated by thermal shock due to the heating of
laser beam or reaction of a laser-produced plasma etec.(4-1)1(4=-2)
Moreover, the conversion efficiency from the optical energy to
the vibrational energy depends on the irradiation intensity of
the laser beam on the substance. When the substance 18
intensively irradiated with a pulsed laser beam, the efficient
conversion to the acoustic vibration is obtained by the laser
produced plasmaf(4-3). On the other hand, the acoustic vibration
due to thermal shock is generated with a considerably low
efficiency by irradiating a relatively weak laser beam on the

substance(4-1),

In this chapter, it is investigated how the irradiation
intensity of a pulsed C0O2 laser beam influences on the vibration
of an electric suspension insulator. Also, the principle of
vibration is inferred from the figure of the time-integrated

(still) photographs on the surface of the insulator with the
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irradiation of the CO2 laser beam, and the consistency of the
inferred principle is examined in comparison with the

experimental results.

4-2, Experimental Apparatus and Procedure

Figure 4-1 shows the schematic diagram of the experimental
apparatus. A pulsed laser beam from a TEA-CO2 laser, focused by a
convex germanium lens whose focal length is about 10cm, is
irradiated onto the surface of an electric suspension insulator
without a crack. The insulator is made of ceramics with the
diameter of about 26cm. The irradiation intensity on the surface
of the insulator varies both with the laser beam energy in the
range of 2.4~ 5.9 joules and with the distance between the convex
germanium lens and the surface of the insulator, d, as shown in
Fig.4-1. The diameter and the pulse width of the C0Oz2 laser beam
are about 3cm and 400nsec, respectively.

The vibration of the insulator is measured both with a He-Ne
laser interferometer and with an acceleration sensor touched on
the surface of the insulator. The He-Ne laser beam is divided to
two beams by a beam splitter. One beam is irradiated and
reflected on the surface of the insulator, and is used through
the slide glass as an objective beam of the laser interferometer.
Another beam as a reference beam is reflected on the slide glass

after passing through the beam expander and the ND filter so that
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the divergence and the intensity of the reference beam could

correspond to those of the objective beam. Overlapping with the
objective beam, the reflected reference beam propagates to a
photomultiplier through a slit to detect the change of the
interference pattern due to the vibration of the insulator. The

acceleration sensor has the minimum measurable acceleration of

:uhhu ! about 10G and the upper-1limit frequency of about 15kHz, while the

TE GE ]E :
A~ Cﬂz laser s ' laser interferometer has the minimum measurable displacement of

heam 5ﬂ]1tter *‘h*“*~' about 10nm and the upper-limit frequency of about 10kHz,.
t
He-Ne laser beam . } The amplified signals of the photomultiplier and the
suspension

EXﬂﬂﬁdEr[:: insulator acceleration sensor are recorded with the storage oscilloscope so

as to analyze the fregquency components of the signals by

slit \ slide glass
performing Fast Fourier Transform (known as FFT).

0 ﬁﬂeﬁ' ‘Zi_—' ND filter
\

ﬂ“‘z”wﬁ

&l Al mirror

4-3. Experimental Results

4-3-1., Phenomena on Surface of Electric Insulator with
Fig.4-1.Schematic diagram of experimental apparatus. Irradiation of Laser Beam

Figure 4-2 shows the time-integrated photographs of the
phenomena on the surface of the insulator irradiated with the COz
laser beam as a parameter of d in the range of 3.5~ 10.5cm, where
the laser beam energy is about 3 joules. Immediately after the
irradiation, the surface slightly shines at d=3.5cm as shown in

Fig.4-2(a). However, the increase of d results in heating the
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surface more locally and strongly, and the plasma spouts from the

whole of the spot area at d=8.2cm as shown in Fig.4-2(b). The

incident
beam
airection

incident
~beam
direction plasma at d=89.5cm as shown in Fig.4-2(c). Furthermore, in the

intensive air breakdown plasma is observed besides the spouting

case Ol d=10.5cm, the air breakdown plasma can be more clearly
observed whereas the spouting plasma is seldom observed as shown
in Fig.4-2(d), where the focal point of the germanium lens is in

front of the surface of the insulator.

/
surface B

The alr in front of the insulator is weakly ionized by the
(a) d=3.5Cm (D) d=8.2cm strong UV radiation from the spot area with the intensive
irradiation of the pulsed laser beam, and the explosive increase

of the electrons in the low-ionized plasma due to inverse

bremsstrahlung results in the air breakdown.

4-3-2. Temporal Variation of Laser-Induced Acoustic Vibration of

incident
~ beam
direction

-h.

incident Electric Suspension Insulator

beam
direction |

.

Figure 4-3 shows the temporal waveforms of the signals of

Lhe acceleration sensor and the photomultiplier for the electric

(C) d=9.5Cm (d) d=10.5Cm | _
‘ suspension 1nsulator at d=8.2cm and 5.9J of the laser beam
energy. These signals continues for more than 100msec at several
Fig.4-2.Phenomena on surface of insulator (a) at d=3.5cm, (b) at | kiro-hertz after the irradiation of the laser beam.
d=8.2cm, (c) d=9.5cm and (d) d=10.5cm. | Figure 4-4 shows the relative temporal variations of the

‘ frequency spectrums for the signals of the acceleration sensor
and the photomultiplier during the time of 1-31msec, 70-100msec,

150-180msec, 230-260msec after the irradiation of the laser beam.
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These signals obviously includes many frequency components during
1-31msec. However, it is found that the insulator continues to be
vibrated i1n a natural mode to depend on the material and the
shape of the insulator with the passing of time after 70Omsec. The
frequency components of 2.,.2KHz and 4.4kHz are more clearly
observed in the spectrum of the photomultiplier, comparing with
the spectrum of the acceleration sensor. After 230msec, the
natural vibration decays to a degree of the amplitude less than

the detectable limitation of the laser i1nterferometer.

4-3-3, Influence of Irradiation Intensity of Laser Beam on

Acoustic Vibration of Electric Suspension Insulator

As shown in Fig.4-2, it is observed that the phenomena on
the surface of the insulator varies with the distance d between
the germanium lens and the surface of the insulator. The
dependence of the acoustic vibration on the distance d and the
irradiation intensity of laser beam is examined here.

Figure 4-5 shows the variation of arms with d as a parameter
of the laser beam energy EL, where arms 1s defined as the root
mean square value of the acceleration for 2ms after the
irradiation of the laser beam and indicates the amplitude of
vibration in the insulator. The acceleration arms shows the
maximum value at d=dopt(B~ 9c¢m), and the wvariation of arms
consists of the following three regions.

l)region 1:the acceleration arms is independent of d for d<dth.
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2)region 2:the acceleration arms is increased with d for dth<d<dopt.
3)region 3:the acceleration arms is decreased with d for d>dopt.
The phenomena on the surface of the insulator in the regions 1, 2
and 3 correspond to the photographs of Fig.4-2(a), (b) and (e¢),
respectively.

Figure 4-6 shows the relationship between arms and the
iLrradiation intensity on the surface of the insulator rearranging
the results shown in Fig.4-5. The amplitude of arms is rapidly
increased correspondingly to the spout of plasma from the surface
for the 1irradiation intensity over about 2x107W/cm?2, whereas the
amplitude is decreased correspondingly to the generation of the
alr breakdown plasma in front of the surface of the insulator for

the irradiation intensity over about 6.5x107W/cm2.

4—-4, Discussion

The acceleration arms intensively depends on the irradiation
intensity and the phenomena on the surface of the insulator as
described in 4-3-3. It is suggested that the observed plasma and
the generated heat on the surface are associated with the
vibration of the insulator, and the following processes are
considered as the principles of the vibration; 1)the thermal
shock by heating of the laser beam, 2)the reaction of the
particles spouting from the insulator, 3)the shock wave from the

air breakdown plasma generated by the laser beam in front of the
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surface of the insulator. In this section, the principle of the
vibration in each region shown in Figs.4-56 and 4-6 1is
investigated on the basis of the time-integrated photographs
shown in Fig.4-2, and the observed characteristics of arms are
relatively compared with the calculated forces Fi, Fz2 and Fa:a
applied on the surface of the insulator in each region. The

surface of the insulator is assumed to be an infinite plane to

simplify the calculation.

(1)Deduction of force Fi1 1n region 1

It is considered that the thermal shock is a dominant
vibration force because the laser-produced plasma 1s seldom
observed on the surface in this region. The maximum of the stress
applied on the surface of the insulator, omax, 15 expressed by

the following equation under the condition of the free surface

according to the paper reported by Gournay!(4-4);:

vEM
Omax = e TLo . (4-1)
2pC

where v is the velocity of thermal-wave propagation, £ 1is the
coefficient of linear thermal expansion, M is the molecular
welght, p 1is the density, C is the specific heat per mole and Io
is the irradiation intensity on the surface. The irradiation
intensity Io and the wave velocity v are expressed by the
equations, Io=EL/TS and v=te/pi'/2, respectively, where Ei is the

laser beam energy, 7 1is the pulse duration of the laser beam, S
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is the irradiated area and ¢ is the modulus of elasticity.
Multiplying omex by S, the force Fi applied on the surface in the

region 1 is expressed by

Py = B MgliiEy
1 = COmax*S 2Cpd/2T p (4-2)

(2)Deduction of force F2 in region 2

It 1s considered that the reaction of the particles spouting
from the surface of the insulator is a dominant vibration force
because of the observation of the intensive plasma spouting from
the spot area in this region. However it is necessary to consider
the transform of the laser beam energy not only to accelerate the
spouting particles but also to change the phase of the surface
material of the insulator, i.e. melting and vaporizing. According
to the paper reported by Shimomura et al.(4-5) most of the
irradiated beam energy is transformed into the kinetic energy of
charged or neutral particles, while about 10% of the beam energy
1s reflected on the surface of a metal target. Other following
processes can be neglected as compared with the conversion to the
kinetic energy; the radiation from a spouting plasma, the
ionization of the metal vapor, the thermal conduction in the
metal target and so on. However, the reflection on the insulator
can be neglected in this experiment because the insulator is made
of porcelain which absorbs the far-infrared radiation so much.
Therefore, only the kinetic energy of the spouting particles and

Lhe energy required to change the phase of material in the spot
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area on the insulator are considered, and it is assumed that the
whole laser beam energy is absorbed on the surface of the
insulator.

The following egquation expresses Et, the energy used to
change from a solid phase to a gas phase, using 1 which is the

thermal diffusion length of the insulator:

f-d)2So0l p m
Et. = : M2 [C{ATm-r+ATb-m)+Cm ]+ —E'Cb . (4-3)

]

(4MKT/ pC)1/2 .

where f is the focal length of the germanium lens, d is the
distance between the germanium lens and the surface of the
insulator, So is the area of the laser beam before the incidence
into the germanium lens, ATm-r is the temperature difference
between the room temperature and the melting point of the
insulator, ATb-m is the temperature difference between the
melting point and the boiling point of the insulator, Cm and Cb
are the latent heat of fusion and evaporization, respectively, K
1s the heat conductivity and p, C, M, 7 are described in egs.(4-1)
and (4-2).

The acceleration of the insulator, a, is expressed by(4-6)

2 dEa
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where u is the expansion velocity of the spouting particles, mo
1s the mass of the insulator, Ea is the energy used to accelerate
the spouting particles. Letting Ea be EL—Et,; the force F2 as the

reaction of the spouting particles is expressed by

2 EL—Et
F2 = . : (4-5)
u

(3)Deduction of force F3 in region 3

The intensive air breakdown plasma is observed in front of
the surface of the insulator besides the plasma spouting from the
surface of the insulator in this region. Therefore both the
reaction of the spouting particles and the shock wave from the
air breakdown plasma are considered as the vibration force of the
insulator. Only the latter process is estimated here.

Assuming that the air breakdown plasma is momentarily
generated at one special point in air where the whole laser beam
energy is absorbed, the following equation expresses RE which
represents the radius of the spherical shock wave at the time t

after the irradiation of the laser beam(4-7):

§n[ EL:E] 1/5 | i3,

Rs

where £o=[75(y-1)(r+1)/16n(3y-1)]¥/5, ¥ is the ratio of specific
heat of the gas(=1.3 in air at atmospheric pressure), and po is

the density of air. The front pressure of the shock wave, P3, 1is
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expressed by(4-71

Epu[ dRB] 2 8 £02( po? EiZ £-8)1/5 (4-7)
3 = = 0 02 ErnZ t-B)1 : -
y+1l dt 25(y+1) /

The variable t is eliminated using eqs.(4-6) and (4-7), then the

force F3 on the surface is expressed by the following eguation, surface of
insulator ..
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where r is the distance between the air breakdown plasma and the

- - - .. . w—

surface of the insulator.
The relation between r and d is experimentally expressed by
the following equation from the figure of the photographs as

shown 1n Fig.4-2; : . i
& Fig.4-7.Relationship between location of laser-produced plasma

and pressure P3 on the surface of insulator.

r = ; (4-9)

Therefore, letting x' be infinite and substituting eq.(4-9) into

eq.(4-8), the force F3 is expressed by

# 16mr £0EL (315
3 = & e
25(y +1)(dopt+d-T) )




(4)Relative comparison of calculated forces with observed values
0of arms

Table 4-1 shows the material constants of the insulator used
for the calculation. The symbol '*’ in Table 4-1 is added to an
unknown material constants, and the unknown constants are assumed
to be the average of the material constants of Al203 and SiO:z.
Quoting the expansion velocity of the atoms of Al, Si and 0,
contained chiefly in the insulator, from ref.4-5, the average of
these velocities, 3x106cm/s, is used for the calculation as the
expansion velocity u. The mass m is estimated as about 2ug/shot
from the result of another experiment, corresponding to
approximately to the value reported by Shimomura et al,(4-5).
However, the second term in eq.(4-3) is much less than the first
term, so that the energy loss Et almost depends on the first
term.

Figure 4-8 shows the relative variations of the calculated
value F2 and the observed value of arms at d=dept with the change
of the laser beam energy EL as the standard that the relative
values of arms and F2 at EL=5.9J are 10. The variation of arms
considerably agrees with the variation of F2, and F2 is nearly
proportional to Ei because Et is small compared with Eir. The same
tendency is obtained in the variations of Fi and F3 with Etr.
Therefore it is found that the dependence of arms on EL can be
explained using this model.

Figure 4-9 shows the relative variations of the observed
value of arms and the calculated values of Fi, F2z and Fa with the

change of d as the standard that the relative values of arms and
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Table.4-1 Material constants for calculation

thermal expansion coefficient
molecular weight*
density
specific heat
modulus of elasticity
melting point*
boiling point*
latent heat of fusion®*
latent heat of evaporization®*

heat conductivity

axXI0-803°C )
81

2700(kg/m?)
°o4.4(J/mol)
1.0x1011(N/m2)
2000(K)
3250(K)
1.0x10%(J/mol)
1.2x105(J/mol)
20(W/ m-"C )

11y
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Fig.4-8.Relative variations of acceleration arms and force F2 at
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Fz at d=dept are 10. The variation of arms with d in the three
regions are found to be similar to those of Fi, Fz2z and F3s,
respectively.

From the above calculated results, it is found that the
dependence of the vibrational amplitude on the laser beam energy
ElL and the distance d can be explained by the model combining the
thermal shock, the reaction of the spouting particles and the
spherical shock wave from the air breakdown plasma. If the
material constants of the insulator are known, the relative

variation of the vibrational amplitude will be predicted.

4-5. Conclusion

The vibration of the electric suspension insulator with the
irradiation of a pulsed CO2 laser beam has been measured with an
acceleration sensor and a laser interferometer. Performing FFT to
the vibrational signals of the acceleration sensor and the
interferometer, it was clear that the vibration includes various
frequency components immediately after the irradiation of the
laser beam and that the insulator is vibrated in a natural mode
with the passing of time.

The variation of the vibrational amplitude with the
irradiation intensity of the laser beam consisted of three
regions. The vibrational amplitude was independent of the

irradiation intensity in the first region. As the irradiation
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intensity was increased more, a plasma spouted from the surface
of the insulator and the vibrational amplitude was increased in
the second region. With the far more increase of the irradiation
intensity, an air breakdown plasma was generated in front of the
surface of the insulator, and the vibrational amplitude was
decreased in the third region.

It was also shown that the variation of the vibrational
amplitude can be explained by the model combining the vibrational
principles of the thermal shock, the reaction of the spouting

particles and the spherical shock wave from the air breakdown

plasma.
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CHAPTER 5 STUDY ON NON-DESTRUCTIVE AND REMOTE INSPECTION OF
ELECTRIC SUSPENSION INSULATOR BY MEANS OF LASER

BEAM

a—1, Introduction

In generally, when the electric insulator is slightly struck
with a rigid rod, the crack in the insulator causes the pitch and
Lhe reverberation of the sound to change. As described in the
previous chapter, it was confirmed that the natural vibration,
which corresponds to the sound, can be remotely detected with a
laser interferometer. Therefore, it is probable to distinguish a
cracked insulator from a normal one by remotely detecting the
natural vibration using laser beam.

For the non-destructive inspection using laser beam, it has
been reported that the surface of the cracked solid sample is
periodically heated by a weak laser beam so as not to damage the
surface and that the weak acoustic signal generated by the effect
of thermal shock informs on the location and the size of the
crack in the solid sample(5-1),(5-2) It has been also reported
that the crack or slot on the solid sample can be detected by
measuring the transmissive and reflective pressure waves
generated by the laser-produced plasmal®-3),(5-4), However, for

the former method the use of a lock-in amplifier to improve a S/N
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ratio and the scanning of the irradiating point on the surface of

the sample are inconvenient because it takes long time to inspect

Lthe sample. For the latter method there are two problems in

observing those pressure waves. One is to require the instrument

with a very high upper-limit frequency because the pressure wave
involves many high frequency components over several mega-hertz.

The other is the difficulty of the recognization of the pressure

wave reflected on the cracks in the sample with a complicated

shape.
The method to detect the natural vibration has the following
advantages:

(1L)A cracked insulator can be detected with a4 single laser
operation using an interferometer because the efficient energy
conversion from the laser beam to the vibration of the
insulator makes the acoustic signal generated clearly.
Therefore it is expected to inspect the insulator without a
lock-in amplifier and to save the inspecting time.

(2)There are no particular restrictions for the shape and the
size of the insulator because the cracked insulator can be
distinguished by detecting the change of the natural vibration
for the frequency components or the duration of the natural
vibration.

A lineman has to go up over several-ten meters above the
ground and directly touches the insulators with a specific
instrument as usual in order to test them on the practual high
voltage transmission lines. However, it is necessary to check the

insulators remotely in order both to improve the reliability and
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the safety of the test and to Save Lhe working time. It is
considered that the inspecting system described in this chapter
is the effective method for such a demand because a laser beam
has the characteristics of remote sensing with a good directivity
and a long interferable length.

A procedure to inspect an electric suspension insulator by
detecting the natural vibration is described, and the possibility
of the non-destructive and remote inspection of a insulator is
examined using the apparatus described in chapter 4. The
irradiation intensity of a pulsed CO:2 laser beam reguired to
inspect the insulator is experimentally examined, and the
conditions of the incident laser beam and the Eermanium lens to

inspect the insulator from a long distance are also discussed.

9-2. Experimental Apparatus and Procedure

The vibration of an electric suspension insulator made of
ceramics 1is measured using the apparatus shown in Fig.4-1, and
the difference of the natural vibration between a normal
insulator and a cracked one is observed for three kinds of the
insulators whose diameters are about 26cm, 28cm and 30cm,
performing FFT to the vibrational signals. The estimation of the
vibrational difference described in 5-3-2 is performed for

several insulators 26em in diameter,.
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5-3, Experimental Results

5-3-1, Influence of Crack on Vibrational Spectrum of Electric

Suspension Insulator

Here is observed the vibrational difference between normal
and cracked insulators for three kinds of the insulators with the
diameters of about 26cm, 28cm and 30cm. The artificial cracking
of the insulator is performed by striking with a chisel, and the
cracked insulator has one crack from the most inner rib to the
periphery through the thickness of the whole shed. The typical
crack found in an actual transmission line is obtained in such a
way .

Figure 5-1 shows the temporal variation of the frequency
spectrum of the natural vibration detected by the He-Ne laser
interferometer for the cracked insulator 26cm in diameter which
is the same type as the insulator used in the chapter 4. The
vibrational signal during l1-31msec includes many frequency
components similarly to the spectrum for the normal insulator
shown in Fig.4-4. However, the frequency components of the
natural vibration are not observed because the natural vibration
decays so fast to a degree of background noise within the
duration of 70msec after the irradiation of the CO:2 laser beam. A
similar tendency is observed for the insulator 28cm in diameter

as shown in Fig.5-2. Figure 5-3 shows the temporal variations of
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Fig.5-1.Temporal relative variation of vibrational frequency

spectrum for a cracked insulator Z6cm in diameter.
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the frequency spectrums for the normal and cracked insualters
with the diameter of 30em. In the spectrum of the normal
insulator, the frequency components of the natural vibration are
observed at about 1.3kHz and 2.6kHz. However, the frequency
components of the natural vibration shifts to the lower frequency
of 0.9kHz and 1.8KHz in the spectrum for the cracked lnsulator.
Furthermore, the amplitude of the natural vibration in the
cracked insulator decays to a degree of background noise faster
than that in the normal insulator.

From these observation, it is clear that the cracking of the
insulator results in changing the natural vibration, and it is
probable that the change of the natural vibration can be detected

using a frequency analyzing technique.

5-3-2. Inspection of Electric Suspension Insulator

The inspection of the electric suspension insulator 26cm in
diameter is examined here. To distinguish a cracked insulator
from a normal one, the detection of the vibrational changes is
tried here by using frequency analyzing technique and by hearing
the sound of the vibrational signal.

(1)Method to use frequency spectrum of natural vibration

It is tried to detect the cracked insulator by estimating
the differences of vibrational frequency spectrum and the damping
factor for the natural vibration at 4.4kHz shown in Fig.4-4.

First, the method to estimate the difference of vibrational

132

Irequency spectrum is described. The difference is estimated in
the spectrum during 150-180msec after the irradiation of the CO:
laser beam when the insulator is sufficiently vibrated in the
natural mode. The standard spectrum So(f) is defined as the
average of the spectrums of three normal insulators normalized
with the peak value at 4.4kHz. As shown in Fig.5-4, the
difference between the standard spectrum So(f) and the spectrum

S{f) of the inspected insulator is estimated by the integrated

value V expressed by

3
v =J1 {So(f)-S(f)}2 ar ' (9-1)
fo

where fo is 3.9kHz and f:1 is 4.9kHz.

Figure 5-5 shows the values V for the insulators with and
without a crack. It is evident that the crack in the insulator
causes the value of V to be increased, and the threshold for the
distinction of a cracked insulator is estimated as the relative
value of 12.

Next, the method to estimate the damping factor of the
natural vibration is described. The damping factor k is defined
by the following equation which expresses the intensity I of the

natural vibration at the time t-
I = To-exp(-kt) ¢ (5-2)

where 10 is a constant value.

Figure 5-6 shows the values k for the insulators with and
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without a crack. It is apparent that the crack in the insulator
causes Lhe value of k to be increased, and the threshold pf k for
the distinction of a cracked insulator is estimated as about
llsec—1,

(2)Method to hear the sound of vibrational signal

The vibrational signal detected by the laser interferometer
is recorded with a tape recorder, and the sound of the signal is
carefully heard. It is possible to distinguish the cracked
insulator by hearing the sound of the vibrational signal because
the sound of the signal is similar to the sound caused by
slightly striking the insulator with a metal rod.

Although the obscurity of the Judgment remains in this
method, the hearing of the vibrational signal is considered to be
an economic method because a human can recognize the slight
difference of the sound for frequency and damping time without
the expensive instruments like a FFT analyzer,

(3)Application of these methods to practical uses

Although it is necessary to examine the reliability,
especlally the accuracy of the Judgment, by testing many various
insulators, it is suggested that the cracked insulator can be
distinguished by using the vibrational frequency spectrum and by
hearing the sound of the vibrational signal detected with a laser
interferometer. The combination of these methods 1is expected to
make the inspection more reliable. Further these methods are
properly used according to the inspecting conditions. It is
considered that the method to hear the sound of wvibrational

signal is preferable for an inspection in an actual field spot
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because of the needlessness of expensive instruments and that the
method to use the vibrational spectrum is preferable for an
automatic inspection in a production line or a field.

Although the inspection has been performed only for the
insulator 26cm in diameter, 1t is considered that the insulators
with different diameters of 28cm and 30cm can be also inspected

because the change of the natural vibration is clearly observed.

5-3—-3. Irradiation Intensity of Laser Beam to Inspect Electric

Suspension Insulator

It is examined if the frequency spectrum of the natural
vibration as shown in Fig.4-4 is observed with the change of the
irradiation intensity of laser beam for the insulator 26cm in
diamcier. From the results shown in Fig.5-7, it 1is obvious that
the f‘requency spectrum of the natural vibration is observed for
the irradiation intensity over 2x10"W/cm2. This value
considerably agrees with the irradiation intensity where a plasma
spouts from the surface of the insulator as shown in Fig.4-6. A
similar tendency is also observed for the insulators 28cm and

J30cm 1n diameter.

b—4, Discussion

138

G (.0
%. O 2.4
q .
103__ O | 3.0
().' ® 4.8
00 ! ® 59

10

Irradiation intensity (W/cm?)

non-
observable observable

Fig.5-7.0bservation of natural vibration with change of

irradiation intensity of laser beam.

139




It is suggested from the results in 5-3-2 that the cracked QQ\
&
insulator can be remotely distinguished from the distance of 10 - qsg%
- ¥
about 10cm, corresponding to the focal length of the convex fljb} h:
_ ) _ 2 () O
germanium lens. Here are examined the conditions to inspect the 5%?
| ' L & )
insulator from a long distance of several-tens meter using the f;jj ¥, Q}ﬁb
method described in 5-3-2 at the standpoint of the irradiation - P {%1? ;5
ﬁ? &, \gqf\
i ity -0 d
intensity of laser beam. L 3 (%z;
_—— .’d"-'
When the laser beam with TEMoo mode is focussed through a = 5 {?ﬁ
=
convex lens with the focal length of f, the beam radius woz at i % Lmﬂﬂ
. o GO
Lthe beam walist, where the radius of the focused laser beam is O r “H31#5
=
minimum, and the distance z between the lens and the beam waist

_g0(mm)
satisfy the following equations(5-5): / wo-\ 8
L 5w

[ £3 i #‘,“‘
e f2 + (;mwoi/A)? ' \B=2) L : l

1 s . (rwa1/A)2 (g
W02  wol £2 ' Y i (ITI)

where woi is the beam radius before the incidence into the lens,

. : Fig.5-8.Contour lines of focal length f and incident beam radius
and A is the wavelength of C0O2 laser beam. Figure 5-8 shows the

‘ , ] wol as function of distance z and beam radius woz at beam
contour lines of f and woit as functions of Woz and z, resolving

walst.
eqs.(5-3) and (5-4).
Figure 5-9 shows the relationship between the laser beam
energy EL and the beam radius Wo2 at the beam waist, assuming

that the pulse width of the laser beam is 400nsec.
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The procedure to determine wo: and f in the case that the
insulator is inspected from the distance of z using a pulsed CO2
laser beam with the energy of EL is described below. To make the
explanation simple, the values of z and EL are let be 40m and 27,
respectively. As the irradiation intensity over 2x107W/cm? is
necessary at least to inspect the insulator, the radius woz has
to be less than 3mm from Fig.5-9. Letting wo2 to be 3mm, the
values of f and woz are about 40m and 45mm, respectively, in
accordance to the contour lines shown in Fig.5-8.

Such a laser device and a convex lens can be produced
technically, and it has been reported to generate the air
breakdown plasma longer than 20m along the direction of the laser
beam with a convex lens whose focal length is 30m(5-6). Further
the interferometer measuring system with the resolving power of
several-ten nano-meter from a 100m distance has been also
reported(®-7)-(5-12)  and this system has a good ability enough to
detect the natural vibration of the insulator. Therefore, it is
suggested that the insulator can be inspected from a several-
Ltens-meter distance.

In a field inspection, it is necessary to avoid the
influence of wind on the measuring system. As the swing of the
insulator due to wind induces a continuous change in the output
signal of the interferometer, the choice of the natural vibration
not to overlap on the continuous change in frequency region leads
to the avoidance of the influence of the swing. Further a pulsive
disturbance can be avoided by operating the pulsed laser in a

proper timing.
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5-5, Conclusion

The non-destructive and remote inspection of an electric
suspension insulator by detecting the natural vibration of the
insulator has been examined.

It was confirmed that the change of the natural vibration
due to a crack can be detected with a laser interferometer, and
it was also suggested that a cracked insulator can be
distinguished from a normal one by using the frequency spectrum
of the detected vibrational signal and by hearing the sound of
the vibrational signal.

In this experiment, the irradiation intensity of laser beam
of about 2x107W/cm? was necessary at least to 1nspect the
insulator, and it was predicted that the insulator can be
remotely inspected from a several-ten meter distance using the

present laser technology.
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Discharge-pumped pulsed CO2 lasers are powerful far-infrared
coherent sources and have the various potential applications in
science and industry. From a practical point of view, it is
desirable to increase the extractable energy in a corona-
preionized compact TEA-CO2 laser, because an efficient laser
operation is possible with an easy maintenance. In this thesis,
the superposition of a high frequency corona discharge (called as
HFCD) on a main discharge was focussed on 1n order to increase
the laser output. Additionally, the non-destructive and remote
inspection of electric suspension insulators was tried as an
application of pulsed CO2 laser.

First of all, the superposition of the HFCD on the main
discharge was examined in order to increase the preionization
intensity in a corona-preionized TEA-COz laser. The laser output
was 1increased by this method for the input energy density up to
about 220J/1, where the laser output was saturated due to the
glow-to-arc transition in an ordinary corona-preionized TEA-CO:2
laser, and the maximum laser output density of about 14J/1 was
obtained. When the HFCD current was characterized by the
triggering time (tes-sp), the peak value (Ip), the half period

(T) and the duration (te), the optimization of tecs-Bp, the
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increase of lp and the decrease of T were necessarv to increase
the laser output, while te was required to be more than about 1lus.
It was considered that homogeneous electron lavers should be
produced by the HFCD current while the discharge current flowed
from the peaking capacitor C2. On the other hand, it was also
considered that the increase of the peak value and the decrease
of the half period led to the suppression of the glow-to-arc
transtion because the electron density of the layer was increased
with the peak value of the HFCD current and the production rate
of the layer was increased with the decrease of the half period.
Furthermore, when the triggering time of the HFCD current was
optimized to maximize the laser output, the delay time of the
main discharge after flowing the HFCD current corresponded to the
time required for the layer to propagate across the main
electrodes. That suggested that the glow-to-are transition was
effectively suppressed after the whole discharge volume was
sufficiently ionized by the electron layer. It was also suggested
from the calculation using the equivalent circuit that the
reductions of resistance and inductance in the HFCD ecircuit might
result in increasing the laser output.

A new HFCD circuit without another power source (called as
SC-HFCD circuit) was devised to miniaturize the laser device and
to save the energy for the HFCD operation. In the SC-HFCD
circuit, the HFCD operation was possible by recycling the
residual energy not to be injected into the discharge volume.
Both the main discharge and the laser output were improved due to

the HFCD effect using the SC-HFCD circuit, and glow discharges
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were produced for the input energy density up to 230J/1 after the
main discharge circuit and the laser gas mixture were optimized.
Moreover, the maximum laser output of 17.5J/1 was obtained with
the SC-HFCD circuit at the input energy density of 250J/1. The
cutput voltage of the SC-HFCD circuit was determined by the
amounts of electrical charge flowing into and out of the SC-HFCD
circuit, and the output voltage was maintained at a constant
value when those two amounts of electrical charge were equal. The
output voltage was decreased when the glow-to-arc transition
occcured, because the residual energy was not collected due to the
rapid reduction of the voltage across the main electrodes. These
charcteristics of the output voltage were predicted by the
calculation using the equivalent circuit, and the observed and
calculated results considerably agreed. The increase of the
capacitance to collect the residual energy led to the insurance
of the HFCD operation because the output voltage of the SC-HFCD
circuit was maintained at a relatively high value even if the
glow-to-arc transition should occur.

The vibration of the electric suspension insulator with the
irradiation of a pulsed CO2 laser beam was measured using an
acceleration sensor and a laser interferometer. It was shown that
the vibration included many various frequency components
immidiately after the irradiation of the laser beam and that the
insulator continued to be vibrated in the natural mode after
passing time, The irradiation intensity had much effect on both
the vibrational amplitude and the phenomena on the surface of the

insulator, The change of the vibrational amplitude corresponded
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toa that of the phenomena. These changes with the irradiation
intensity were composed of following three regions. In the region
1, the laser-produced plasma was seldom observed on the surface
of the insulator and the vibrational amplitude was independent of
the irradiation intensity. In the region 2, the intensive plasma
spouting from the whole spolbl area was observed and the
vibrational amplitude was increased with the 1irradiation
intensity. In the region 3, the air-breakdown plasma was observed
in front of the surface of the insulator other than the plasma
spouting from the spot area, and the vibrational amplitude was
decreased with the irradiation intensity. Assuming that the
dominant vibration force in each region was the thermal shock,
the reaction of the spouting particles and the spherical shock
wave from the air-breakdown plasma, respectively, the calculated
variation of the force applied on the surface of the 1nsulator
relatively agreed with the observed variation of the vibrational
amplitude,

The non-destructive and remote inspection of an electric
suspension insulator by measuring the natural vibration was
described. Furthermore, the conditions to apply this technique to
the actual field inspection on the transmission line ftower was
investigated. It was suggested from the results of the freguency
analysis that the frequency components and the decay constant of
the natural vibration changed due to a crack independently of the
size of the insulator. Therefore the influences of cracks on the
frequency components and the decay constant of the natural

vibration were estimated by both the guantitative method using
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Lhe frequency analysis and the sensoring method using the human’'s
auditory sense. It was shown that the cracked insulator was
distinguished by these two methods under the condition of the
irradiation intensity of the pulsed COz laser over 2x107W/em?2,
and that the condition of the irradiation intensity was attained
with a comparative ease using the present laser technology
evenwhen the pulsed C0Oz laser beam was irradiated on the surface
of the insulator from the distance of several-tens meter.
Therefore it was considered that the inspection described here
will be applied to the actual field. Moreover, it was considered
that the influence of wind on the inspection system can be

avoided by operating the pulsed laser in a proper timing and by

choosing the proper natural-mode spectrum,

6-2. Practical Significance of the Present Work

The HFCD method made the corona preionization intensified
and led to the increase in the input energy density without the
glow-to-arc transition to over 200J/1. This method can be easily
applied to the corona-preionized TEA-CQO2 laser used in the
practual field because the HFCD circuit is only added to the
excitation circuit without any changes. Further the HFCD method
can be also applied to other discharge-pumped molecular gas

lasers with corona preionization, i.e. TEA-N2 laser, excimer

laser etc. .
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Although only the preionization intensity prior to the main
discharge has been focussed on to suppress the glow—-to-arc
transition, it was suggested that the successive production of
homogeneous electron layers even during the main discharge 1is
important. The new guiding principle to inject more energles into
the discharge volume has been given for all types of COz lasers
with the preionization.

A TEA-CO2 laser was applied to a non-destructive and remote
inspection as a tool to vibrate an electric suspension insulator,
and it was suggested that a cracked insulator can be remotely
distinguished from a normal one by detecting the vibration of the
insulator with a laser interferometer. Although the inspection
only for electric insulators was carried out, this technigue will
be applied to various articles because each article has 1its
inherent natural vibration which depends on a crack as well as
shape and materilial.

Although the remote inspection was performed from a only
10cm distance which corresponded to a focal length of a focussing
germanium lens, it was suggested that the long-distant remote
inspection using a convex lens with a long focal length 1s
possible. At the present time when many large-scaled structures
have been in the world, it 1s desirable to carry out the remote
inspection of such a structure. This technique is one method to

satisfy such a demand.
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