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ABSTRACT v

The CO2 laser induced breakdown of Ar under the imfluence of an

arc discharge is investigated .The laser beam is focusec inside and

outside the discharge. Inside the discharge the changin electron

%
density and the reduced neutral density modify the ‘breakdbwn thresholds

» V

Outside ‘the discharge, the effects of uv preionization and shock wave
» .
expansion on the breakdown thresholds are investigéted

™ -The pulsed CO2 laser system,’the electric discharge, and the break-

-

down chamber are described . Langmuir probes, interferometric and CO2

~absorption measurements are performed on the dlscharge plasma which
yield information,on the electron and neutral atom concentrations;
-Rotating Langmﬁir probes are used to measurejuv photoion densities outé
side. the dischargé. Shock wave strength‘measurements using piezo-

. -
electric probes are also reported.
1]

. A cascade model of the breakdown process is developed. Numerical

- calculations of the plasma build.up in the laser focus are'reported
\ v
The experimental thresholds are compared with the results of the -
l

”calculations. Good agreement is obtained. This leads to the possibi-
/

lity of u31ng the Breakdown phenomenon as a diagnostic ‘for electron‘ ,
. r

'and neutral atom components of a plasma. The feasibility of this idea

o

1s discussed.

3

2.
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SN : CHAPTER I

™., ' INTRODUCTION

One of the ﬁogbxinteresting aspects of the interaction of intense-
o M . . . ! - :

\J'

electromagnetic fieldsiwifh%matter is%the breakdown of eases under the

‘influence of a strong laser 11ghg Gases whlcﬁ are normallv transparent ,
> —~
\\ - .

yto light at low laser intensity beg ometstrongly iOniged at some value of

the intensity called the breakdown esholdqresultinp in strong absorpt—

1,
N \

"ion of the 1ncident laser ldight and breakdown o?\\\e gas The plasma
e,

“.produced expands rapidly and emits light and, hence\ itxis called a "spark".

A brief review of the literature on laser induced gas brEakdown with-

RN

\\\"J.\K\A_;
emphasis on CO2 laser breakdown can be found'in Chapter II. TN

N

Laser induced breakdown has attracted considerable attention in“v\V
%X

Y

recent yearsQ Numerous investigatlons have been performed both experimen

ally and theoretically which have provided much 1nformation on the nature
of the phenomenon. lhe dependence of the breakdown threshold on gas
' - N . .
pressure, focal length, ionigation potential, pulse length and other para—“
meters have already been'investigated. In the\case of moderate to high : B
pressures,the breakdown thresholds\have been explained‘by the cascade
theoty of laser- induced gas breakdown which saps,that the electon-ion
density produced by a focused laser beam increases exponentially through
‘Lii\ an avalanche process, i.e., each,electron present in the focal volume gains
\1;( energy fron the laser field via inverse hremsstrahlung and creates another
electron through an.ionizing collision with a gas atom orhmolecule. The
two electrons then repeat the aboye process until a sufficiently high

.

electron density is reached at the focus.



o threshold has been observed

The ‘cascade theory assumes the existence of initial or primlnz

electrons at the focal volume to, start the avalanche at the start of the

A

laser pulse. The,more electrons there are at the foqgsf the fewer

‘generations of electrons needed for' breakdown to occur and hence,.the smaller

the required laser power. Breakdown measurements with deliberate pre-
ionization of the gas have been performed and indeed, a lowering of the

°

The primary motivation for doing this project is to determine the
dependence of the breakdown threshold on the initial preionization and

attempt to explain the results using cascade theoryr_ Although cascade

theory has adequately explained breakdown threshgld measurements at high

‘pressures, all experiments S0 far have only, been global" verifications

f the theory and there are still some who doubt its validity. A success-

ful cascade theory prediction of the dependence of the threshold on the

initiallelectron density would be strong evidence in its favor. To this
end, a COé laser is focused‘in Ar which has been preionized by an electric
discharge:v‘The laser is focused not only inﬁthe‘region filled‘by the.diSCharge
bht also in the uv preionized volume‘away from it. This provides a brﬁad(‘ |
range of initialhconditions needed in the study. The effect of temperature
on the breakdown threshold can also be studied‘in this system. |

The dependence. of the threshold on gas pressure or equivalently, the
neutral.density, is well known. Hence,‘if‘the electron density of a
partially ionized gas is- known,'it may be possible to use the breakdown
phenomenon to!teasure neutral gas density Gas breakdown as a diagnostic
tool would be very useful because it gould provide[a very‘high degree of

S

space and time resolution, these being determined by the focal spot size and



the 1ése; pulse length, respectiveiy. At the same time, it would be a

| N . .
very convenient diagnostic tool because we would not\need'very sophisticated
detection systems. - This work will investigate the possibilities of gas

breakdown- being employed as a diagnostic tool. ’

The exact eonditions in the focus at breakdown are not known. .
~

" There can be a multitgde of possible definitions that can and have_beenf N
. used in variqus experiments. These include the onset of light emission bf
laser absorption, viéugl observation of the spark and so on. Theoretiéally, .
threshold'can be defined as the laser power which will give a certain |
value of the electron-ion density at the focus. Tgis problem is-diS¢ussed
iﬁ greater detail in Chapter III.. ' - | /

A deséription of thé various experimental p:ocedureé gnd;setups used
‘are presenﬁéd in Chapter 1IV. Thg Qafious diagnoéticb performed on.the uv
photoplasma and the electric discharge are presented in Chapters V and §I.
‘;Chapter V also includes a discussion of'probe éheory thchléttempts'to extend.
existing probe theories for highfpressure floQing plasmas reported in the
literature. In Chapter ViI, a cascade model of gas_breakdown is coﬁstructed
and numerical calculations are perfbrmed‘which adequately explain ;he.
experimental results. The measured breakdown thresholds are reported in s
Chaptér VIII. A comparison with cascade theory predictions are médé. The
possibility ;f using the breakdown phenomenon as a diagnostic forﬁelectroﬁ

and neutral densities 1is expléred. Finally; Chapter IX contains a discussion

and summafy_of the important results of this investigation.



CHAPTER II

REVIEW OF PREVIOUS LASER INDUCED GAS BREAKDOWN WORK .

‘3.2.1 Outline
N "A brief review of previous work on laser induced gas br;akdown

is presented. Multiphoton and cascade ionization as péssible electron
pggduction mechanisms.ocgurring in the 1aser'focus are discussed. K The
‘dependeﬁce ?f the breakdown threshold on pressure, focal. length, pulsé
1ength, ionization potential, frequency;‘and other pérameters as

predicted by theory and as measuréd by various investigators are summarized.

Cascade theory is seen to apply to gas breakdown at high pressures

"when using long laser pulses.

- 2.2 Stages of Gas Breakdown
The first observation‘of laser induced gas breakdown was reﬁo;ted by
P.D. Maker, R.W. Terhune, and C.M. Savage in 19631. This was subsequently

followed by vigorous research by many invéstigators. Reviews of laset

induced breakdown work up to 1971 are availéble in the literature

The breakdown phenomenon is usuallyﬁdivided into four stages as

L
follows: . Y

1. preionization'or initiation

2. cascade stage
3. plasma development and expansion

4, thinction

* In this work, oﬁly the cascade stagé will be discussed in any detail. The



other stages are thoroughly discussed in the review papers quoted above.

A good discussion of the in;tial stages of breakdowﬁ_is }iven by Pap0u1ar6.
A strikingyfeature of laser induced gas breakdown is the éudden'

_ change in the opacity of fheugas to laser light. This is due to the

sudden increase in the plasmé density a; the focal volume in the preségge

of fhe intense optical field. Figure 2.1 shows typical laser pulsei

_shapes transmitted with and without breakdown7. Two processes that can ,

explain the ionizatiop by high intensity light are multiphoton ionizgtion

and cascade ionization.

2.3 Multiphoton Ionization

In multiphotoﬁ ionization, several photons are absorbed simultaneously B
by a bound electron reéulting in its detachment from the parent atom.
.This.is the ionization mechanism belie?éd to operate during the éreioniza-
tion stage of gas ‘breakdown. I At this time éas atoms or impurities with
low ionization potentials are directly ionized by the laser electric field

~

The theory of multiphoton ionization has been developed into an

elegant mathematical theory by numerous authors7 11. All multiphoton

theories basically lead to a common prediction. The number of -ions Ni
produced by light of intensity 1 is

N

o
Ni a Na 11Ihv)

where Na is the neutral atom density and No is the number of photons whose
% . .
. total energy iB equal to or greater than the ionization potential of the

gas. Experimentaliy, multiphoton ionization can be observed by going to



.
very low pressures so that the electron mean free path is greater than
the.focal spot diameter or by using ultrashort laser pulses such thaf the
pulse length is shorter than the characteristic cascade time. In all

~ cases, theoretical predictions are orders of magnitude higher than-

experimental results. This may be due to smearing of levels due to the

very high local fields resulting in quasi-resonant transipions.

2.4 Cascade Ionization - ‘ | /
In the case of high pressufes or iong laser puls%é cascade ionization

is believed to occur in the focus. -The first electron% produced either

by the multiphoton process or by deliberate preionization of the gas 7

(preibnization stage) can absorb energy from the laser field during

collisioﬂs with neutral .atoms via inverse bremsstrahlung. The elecfrons

that acquire kinetic energies greater than the ionization potential of

the gas can ionize the gas during collisionF with gas atoms. The electron

density increases exponentially:

where vy = fn2 is the cascade development constant and 1t 1is the time

1
T
it takes to double the'electron,concentration. A more detailed discussion
of cascade theory can be found in Chapter VII. References 12-15 also

give good discussions of cascade theory and its basic, results. For now
we summarize its important features. .

1. The rate the electrons gain enefgy from the field is the

same as that in microwave theory, namely



Here Vofs = navotr is the collision frequéncy, n, is the
neutral atom depsity, v is the electron velocity, O r is
the coiliﬁion cross-section for momentum transfer, e and m
‘are the charge and mass of the electroﬁ and FE and w are
the intgnsity and frequency of the laser electric field.
\The significan%yloss mechanisms during the electron build-up
are electron diffusion out of'the focal volume, elastic and
inelastic collisions, and at high pressures, electronic ré—
combination. Excitation ﬁay sometimes be'a gain process
:depending on ‘the closeness of the excited energy level to
the ionization continuum, the laser intensity and the photon
energy‘or when Fhe excited level is a quasi-resonant level.
Diffusion loss dominates ét'very low pressures and is manifested
as'a charac;eristic Lp“2 dependence of the- threshold on
pressure, At moderate pressures and 1ong‘pulses, the threshold.
is determined by the laser puise length‘and the initiallelect-
ron density and 1s seen as a p_} dependence of the threshold
on gas pressure. The elastic loss term iSvindependedt of
pfessﬁre and bec;mes important only at véry High pressures.
Excitation loss .is more important at lower laser fluxes and
since the th;eshold décfeases with»increaéing pressure, its
effect is relatively greater at high pressure. Exc{tatioﬁ thus

weakens the pressure dependence of the threshold especially



in the case of gases with many excited levels such as

16’17. Numerical calculationslj’1,8—1'9

molecular gases taking
into account these gain and loss mechanisms have been
performed and have successfully accounted for measured break-

down thresholds.

2.5 Experimental Results ' ' . -

"

Dependence of the breakdown threshold on gas pressure !

The pressure dependence of the threshold has been-détermined using
. Py " / ‘ .
ruby, neodymium and Coia’7éérs ) él. Attention has been focused on noble
. - :

For example, Meyerand and Héughtzo studied
t

gases, nitrogen, and COi.“

breakdown of He and Aff In Figure 2-2 the results of Hill, James and

Ramsden17 using a CO2

dependence of the threshold. The slopes in the decreasing portion of the,

)

laser are reproduced showing the typical pressure

curves are between, -1 and —2. as predicted by cascade theory. The
existence of the threshold minimum when w = <9ff is also predicted by
cascade theory. A high magnetic field will tend to reduce the diffusion
loss out of the focal volumg. Hehce it is expected that there will be a
decrease in the breakdown th;eshold.upon application of an external magnetic

field. This was observed by Cohn, et.al?B.

Deperidence of the threshold on the ionization potential of the gas

Experimental results showzz-23 that the threshold géherally increases

with increasing ionization potential. This is predic;gd«bj both cascade
. ’ v C X ' ’
and multiphoton theories. The only exception is Ne which has a higher
. R ‘ .
breakdown threshold than He. ‘



e

Dependence of the breakdown threshold on the radiation frequency

TGe frequency dependence of the breakdown threshold has been studied
by Buscher, et. al.24, Akhmanov, et. al.zs, Smithlz, and Mo;gan, et. a[.ls.
Buscher, et. al. and Akhmanov, et. aZf used 1.06 um radiation from a
Nd glass 1asermand its hafmonics; Morgan, et. al. used, ruby, Nd, and
a tunable dye laser. It is>generally observed 'that the threshold increases
with frequengy as mz in agreement with theory. However, at still higher
frequencies, the threshold starts to decrease. This might he due to

enhancement of the photoionization of the excited atoms and an increase in

the probability of producing the priming eleétrons from impuritiés.

%

Dependence of the tﬁreshold on the modegpattern of the 1a§er output
A multimode laser.when foc;sed wiil produce a very inhomogeneous
intensity distribution. Some areas in the focal spot will have intensities
up to 2 orders of magnitude higher than the mean'intensity.m For a Gaussian
mode pattern, on the other hand, the maximum valﬁe of the intensity‘at’
the center of the spot is only 1.4 times the avefage value. Smith and
Tomlinson26 and Alcock, et. ai.27 have found no significant difference 4in
the breakdown threshold when one uses a single mode or multimode laser.
This suggests that the diffusion pr;gesses are effective in averaging out
the effect of fhe inhombgepeities and breakdown' occurs under the effect of

s

the average field.



Dependence of the breakdown‘tﬁrcshold on_the focal volume
The focal length dependence of the threshold hés been .studied and
reported in references 28—30.. The threshold is a function of the focal
length since the focal spot diameteriand therefore the diffusion length
‘ K/iressuresﬁ the'threshold

is proportional to it. However, even at hig

has been observed to depend on the focal length. Fxperimental results

i
\

also ténd not to agree with theoretically predicted thresholds. It is \

believed that this anomalous focal spot size dependence 1is due to the
presence of dust or other impurities which are eaéily ionized30. The
larger the focal spot, the greater the probability of finding an impurity

particle in it and hence, the lower the breakdown threshold.

vDeEgndence of the breakdown threshold on the laser pulse length

The dependence of the'thréshold on thé pulse length is determined
by the dominant loss mechanism.- For short laser pulses, .diffusion loss
can be neglected and the threshold variés-inversely as the pulse 1ength.f
Fo; very long laser pulses, the threshold is practically independent of

- :

the pulse length,depending mainly on the pg§k iﬁteﬁéity. The pulse length
dependence of the breakdown threshold has’been expgrimenta}iy determined

29, 31)32. Measurements

by several iﬁvestigators for long and short pulses
by Hacker, Cohn and Lax21 point to the conclusidh that casdade theory can

describe the breakdown process.

Dependence of the breakdown threshold on the initial electron density

S

Little work has been dqné‘on this aspect of laser induced gas break-

down to the present. Breakdown thresholds in uv preionized Ar were

10

e



performed but the thresholds were not refated to the actual inftial

13-4 - ' :
electron concentration . Others have focused the laser right {nto a

15, 36 .
’ . In this case the inftial electron concentration can he

" discharge
ostimated from the current and voltage across the discharge i the electron
temperature {s assumed to be equal to the gas temperature which was taken o~

16
to be 300 K. In all measurements with prefonization, a depression ot

the breakdown threshold was observed with increasing electron prelonizatfon.’
|

This was attributed ‘? a transition from free to ambipolér diffusion loss
during the cascade. Also, the higher the initial electron density, the
lowpr number of electron generations required before breakdown as would
be‘g}pected fér a cascade process. A closer investigation of this aspect

of laser induced breakdown and in particular bgeakdown of uv preionized

'

‘Ar 1is the subject.of the present Jérk.

0 "*i\

N
\-

2.6 Expaﬁsion and Extinction Stages

After the occurrence of breakdown, the plasma‘become; highly absorbing
and is rapidly heated up by the‘incident laser pulses. Hydrodynamie
expansion and shock expansion now take place. The spark tends to move towérd
the direction of the laser aside fromnthe usual radial expansion. The
expans?on towards the laser is similar to a deéonation wave. At the end of
the pui;é, the plasma cools down and decays mﬁinly by recombination and

diffusion.. These stages of gas breakdown are discussed in great;detail in

referencés 2-4 and 37-38. ‘ -

2.7 Summary

-

The cascade theory of laser induced gas breakdown has‘adequately

explained most of the experimental;resulgs obtained to date, especially in
0



U

the case of high pressure and leng laser pulses. The question of the
effect of excitation-on the breakdown process is not yet clear and

further work needs to be done.
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3.1 Outline

CHAPTER III

DEFINITION OF GAS BREAKDOWN THRESHOLDS

Breakdown threshold has not been defined in the same manner by

a

‘different workers in this field. These varying definitions as reported

" in the literature are discussed. Regardless of the definition used,

’

however, the probability of breakdown 1is found to be a strong fuﬁction'

_ of the laser power.. In this work, the breakdown tﬁreshold; ¢ 1is de-

fined as a 50% probability of visually observing the formation of the
‘ ‘ 7
spark. This is the most common definition of breakdown threshold and

by far the most convenient to apply experimentally. The effects of

" various experimental condifions on measured thresholds are considered

and the procedures implemented to eliminate these problems are discussed.

3.2 The Breakdown Threshold

Breakdown is usually achieved by focusing the laser by ; lens or
“mirror of short focal length to create a very hlgh radiation field in-
the focal spot. The dimensions of the focal sgpot can be measured ex-
perimentally or computed theoretically -Howeﬁer, there is sufficient
inaccuracy in the spot size thus arrived at such that in breakdown work,
agreement between two sets of measurements by different people within
a factor of two may be consi@ered very good agreement. This will accpunt

for the differences in the thresholds published;

15



16

°

The breakdown threshold, ¢ 1is determined by Ehe pulse length.
For long'pulses'(> 10 ns) breékdown occurs when the rate of renergy absorp-
tion overcomes elecfrqn losses due to diffusion and recombination and
energy losses such as elastic and inelastic coll&sions ’2 In this case
¢ ‘is usually given by the peak laser intensity}in w/cmz. For sufficieqtly
short ﬁulses, the losses are'negligible and breakdown occurs whén the pulse
has sufficient energy to rapidly ionize the gas. Here, ¢  1is measurgd
in terms of eneégy flux and is given in J/cmz.

Expé;imentallyi ¢ ‘can be defined in severalAways which may not be
equivalent to each other; For example, breakdown threshold, ¢ has been

: N ("/ . . -
defined as the laser energy or power that will give a 50% probability.of .
Visuallykobserviqg'a spark3’4. Others have chosen other probability vaii;gaf“‘
) .

such as 20%5. Still. others monitor the amount of light emitted by the
plasma wi£h photomultip1iers.v Breakdown can then be defined”as the instant
when a certain amount of light is emitted by the-plasma6. Stillvénother
way of defining the occurrence of breakdown is the point when the tota}
transmitted laser energy is a predetermined fraction of the inciéent laser
' energy7’8. Charge collecéién ﬁlates may be used to measure.the total
number of electron-ion paifs created in the focus with breakdoWn being
defined as ﬁhe certain vélue of the electron concentration.

‘Regardless of the definition of breakdown thresholdﬁielected, the
threshold measured experimentally is well defined. Fof example, Tomlingon
and Damon7“mea§qre§ the transmitted energy and plqtted this against the
inciden%»}aser ene;gy. Their results'are reproduced in Figure 3-1. The

sharpness of the curve near threshold indicates the.sharp distinction

between no breakdown and breakdown.-
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* In the present work, breakdown threshold is defined éé the laser
powér that will give a 50% probability of obsérving the appearance of the
spark. ¢ ‘waé measured without preionizatién’from very low (25 Torr)

.to high pressure (600 Torr).v The results are shown in Figure 3-2. Note
that the threshold isva very strbng‘function of the incident laser power,
i.e., a small change ‘in incident power will lead to a 1argelchangé in
the probability of observing a spark. In these measurements, a C02‘laser
was focused by a 5 cm focal length NaCf lens in Ar. Hacker, et. aZ.9 alsé
observed a chaﬁge in probébility from 0% to 1007 with a SZYéhangg in laser
energy. In the present work,‘the laser 1is firéd into the breakdown .;
chaﬁber and the number of sparks in every ten shots times fen is the
probability of breakdown in percent. Because of the sensitivity of the
probability of breakdown to incident laser power, in most'experiments it

-1s sufficient to determine the probability of observing a spark at two

values of the laser energy and interpolating or extrapolating to 507%

o : e S
probability. Of course, these two probability values should not equ?l ol e
\

or 100%. , . . N

€

3.3 Dependence of ¢ om Experimental Conditions

 Small amounts of~impuriﬁies cén alter the breakdown thresholdlo.
These £mpurities may have‘low ionizatidn'potentials and can easily be
ionized by the laser providing large amounts of initial electrons to étart
the Qvalanche. 'AQalaﬁéhe breakdown aésumes thaﬁ there is at 1east'onev
electron in the focal volumé at the start of the laser pulse. Sipqe thé/

focal volume 1s usually ver& small (V = 10_5cm3

elgctronidensity n = 10_3cm—3 without deliberate preionization, the

) while the background



probability of finding an electfbn at the'focai volume to initiate the
avalanche is small. Changing n_ = can chengev ¢ 1in a very eompiicated
manner. Large particulates present in the focal volume may be ionized
1eading to formation of shock waves. In. the reglon of tne shock, ¢ wi]i
be changed due to inereased neutral atom -density.

.

" These considefdtions indicate the ‘need to condition‘ehe gas before
measurements are made in oraer to ensure tha:‘tnelthresholds obtained are
‘true avalanche thresholds and free,fnon fhe effects of impurities,
par;iculates and the spgtisiical nature of brenkdown at low initial elect-
" ron densitieS. Conéitioning is achieVed by firing the iaser above threshold
into the gae thus producing a spark consistently. The laser has to be a
fired into the breakdown chamber at a sufficiently’rapid rate so that there
is at least one electren at the focal volume at the start of the next pnlse.
- The energy of the incident beam is then gradually‘attenuated until the
desired nrobability of breakdown 1is reached. 1In gasee conditioned in;this
way, the thresholds will be much more reproducible indicating the presence
of priming ‘electrons. That the conditioning is not due to dust or impurities
that may have‘been blown off the lems or the walls of the chamber can
easily be experimentally verifiedlo. Breakdqwn measurements aie usnelly
performed in chambers with etatic gas fiils. It is not unusual to observe
thae it is harder to break down ffesh.gas compared to gas that has been
broken down several times. It 1s tempting td saf thee this is due to dust
blown off from the walis of tne chamber. If this ie indeed the case, then -
we expect a continuous lowering of the discharge as we fire more and more

shots into the gas. However, this is not observed. In actual fact, the

threshold levels off after a few shots. Fu;thermore,,if the laser 1s now



pulsed at a slow rate, the statistical nature of the breakdown returms
and the gas becomes more difficult‘to bré;k down. This suggests that
conditioning is not dPe to dust or particulates blown from the chamber -
‘walls. A rﬁte of 1 pulse/sec was found to be sufficient to condition
the gas é;d assure the presence of priming electrons in the focus at the
start of each pulse. Thus the thresholds obtained are true avalanche

thresholds.

3.@ Breakdown Threshold in Numerical Calculations

In moét thédfetical work, Sreakdown is defined a§~thé occurrence
of a fixed electron‘density, n 4 in the focus. The ex#cf concentra-
tion at breakdown is'difficult to detefmine, however. ﬁany workers
just assumé full ijonization as é reasonable value. Charge collection
exﬁeriments,on the other hand, indicate that 1013 elec;r?ﬁ-ion pairs
are created wﬁen a spark is produced. However, this may be different
from 'the electron‘ﬂumber at the focus at breakdown since it includes
ail charges‘createdlafter breakdown. At best it sets only an upper
limitlt9~nbd. A charge cpllgctor was constructed in an atteﬁpt to mea-
sure the electron depsity, n, as a fun;tion of the'incident‘laser power.
This will be described in more detail later on. However, ths strong
dependence of the‘breakdown probability on the laser power doomed
this iétempt from the start. Neverth;less, it managed t; set a lower
limiL to nbd' .How'this problem can be circumvented in numerical cal-

culations will be discussed in Chapter VII.
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CHAPTER 1V

(102 LASER SYSTEM AND ELECTRIC DISCHARGE PRETONIZER

4.1 Outline
The experimental setup used is described in detail. Parameters
of the TEA CO2 laser system used in the breakdown measurements are given.

Pulse shape, energy, mode pattern @nd stability of the laser olutput are
also discussed. : , &

The electric discharge preionizer used in the experiment is studied
in detail. Current and voltage across the discharge as a function of time
are presented. '

o

4.2 Description of Experimental Setup

The experimental setup consisted of three main coﬁponents: a CO2
oscillator-amplifier system, .the electric discharge preionization source,
and the breakdown chamber. A schematic diagram of the setup’is shown in

Figure 4-1. The output of the CO. oscillator-amplifier system was focused

2
by a 5 cm focal length NaC%? lens into the breakdown chamber which had been
filled with Ar gas at pressures varying from 100-6000 Torr. The laser was
focuéed inside and outside the discharge region. The volume occupied by
the discharge was ionized by the electric current and the gas outside it
prgioni;ed by uv phogops from the dischargé. By varying tﬁe time delay .~
between firing of the discharge and the laser and the_distance.betwéen the

focused beam and the discharge, a large range of initial electron densities

was obtained. Most of the measurements were made at 200, 400, and 600

22 '



Torr. A small fraction of the incident beam was sampled by using an NaCe
beam splitter in conjunction with a photon drag detector and an energy'

detector which had been calibrated against a commercially available Gen~Tec
y hY
energy detector. An attenuation cell placéd between the laser and the

breakdown chamber permitted regulation of the laser fintensity incident on

”

the breakdown chamber. Regulatiom was achieved by varying the pressure

of propylene gas inside the celllfz.

4.3 Pulsed Laser-Amplifier System

The pulsed laser—amplifier system ﬁsed has been discussed before in

2,discharge laser with

n
S
EE)

detail?. The laser oscillator was a helical TEA CO

a peak ﬁ%wer of approximately 1 MW and a total energy of 0.5 J. The

output pulse had a risée time of approximately 60 ns and a width of 200 ns
- o .

followed by a long tail several microse?onds long.

The amplifier was a Rogowski profile uv preionized‘TEA discharge

unit. It had a typical peak small signal gain of 0.04 cm—l. The oscillator

outﬁut was made to pass thfee times through the amplifier-providing a peak
power gain of ~ 10 and an energy gain of ~ 6. The initial part of the
oscillator pulse was amplified more than the later‘paft thus producing‘aﬁ
output pulse with the same rise time as the oscillator pulse but with a

half-width of only 100 ns. Oscillograms of the oscillator and amplifier

_outputs are shown in Figure 4-2 (a) and (b), respectively. Oscillator self-

mode locking could not be,obsetvea in these oscillograms due to oscilloscope
bandwidth limitation.
Synéhronization of the oscillator and amplifier discharge was

-important not ohly for maximum laser output but more importantly, "to prevent

23
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/")’ . \\ .
e \ : .
arcing in the amplifier dischnrge.; If the oscillator was fired before

the amplifier, sufficient oscillatdr power was generated which can

+ -~
. Y
cause locnliaiﬁ’nxhlnufﬁﬂtlon and arcing in the amplifier. Synchroni-

zation was achieved using mulEivibrator dcla§ units.
The 1aser.nnlpuc cimisisted of 3 to 4 transitions in the P branch:

P16, ?18, P20, a;d P22.. However, most of the energy was concentrated
in the P20 transit%on.i The contribution\of each line in the total out-
put was not determined since: it is‘ﬁot critical in gas breékdown
measureménts. | |

.~ The oséiiiator output energy.varied less than 10vpercent‘from
shot to shot when fired at the rateﬁof‘one pﬁlse a gecond. The oscilla-

tor—amplifier system was not as stéblé, the output varying by about -15%
‘whith is étill‘an écceptable.value. Figureé 4—3‘(a)vand (b) show the
variation in tﬁe output energy of the oscillagor and the oséillator—
amplifi?r system, feépectively.

’Although the mode pattern of the output did not remain the same

for all shots, most were "“Gaussian-like" as observed on burn patterns

on poiaroid film. This was possible only with an iris inside the laser -

cavity which suppressedval} other mgéegAexcept the fundamenéal. A
pinhole (< .5 mm diameter) and an enérgy'dgtector was used to scan the
N beam eﬁergy distribugion. Profiles obtained are presented in Figures
| 4-4 (a) and (b). The half-width of the beam was épproximately'l cm andj
wad not affected by the amplifier. A
By scanning the beam a;‘two positioné‘l meter apaft, the beam
o divergencé can be determined. Th; beam divergence was approximately 2-

mrad which is in close agreement with the theoretically computed value

using Gaussian beam-optics for the far field pattern. ‘h

T~



The circuit diagram tor the electric discharge prefonfzer s
shown {n Flgure 4-5. A 0.2 pF capacitor charged to 25 kV was fired
through a spark gap between two pointed tungsten electrodes 14 mm apart.
The current in this clrcuit as measured with a current t ranstormer was
a damped ringing current with a period of .'1ppr0xinu1.t‘(,-lv 200 ns.  The
(.:u‘rrent did not damp out s;,\xffic' fently fast enough which interfered with
the probe measurements to be described later. Hence, a /i series re-
sistor was added to critically damp the discharge current. With this
modification the discharge current was measured to be less than 40 mA
fiftv microseconds after the discharge was fired. Peak current was
2.8 kA and it was not sensitive to gas pressure. Oscillograms of the
current are shown in Figure 4-6(a).

The voltage acros; the discharge was measured using a divider
consisting of a liquid resistor iﬁ series with a 1 Q@ carbon resistor with
a divider ratio of 3,200:1. The divider was calibrated by applying
the output of an EG & G pulse across it and tge voltage output observed
with an oscilloscope. ~The EG & G voltage was monitored using a
Tektronix high véltage probe. The Tektfonix high voltage probe could
not be used to measure the discharge voltage directly -because of induc-
tance effects. Oscillograms of the dischaige voltage are shown in Fig-
ure 4-6(b). By integrating the product of the voltage and the current,
the total energy dissipated iﬁ the discharge was estimated.

The répid release of energy.in the discharge will cause an expand-
ing shock wave to propagate through the gas. The shock will affect the

breakdown thresholds as they pass through the laser focus. It will be

.

necessary- to know the shock energy in order to relate the density in
. ~ -



the shock to the breakdown thresholds. -
The .total energy converted to mechanical energy will not be equal
Lo the total energy dissipated in the discharge but will be this eﬁergy minus

LS ' - . R .
the energy expended to ionize the gas and energy lost as radiation. This

. -

mechanical ékﬁrgy in turn can be related{to the shoak strgngth anywhere in
the gas or to the gag density. If radiation losses are neglected then the
total electrical energy converted to meéhanical energy can be related to
the total voltage across the discharge minus the voltage in the anode'énd
cathode drops. i ]

, The technique4 eméloyed to determine the total energy converted to.
shock energy is well -known. Oscillograms-of the'voltage acrosg the dischéréZ“
" were taken for the following electrode separations: 0.4, 1.4, and 2.4)cm
at pré55ures of 200, 400, and 600 Torr. All other parameters were held
constant (C = .2uﬁl L = 1yH, V = 25kV). At a fixed instant in time one
could plot thé dependepce of the voltage on the gap size. Thésé grag&i_’
are shown in Figures 4-7 (a) -~ (c). There is a linear dependence between

)

the voltage and the gap §izel

Herg, Vg }s the yoltége across the gap, Vf(t) is the sum of the cathode
and ' anode fﬁll‘voltages, E(t) is the average electric field in the plasma
and £ is the electrode separation.' By extrapolating the dafavto £=0

we arrive at an estimate of the eiectrode voltage drops as a function of
the tég;l gap voltage. This relationship is shown in Figure 4-7 (d). Note
that ﬁhe cathode and the anode drops are independeﬁt of the gas pressure

at the pressures considered. : By subtracting this voltage from the total



gap voltage and 1ntegrat1ng its product with the current, we arrive at

9

values for the total electrlcal energy converted to shock wave energy

tm

W

)

[
-

)

321
]

=1.2 ]

The total energy dissipatéd in the cathode and anode fall\regions was less
than 1% of ‘the total shock energy. On the other hand, approximately 857%

of the initial energy stored in the capacitors was dissipated in the 73

series resistor.
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<Figure 4-2 CO La’{ier Output Pulse Shﬁpes.

2
(#) Helical TEA ()e;('ill:ltor. (b) Oscillator-

Amp| i/f,i—EP\,,_S'\ys_tvv.' The Sweep Speed

55

[s 100 ns/diw.
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Figure 4-3 Stability of Laser System Output
/ (4) Oscéllator Only. (b) Oscillator-Amplifier.

The pulse gate is once a second.

(a)

(b)
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Figure &4-4(a) Beam Profile of Laser Osgillator
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Figure 4-4(b) Beam Profile of Laser Oscillator-Amplifier SYstem
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Figure 4-6(a) Electric Discharge Current.Vertical:

1.8 kA/div; Horizontal: 200 ns/div (a) 200 Torr

(b) 400 Torr (c) 600 Torr
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(a)

(b)

°

Figure 4-6 (b) Electrig Diacharge Volcage.Vertlcal:;

25 kV/div; Horizontal: 200 ng/div (a) 200 Torr
s ‘
(b) 400 Torr (c) 600 Torr
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lto:a'ggzindrical'probe surrounded by a thick sheath.

CHAPTER v
ELECTRON, ION, AND NEUTRAL ATOM DENSITY

THE REGION OUTSIDE THE DISCHARGE

5.1 Outline

Vﬁiagnostics ﬁenformed to measure the electron-ion density in the
region outside the electric discharge were performed. Probe techniques‘
were used as these afforded good space and time resolution. |

A p£obe model is”deVeloped which extends the theories reported in -
the literature. The tﬁeory applies to high pressure plasmas flowing

~

The strength of the shock wave created by the discharge was measured

- using a piezoelectric pressure probe. Using shock theory; the neutral atom

dens'ity at the shock can be calculated.

5.2 Introduction

-

Recent measiurements of uv photoionization-created plasmas /hav«

1 ‘
employed mlcrowave 1nterferometry»or charge collectiont These meti s

|

do ‘not glve good space or time resolution which 1s important 1f we want

to accurately determ¥ne the initial density in the focal volume that will
¢ . ) . , .
Ynitiate avalanche laser breakdown. These meas_rements indicate that uv

, ; 2 -3
photoplasmas typlcally have densities .in the range n % 10l cm . Electron-

jon densities as low as 106 cm-‘3 can be measured using swinging Langmuir

probes with good space and time fesolution3.



5.3 Probe Theory

Probe theoriés have been developed fé%;a 1a¥gé rang;ig% ion depgities
in high pressure flowing plasmas3_12. A fe%iew of tﬁese theories is avail-
able in the litgfature3. In high pressure probe theories, parameters.
sucH as probe geometry,. plasma flow, bias yoltage, sheath thickness,
hydrodynamic and thermal\éffects, and so on shouid be considered. These
- parameters are discussed in.terms of the following nondimensional.quantities:
R = va/(uKTe/e) = elecg;ic Reynol{éé'numbgr

@ = A/t o .
and X = eVp/KTe

v, = plasma flow._ velocity
L = characteristic length = 2rp for c¢ylindrical probes

r\p‘= probe radius

= ion mobility
K = Boitzmann constant
T; = electron temperature o
e ='electronié charge
Ap = (eOKTe/nez)l/2 = Debyevleggth 4 | .

ﬁto = permittivity of free space

o ‘h % ion density
. V;“; probe Bias voltage (gegative for ion. collection)

X

.

For low densities such as in uv photoplasmas, the current to a

. moving probe is~deécribed by the so-called sheath/convection theory which

41



‘is applicable when Rea2x2>l. In this theory it is assumed that a thick
sheath 1is established around the probe (sheath thickness ro>?rp). The

sheath is thick if Re'l azxz» 1.

The currént‘to a‘cylindriéal probe may be limited.by the space
charge or by the electric field in ghe plasma speath. In the first-case,
Rea//;?< 1 and the sheath electricvfields are so large that ion moﬁion

in the sheathhis radial and all ions that enter the sheath eventually reach’

the probe. The case has been Studied by Clements and Smy6.A In the second

case, Rea//;>> 1 and only ions that enter the sheath within a limited range

s s

of impact parameters can reach the probe, the rest passing through the
sheath. This is shown in Figure 5-1. In the transition region, Rea//x = 1,
it has been suggested‘that one should use the model ﬁredicting the smaller

-

probe current or equivaléntly, fof a measuréd probe‘cur;ent, the theory
predi;ting the smaller ion density may-be used?.

The spacercharge limi;ed and field liﬁited ﬁgdels are very similar
and a closer look reveals that the two are not inherently differeﬁt but are
limits at high and low deﬁsitiesf The following‘i; an attemét to extend

these theories and account for the ion current to the probe for all values

of Rea//;.

”

he4 B 2

5.3.1‘Derivation of‘Formulae
The same assumpﬁions made by Smy and Noor3 are made, naﬁelyi.
| | 3
1. The éurrent is convection dominated, i.e., the current due_ ;

b
o

L . 3 224
to diffusion of ions into the sheath 1s negligible (RPa x >>1).

- L
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2. ° The sheath is thick and hence, hydrodynamic effects are

negligible, (r_ >> r_, R_1<12X2 > 1) )

L o or Re . X
3.  The sheath is cylindrical with unifoim ch;t;;\dgpefz;\\gp and

there are no end effects. This assumptibn is most reasonable

. . g"/— :
when R a//a >>1, 1i.e., when n 1is very small. When R g{»x << 1,
Smy13 has shown that the sheath charge density is not uniform -~
but increases from a small value near the probe to a maximum
before decreasing to zero at the sheath edge, r = - . There-
fore, thé greatest error in the model should be expected when
n 1s large.

4. The electric field and‘potential at the sheath edge are zero.

In the case’ oﬂ largk’bias voltages which are usually the case
&M

i_ in experiment®® .3%?asl—neutra1 transitional zone where there
PRI J

is a voltage = KTe/%-’ can be neglected.

The charge per unit length, -0 on the probe is:

0= me(r. ? ~r %) ‘ C(5.1)
.. © P :

where r, . is the radius at the sheath edge and rp is the probe radius.

The electric field per unit length due to this line char?e and the surround-

0

ing plasma sheath is:

, T_<T<T (5.2)

Integrating, the probe voltage becomes:.

]



2 - : 2
ner ro 2 ro 11 ~X
VP = 7e ('i_—‘) (ln I'_ - -2— + —2- -—E—'z ) (5-3)
b p T \

A

This equation can easily be solved for ro/rp by iteration. Figure 5-2
shows the dependence of r /r on 2¢ V_/ner .
o P op .

: N :
From the electric field E and the f}ow;velocity 3f’ the ion orbits

inside the sheath can be determined. ‘ The velocity inside the sheath is?

. ,
v =v. + uE ' L (5.4)

CE

while outside v = ;f‘ Taking the x-axis to be parallel to ¢f; then
. . .
in cylindrical ¢oordinates:.

N
V. =V ix/= vf(zrcose - Ie sinb). | (5.5)

E. is radial and hence,

. r . ‘
. _be o ) 1. v : (5.6)

Therefore, ,
¥
v. =1 [v.cos new ( o T )] - 1 ind 6.
Ve T 3pVECO8T T 3 o VeSIT | o

c T
o “

\ . o Ca
Yo

This equation can be %onverted‘to a non-dimensional equation by the traﬁ%?
. ner< y . , i

formation r = p (EE—%——-), Separating the. r and 6 components and

‘ ' o f

converting. to non—dimensiogal variables:

e
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_wheré//bo is the dimensionless radius at the sheath edge}

45

. 2 2
do ZEOVf neurO 2 Do -p
- ( > ) [vfcose (573 )- f.( 5 )1 (5-8a)1
ner VM ' f :

2e v v.sin® .

dae _ - _ f f

Fr ( 2 ) 5 (5.8b)
ner U

Dividing the first, equation by the second yields the differential equation

for the ion orbits:

e

. 2 .
de [ - o .
36 + pcot6'+ ; > csch cscH - . (5.9)
o ’ .

5.3.2 Asymptotic Solutions

The field limited case occurs when 1 >.0, Eo >, P

“This is the case of very weak shielding by the plasma sheath. When

Py + o, the third term on the left of Equétion 5.9 approaéhes~zero. Iits

pl

solution is¢

psin® = 6 + consgant : : ' (5.10)
and .
/Y 2., fo 2
1/2 ='— (ner_ ") ( —) . (5.11)
€ . P r . .
[¢] P .

This is .the field limited solptioﬁ odemy and Noor3.

The space charge limited case (sheath/conﬁection) is described by

po'+_0, h >, T + 0. The asymptotic solution can easily be obtained if
A
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IWl' nolve for  do/dn:
1 4
2
40 po s;nﬂ
EE = - 5 — : (5.12)
p “pcot® + cscB(p + p 2)
o o

Taking the limit as do +~. 0,

2im 46 , ]

po -»> O -d—p— = 0 . (5- 13)
Hence, for the space charge limited case,

6 = constant , ‘ . . (5.14)

. ro .
/8 = — V ’
/ ?nevfrp( - )‘ (5.1§)

P

This is approximately the same result as in reference 6.

«

5.3.3 Transition Region - e

Tﬁe full differential_equation (Equation 5.9) has-to be solved in
the transition fegion. This has been done numerically using a fourth order
Runge-Kutta method. Thersiare two classes of ilon grbits., Depending on the
initial value of the impact parameter Y = posine , the ions either reach
the probe or pass on to X = pcosd = <, The solution whichvseparates these
two classes of orbits enters t;e sheath at the point (001,601) where.
P017P0" It iS'easy‘to show that this orbit should include the point

(o q.»0) vhich is the solution of the equations ©=0 and 6=0. The radial’

cri

2
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motion of the_ionslis due to the net radial velocity under the influence
of the electric field and the fluid flow. The ions mové towards the probe
as long as t is negatibe. If r 5ecomes positive for .0 < 8 i_ﬁ, then
the ion will never reach the probe. The maximum radial component due to

the fluid flow is equal to the flow velocity itself and this occurs when

2

6=0. _Clearly, the condition t=0, 6=0 gives the ion orbit which separates
the orbits of captured and uncaptured ionms.

In the actual computer program, the solution was started at Perit

and 6=6_, where 8 i, Was a very-small angle (= 10_3 radian) which will

in

not cause computer overflow., The solution was then generated by going back-
wards in time. This yjielded (p01,601). The‘valueg of 601 and

sin® sinb are plotted in Figure 5-3 as a function of 00—2.

01~ "o 01
2

For small values of po_ , Y

Y017 01 :
o1 + 1 which 1s the field limited solution.

When bo—z is large, Ydl -+ po aqd 601 + 71/2 which is the space charge limited

case. From the values of Y

ol - in Figure 5-3, the ion current to the probe

can now be written:

TRy
3
) , |
I uner : . .
7= 2y Cggv. ) nevg
} o f
Y r 2 )
- % mer )? (2) (5.16)
0 p

: . ,
Thus, for particular values of V , u and rp, Equation (5. 3) can be used
to solve for ro/rpbas a~funétion of n ‘or rgo/r’p can be read off from

: 2e v ’

Figure 5-2. Knowing o = and Yo1 (see Figure 5-3), plots of I/2

ner u-
o .

versus n can be constructed. From these plots n can be read off for
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each experimental value of I/%. An example ofhsuch a plot is shown in
Figure 5-4 together with I/% predicted by the space charée limited and
f?éld 1imi£ed theories. It.is to be noted that' the present model applies
to‘all}vangs-of Réu//;. In the transition region, thg difference between

N

?hﬁ prédicgions of the present model and previous theories ment ioned above
il approximately 50%. TFigures S-S(a) - (b)show probe characteristics for
tfo values of the electrpn de?sity. The agreément with experiment is

‘qLite good. |

f | The sénsitivity of thé probe éufrents calculated numerically to the

| i :

exact form of the sheath density distribution has been ;ésted by trying

other charge densiﬁy profiles. Specifically, the following profiles were

. ¥ - : . . -
used. ‘ | | | .
p = Fen, F = 0.8, .5, .1 . ) (5.17a)
charge 2 » , . |
Pcharge ne(l - r'/ro ) . \ . (5..17b)
pcharge = ne(lr— r/ro) ' - . (5.17¢)
= A r_ . .
Peharge ~ el 7 ) (- D (5.17d)
2 N ro‘ ' 2p . I
. P2 x _ :
pcharge ne (r ¢ 2 1) (5.17e)
0 T
\ / pi 1
1/2 o |
P harge Fen rp ( R 1/2 - :172— ), F=1, -YS’ .1 ' . (5.171)

-Theseuprof les cover a broad range of possible charge distributions .in
the sheéth fncluding cases where there is charge depletion and no charge
depletion13 In all cases considered thére was no significant change in

the predicted prabe current. As expected the largest error (v 20%) occurred

at the high densit limit. The error may be due to the fact that in this

limit ro/rp < 2 and hence, the condition of a very thick sheath is not
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1\
L e
satisfied. A possible solution to this problem is changing the assumed

constant flow to the following {nviscid solution which takes into account

the effect of the finite size of the probe.

v  = v [1r(1—rp2/r2‘)c086 o rp27r)sin6] ' (5.18)

-
This was not dome in this work since the measured probe currents were
far from this asymptotic limit.

B

5.4 UV Photoion Measurement§g

5.4.1 Experimental Setup

The experimental setup used 1is depicted in Figure 5-6. A serious
problem with using probes to measufe uv photoionization is photoelectric
emission from the.probe ig it happens to.be exposed to the same uv radiation.
To overcomé this prob£:;T£a me;al plate was placed between the discharge
and the probe. ,The plate bléckéd all radiation f;om theAdischarge except’
that which passed througﬁ a‘3,2 mm diameter hole; The rotating probe was
i'kept in the shadow of-the plate up tOVSOhs after firing the discharges. At
:this time, the discharge current was less than 40 mA. This low current
minimized the possibility of unwaéted photoeleccric.emission from the probe.
A yolume ioﬁization in the éhape of a cylinder was produced in the ‘measure-
ment chamber. The photoion density was measured 1 cm from tbe metal plate.

-

5.4.2 Probe Design

“The probe had to be sturdily constructed and well balanced to withstand
the tremendous stresses on it when operating at very high rotational speeds.

The probe was driven by an electric motor outside the measurement chamber



at about 7200 vpm piving a probe speed of approximately 100 m/s. 0Ofl

Jubricated rubber seals ensured that the measurement chamber was vacuum
: {

tight. The probe can be operated safely up to 10,000 rpm. At higher \
) = \.
|

speeds, the oil lubricated seals started to fail due to the excessive |

{
- heat from friction. The probe was made. of 0.025 cm diameter stainless

steel wiré. This was placed and cemented inside a éeramic—lined staﬁnless
steel ;ube keﬁt at ground poteﬁtial. The tube also served as an electro-
magnetic shield against noise. Figure 5-7 shows'the;probe circuit and the
probe construction. A’'55 volt battery provided the negative bias and. the
total resistive load was varied from 600Q to 10kQ. Eiecfrical connection
between moving and fixed parts of the probe circuit was through a mercury
pool. Measured probe currenté ranged from approximately 250nA to 20upA.

The time resolution of a moving probe is approximately a few times
the time it takes the probe to traverse a distance equal to its diameterla
For.ré = 1.27 x 10_2 cﬁ and v = 104 cm/s, this is about 2.54 x 10f65.
Hence, wiﬁh a probe time résolﬁtioﬁ of ‘= 5us, the RC time of = lus for the
prbbe circuit 1is adequate. ’ : \

Figure 5~8 shows typical oscillograms of the probe current at

S

different- times after firing the discharge. The upper traces are probe

current signals while the lower traces are refer'ence signalsfebtained from

a phototransistor when a He-Ne beam was chopped by the probe arm. _This

reference signal located the probe relative to the plasma.

-

5.4.3 UV Photoion Density in Ar

Since the probe length was greater than the diameter of the cylindrical
plasma, the effectivé iength of the probe, Qeff (see Equation 5.16) at any
time when the probe is in the plasma 1s‘equal to a chord of a circle as

? -



shown in Figure 5-9(a). For convenience, this length was estimated by the

distance, !, corresponding to the full width at half maximum of the probe

\___,_/"
S:;;A& trace. Hence,

2 ~ o= vAt (5.1

where At=t,~t, is the FWHM of the signal trace (see Figure 5.9(b)) and

v 1s the probe velocity. Referring to Figure 5-9(c), let Rl and,,R2 benthe
radii of the plasma at times tl and t2 such that Ac=t2‘t1. At tl and t,

the probe 1is positioned a distance ri and Ty, respectively from the center

<r

.of the plasma as shown in the figure. Then ¢ = r +r2- Since r T

<
1 ~2e

1 2

-

and gincg the plasma does not expand rapidly at the time the measurements
were tagen (t>50us) (see Figure 5;1); then it can be se;n that & reason-
"ably éétimgteslﬂéff.This value of ¢ will yield the ion density, nave(t)
averaged over-a diameter; . : .

Probe currents as a function of position and time can also be obtained
from the oscillograms. From these data, the density as a fuanction of -
position and time can be obtained after an Abel inversion. Hdwever, the

-

procedure described above was adequate because the results were not suf-
ficiently accurate to warrant an Abel inversion.

Tbe plasma expanded radially due to ambipolar diffusion, £ in-
creésing in ﬁimeras tz.(see Figure 5410) whichlis to be expected for an
unbounded:gas diffusing in two dimensions. : .

It will be shown later that ié‘? 1 eV and using the egperimental
parameters Vp = 55 volts, vf+104cm/s, rp=l.27x10-2cm, ur=2 cm?/V—s and

. - ' 10 ~3
'p=100 Torr, the conditions Réa2x2>1 and Relazxzsl yield n<5x10° cm .

w

Sk
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Therelore, the theory discussed in Sece. H.3 applies when n < 510 em .

Measurements were made for preésures of 100, 260, 400, and 600 Torr
at distances of 2.5, 3.8, 5.1, 7.6 and 10.2¢m from the discharge.‘ The
discharge chamber was not isolated froﬁ the measurement chamber and, there-
fore, the pressure in these two chambers change together. Thus; it is not
expected that ﬁﬁe source spectrum will be the same fof the different
pressures considéied. Impurities such as mercﬁry from the probe connector
and oil from the seals could also leak into the measureménc chamber. No
attempt was made to eliminate. these impuritles nor were attempts made to
determine to what gxtent these impurities affected the results. The reason
{s because the breakdown measurements reported here were doné&;n systems
which were far from pure.

The results of the measurements are shown in Figures 5-11 (a) - (d).
DThe pbiﬁts are experimental values while ;k;féolid curve is a fitting of a

- S : s
theoretical expression to be‘discﬁssed laté}. The ion inobility15 was
chosen to be: ' :‘ B ' A e

o = 2.0 -(Z%Q) en? /V-s : (5.20)

The densities obtained are of the same order of magnitude as those obtained
' 2

by Seguin, et. aZ.l in a laser mix. The results of Babcock, et. al.” are

about three orders of magnitude smaller. The differences couldvbe due to-

different currentspulse magnitude and shape, total dischérgé(energy, dis-

5 i

charge gases, distance from source, target gas, and the gas througﬁﬂ}hi¢h« g

the uv photons pass. All these parameters affegﬁ the emiﬁﬁed~ﬁvt§pgc Tumy
: 4,16,17 - e '

-
A

a

and intensity and the photoionization efficiency




5.4.4 Curve Fittipg and Extrapolatton

The photoplasma decays due to recombinat ton and ambipolar ditfusion.
Diffusapn along the 1ungtﬁ of the cylindrical plasma can be neglected
compared to radial diffusion or recomb ination losses. The fon density

decay is described by the following equat fon: ‘ -

D
dnave(ﬁz' lA 2

= m e - = ‘ )
dt A 2 nave(t) OLRnave(t) (5.21)
where Ar is the radial diffusion 1eﬁgth, DA the ambipolar diffusion
coefficient, and aR is the\gecombination coefficient. Equation (5.21)

can be solved if an expression approximating Ar can be found.

To do this consider a two dimensional, freely expaunding plasma,

_where diffusion is the only loss mechanism. Then the density distribution

o

is Gaussiéﬁ?&? -

2
n(r,t) = Eﬁ%;gl_,_ exp{- S (5.22)

2
‘xRO +4DAt Ro +4DAt

i

’ 2 -
RO is the plasma radius at t=0 and R2=Ro +4DAt is the mean square radius,
i.e., the-radius'where n equals 1l/e of“its central value. Hénce, we

identify QZ:Rz. From Figure 5-10 which gives ¢ as a function of time,
2 2 2

DA can be calculated using & = R"=R "+D,t. R = .22cm is just the

A

. 1 . _
‘radius of the uv port. Assuming that Ti=300K % the electron temp~

b4
o
B

erature, Te can be estimated using

3R . - [

P
TR

KT, T, .
D, = ui( —E—-) (1+ f;') (5.23)

The values of Te consistent with the data in Figures 5-11(a) - (d) can

O



" ¢he found in the inserts on the figures.
PR YRR ‘ . .

Averaging n(r,t) over a diameter:
- 2 Z/2 1 R . 1 © { ¢
naye(t) =7 é g(r,t)df =¥ Of n(r,t)dr =2 Of n{r,tydr
(5.24)
°
or
n 0)
_ ave -
Pave ) = D, (5.25)
1+ 4__2‘, t
; R
% o
By assumpbdon, this satisfies:
\\
dnave DA “ DAnaQe(t) ‘
dat " 2 Mave T 1 2 (-26)
AI‘ " (RO MDA(C)) .
Therefore, - ) ,<< ‘ ©
2 12 1,2 , A
= = == 4 (5,27
A ; (R© +4D,t) =& (5.27)

This 1s the desired ZXpreséion for the radial diffusion length. The

: - =B

solution of Equation (5.21) using Equation (5.27) is:
' O
nave(O) . .
n (t) = - - . - - . (5.28)
ave 9 - o
4D, t . ‘ Ro 4D t
1+ Ya.n_ (0) -=— (1 + ) + 1]

.ROZ R éye 4DA Ro2

]

>

. b
and nave(O), Equation (5 28) can be

By a suitable choice of ap

~

. . ~ x
fitted to the experimental points. The splid lines in Figures 5-11 (a) -

)

~.(d) were obtained using such a procedure..‘Therevis reasonable agreement

y . it
) 3
S
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between experlment and theory The values of ap used. varied from

1.0xl0 -8 to 2.7x10 7cm /s. These ere typical recombination coefficients

. . . 2
for dissociative molecular recombination process 0

A o ) i

'5.4527 Error in hav {(t) i

The uncertainty in nave(t) will be due to errdrsrin rp(=lO%),

error in ui, error in estimating %, and variations in the current from

shot to shot ( 10%). There is error ie estim
exactly equal to £ eff as discuséed'previOusIJ
of 10%Z for u, 20% for % and takingnthe field limited expression for. the
density for example, the uncertainty in n_Le €an be estlmated. In the

field limired case n (%9'77u-'77r_'46. Hence, é%-= e 77 Al-+ .77A%

+ .46 —;‘+ .77 é%—= 35%. This is typical for probe measurements.

'5,4.6 UV Photoionization Mechanism

J/Figure 5-l2'shOWS the initial photoion denslty obtained by extra-
polation of the data to t=0 using Equation (5.28), plotted against the‘
distance @§g§ the discharge. Two photoidnization mechaeisms can be con-
sldered single photon’ ionlzatlon of Ar or of impurities and two‘photon?

1on1zation; For single photon ionlzation of Ar or of impurities, nave

should vary with distance, d, as 1 -e“upd where p is the pressure of

d2

the uv absorber and uxlé the absorption coefficient. No single value of
p will fit the data of Figure 5-12 for all pressures considered and,
therefore, we conclude that Ar is not photoionizaed by a single photon

On the other hand impurities cannot have the large pressure required to

fit the data. Hence, single photon jonization is rqled out.

iy
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For a two photon process, € _y:. 1 is proport-

ional to the square of-

W = CF2 v (5.29)
and : o P R
dn, , ﬁ,f : ,
dt = wnga&; ,‘u (5_30)
From the conservation of energy, »
B
=-2n_ W o (5.31)

which is applicable for a point soﬁrce of photons. The solution to this

set of equations is::

. -2
F(r) = F [(142n_ - Cr F) L= - 2n cFr (Z)17t (5.32)
o gas 0 o 2 gas o0 0 T
I, - o ~ ,
2 g R r -2
n=C “n_ bMt, [(142n  CFr ) —, - 2n__ CF r ( — )] (5.33)
- o gas d gas 0 0" 2 gas o o T,

(o}

where r is the sgource radius (spherical); F0=f(ro) and‘Atd is the dura-

tion of the discharge current. Since Ar is transparent to uv longer

than 800 A, 2n CF2£'<<1. Hence, 'ﬁﬁ
_ gas o o ) -

S T i ‘ ) ‘,égﬁgy

(5.34)

The solid lines in Figufé 5-12 is a fitting of Equation (5%34) to the

-

56



57

dat%fwllt can be seen that an r-a dependence is not incompatible with
the\pata.

\
', The effective photons may come from the Ar continuum around 1200

;23’251 When a Cancsindow was placed‘on the uv poft, the h{gbf/iurrent_
was ﬁeduced to 10% of its value without windows. However, it is known
that a high uv flux such as that near a discharge degrades the transmis—
bsion q?aracteristics of uv windows such as CaF§l7. it is then very
probablg_that the actual transmission limit of the window used in the

experiment>Was.higher than that published for CaF ( =1100 A) " This
could explain the reduced probe current with the window 1in the uv port.
In fact in uv preionized CO lasers, 1t was at first thought that the
effective photons were in the region X<1100 A since the arc-suppressing
effect of the uv discharge was inhibited by @an_windowsl7’25.

The fact that 10% probe current still persisted even with a window
preoluded the possibility of the ions,eoming from the discharge direct—
ly via an ionization wave."When a NaC window was'used, no'ionization
was observed. This means that, A<1700 Zz

All this discussion, is‘only speculation, however, A more.detailed
_study of photoionization in Ar has to be performed’before the question

can be definitely answered. In breakdown measurements, it suffices to

know the ion density without regard to how;they are created,

5.5 Pressure Probe Measurement of Shock Wave Strength

5.5.1 Pressure Probe Characteristics

The shock wave created.by the rapid introduction of energy into

“
3

the discharge column was measured using an LD-25 blast wave pressute

.



transducer. The transducer had been calibrated in a shock tube26 and
the response was within the manufacturer's specificetions of .15V/psi

or 2.2 V/atm.
S o .
Figure 5-13 shows a typical pressure transducer signal response

to a weak pressure,jump. The oscillations are:due to vibration of the

i
Lk

[
o

piezoelectric crystal at its natural frequency after it is excited by

the shock. -

Measurements were made with the piezoelectrlc crystal (lead zir-

conate titanate) face perpendicular to the wave direction. Hence,

°

recorded pressure jumps were the sun of the actual pressure jump plus
the equivalent pressure ‘exerted by the fluid flow.

The linearity of the transducer was checked by plotting the trans-
ducer.signallagainst the initial energy stored 1h the discharge.capaci—
tor bank. Assuming the energy in the shock remains a fixed fraction —
of the initial charging energy, Figure 5—14 shows that the traneoncer
hed a lineaﬁgi%gponse.

“o,
w3

5.5.2 Measurement of Shock Strength

-The shock wave was monitored for pressures of 200 400, and 600
Torr in Ar at distances varylng from 0.8 cm to 10 ¢m from the discharge.-

The total transducer signal, Apt‘is:

AP ©pyu ' , . o
—t. %}\1 4ot ‘, . (5.35)
Po .o, Py , : ,

1
: o

where. Ap is the actual pressure jump,"po 1s the ambient pressure, p,



S

is the mass density of the compressed gas and u is the gas velocity.

\ - .
For a perfect gas with constant specific heats th

ﬁpld:27 . 27

P (Y+1)Dl— (Y-l)po

o (Y+l)00— (Y—l)Dl

o (1) (P /Py) + (¥-1)
T GFD(R /) F (D)

1O

0.
/2

' 1 1 1
u = fug-u | o= [(Pl—P'o)(—% S

p u
where, 1’ Ol’ et

fdllowing relations

(5.36)

(5.37)

-(5.38)

and PO,'pO, UO are the pressures, mass densities, and

velocity of the gases with respect to the discontinuity of the compressed

and undisturbed gases, respeétively. Yy is the facio of the specific

heats. From Equation‘(5.38):

Pyu p :
1 o1 1 A
=L ey G—-y =R E- D)
Po  Po °0 1 Po Po
vwhere Ap = pl--p0
Hence, ' , ‘ ¢,
‘ sp _ P0 %P

Pg P Po

3

(5.39)

(5.40)
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4Ap
o b | -
1-,.°0 - R
I S A : : W
o Ap/p + 5 . . G.40) TR

. () ~ . . R

Solving Equations(5.40) and (5.41) ylelds:, {
G
Ap . Ap Ap ‘

A 1 t ’
2Pt -5+ (G- 9" 480 —£91/2 (5.42)

0 0 Py . Pg

. N
Equation (5.4g§§$ﬂves the actual pressure jump in the shock from pressure

: transducer signals. The results are shown in Figures 5-15 (a) - (c).

2

Theoreticai inyestigétions have been performed fof spherical shocks
2
by Brodg28 and by Plooster 9 for line sources. For spherical shocks,

Brode finds:

bp _ .137 + .119 + .269
Py A3 . .AZ ' A

- .019 » (5.43)

where X = r/e and 83 = E/po. E 1s the total energy converted to shock
energy. This has been determined previously. (Chapter IV).

For cylindrical shocks, Plooster reports:

2Oy 8B asa®)8 Tt SR
Y PO . -

~—e.

where ,
o (%)3/5_C8/5’ 8_c-8/5\(%°8/5, A - r/Ro i

, 1/2
° Ry = E/bYp )
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. e - !

Plooster suggests c=.7 and b=3.94 for air. The‘same values of ¢ and

"~ b have been used here for Ar.

»
.

The solid lines in.Figures 5-15 (a) —l(c) are from Equation (5.43)
and the dashed lines are from Equation (5.44). It is to be noted that
thé shock seems to start duq as a cylindrical shock and becomes spheri-
cal at larfe)distances. This is 'sona?:ld" to expect since the discharge
léokszlike a line source atvclose distances but iooks like a ppiﬁt source

at large distances.

5.5.3 Discussion

P

The sudden increase in gas pressure when the shock front arrives
at the Iﬁser focus should reduce the laser-induced breakdown threshold.

Yoo

This should happen because thé pressure jump due to shock corresponds
to an increase in the gas density as can be seen from Equation (5.41).
The dependeﬂce_of the breakdown threshold on the neutral densitf is |
known or measureable (see Section (2.5)).. Thereforé,.it may be pos-
‘ sible to meap#re rapidly changing neutral atom dens?ties with a high-

degree of épatial resolution with lasers. This indeed is the case and

this will'be discussed in greater detail in later chapters.
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e CHAPTER VI .
" N . / f‘
- L3 ELECTRON, ION, AND NEUTRAL DENSITY: IN /THE DISCHARGE ' ,
A . ' I X \ N ‘ . /r E 4 )'
o 6.1 Outline o 3' “‘s. o /’-

Interferometric measurements using a CO2 laser (10 6un§ and a
e—Cd laser (441 6nm) are described A.Mach—Zehnder 1nterferometer

i , \’ .
- was used to measure the electron density/at early times., A Jamin inter-

’

. | _ ferometer was used in canjunction with a He—Cd- laser to measure the
| neutral gas density' Fringe shifts in the latter case.are contributed
by electrons, ions: and neutralsﬁ ’~ j’v e
o | : A Absorption measuremenys-were performed to estimate the discharge
electron temperature. The absorption mechanism at 10 6um is inverse
bremsstrahlung which is related directly to the electron temperature.
Finally,.a rotating'Langmuir‘probe measurement»of the electron

" density for late times}is-described; Interferometric and probe results

are complementary. - The plasmA“decay mechanism is disgussed.

4 e

2

6.2 Interferometer Principles.

o * L L 7 -
* An interferometer measures the index of refraction of a.given

- o
transparent sample All interferometers operate on’ the same basic prrn~

i

‘ciple. A light beam is divided into c0mponent beams (wavefront division,j :

©

amplitude division, or polarization division) and then recombined. The

'sample is placed in one ‘of the component beams, Interference fringes
formed by the recombined beams are observed changes in the optical re-
»>' fractivity of the sample are ‘seen as shifts'in the interference fringes.

3
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6.3 Interferometric Measurement of Electron Density ~ T

6.3.1 Optlcal Refracglvity of an Ar Plasma

;rh. The total index of refraétion of a plasma is the sum of the indices

: i . ' ‘ 1
: sJ‘w/:‘f refraction due to electrons, ions,.and neutrals . For an argon plasma,

) ”

the index of{refraction is given by2:

-

wo=1+ (_'A + B/kz) n, _.@2“’ . - ', ' Kt (6 1)

c‘where C . ‘ N . Y
) N \ . - )
A =_i:03Q»x 10 23cm3 . ) ,
. . 2 . : o : ’
B = 5.82 x 10:3[:ch5 ‘ - /; . - ' N
'J, ‘ v B B . ’ ’ e 9‘0 o oo
= + T N : o
n,=n +0. Q,ni n A - R . R
=n_ -+ 0.8n . S R _ i BN
n _ S : . _
n = electron density- S l ' ' -

=}
"

: n_ = neutral density o - - g
S . . : AR a R ) .
C = 4.48 x 10 ¥em \k, :

wavelength of light source (cm)

v>,,
]

ThHe contribution of the charged and the neutral partic%ﬁs 1n a
blésma‘efe strcngly dependent on the wavelength. Hence, by using twg

i o I3 R ) .
* light .sources at different wavelengths it iS'possible to 'separate the

contri(;iion of the charged particles from that of the neutrals

A -5 . -3
| i 1 4 416 x 10 cm (Hngé laser) and Xz = 1:06 Eirg Tcm
(Coz-laser) the,indices of refraction are respectively%
.o o ' ¢
23 L a3
- My = 1 +1.069 x 10 n - 7.855 x 10 bed oo . (6.2)
c - | " ..‘ ’ 3‘; - q‘ ’ . ’
© =1 41.039x 10720 n -5.033 x 107 n (6.3)
P i L o : » ‘ i;' . )
R c;y i ¥ N )a %;
s ! e
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The cantrjbution of"ﬁhevglgﬁt%onsfto the total index of refraction at

v”IO,GQm is! three orders of ﬁagﬁitudb greater than that of the neutrals
- : . . oy . ) ] ’

. i ) . Lo . ? . ; ) .

,Hence, if thﬁ<change &nith@‘neutpal density,m,dnn, is not much greate

than . the changé in the elgptron density, An, the change(id the index

Jrefractiqn;\Auz,isf

) .
.
+ LI

by # 1.5 5.033 *102% - R

6.3.2 Macthehnderfinterferometer’ h

Figure 6— 1 shows the setup of a Mach- Zehnder interferometer C
"b -

.

NaCl beam splitters ‘were used for MZ and M3 The .discharge was place
an arm of the ioterferometer:r Scanning of the plasma was made possib
,bYopléCing the:vhole discharge System on a movable base. Changes in
index of refraction of the plasma caused shifts in the. fringe pattern

which‘were observed with a Ge-Au detector. A filter provided rejécti

4

the dfscharge emission. The nﬁmb?rvgf fringe shifts P, is:

o

i =_jA“22“, , L '

6.
27T

where % is the optical path length and Az is. the wavelength. - One

fglnge shift implies (}, = "10.6um)

.
’
o

=2 x 0802 T T o (6

-

6.3.3 Cxlindrical Geometry Tl

1

\: The plasma was assumed to be cylindrlcally symmetric and since’

yaSrilluminaned "side on", the fringes observed as a function of the

& n
9

r

of

3a)

oated

d in

le

the

on of

4)

.5)

radius
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had to be subjected to an Abel inversion .to obtain the refractive index

.as a function of the'radius. Referring to Equation (6.4) and Figure

6-2, the fringe shift at r = r, is: _ : ‘

Y.
2 ;s Au,.dy .

A 2

2 o -

Pz(ri)

2 er'Auz(r)rdr

= . - (6.5
2 i S22

This is Abel's integral equation. The solution for this equation issg

>

T dp.. : :
_ 2 s 2 2 2y-1/2
() = o g " 7 7 -ry) Tdr

1

From Equation (6.6) and Equation (6.3a) the radial electron di

'distribution is obtéineq:

& . :
L e v

6.3.4 Electron Density Distributions »

Figure 6- 3 shoys a typical oscillogram of the fringe shifts. The

fringes are counted from the right. .To. avoid confusion regarding the fringe

-\

turnover point, fringes were counted no earlier than 30us after the dis-
charge -was fired. Figures 6- A(a) (é) show the fringe shifts plotted

against the radius at fou{'different ‘times and pressures of 200, 400, .
600 Torr. A pqunouiaihof the form:

o R -

P, = ar4 + bré +ec , o : : (6:7)

. -

was fitted,to-the~data. This is just a/fourth order power series expansion '

5 ~ e

with the ebefticients pfuthe odd powers of equated to zero since they:

°

lead to a diséontinuityain the derivative of nat r = 0. This is clearly

86’



physicalfy impose}ble. Substituting ﬁquation (6.7)into’ Fquatiopn (6.6):
. 1 B '

Buy(r) = =6.7 x 10 (rs2 S eHY? @ -y | " (6.8)

»
where a' and b' are expressed in terms of a, b, /anc;\ T
The results are depicted in Figures 6-4 (d) - (£). These are’
comparable’ to the'results of Offenberger, et. aZ.4 in a CO, laser spark

| 2
in Ar. o L - )

6.4 Absorption of '10.6um Radiation ;
) ' » . I
By blocking the reference ‘arm of the interferometer the absorption:

‘ of éw\GO radiation by the d1§charge piasma was measured. The absorpcion

2

R

process is inverse bremsstrahlung and the abéorption coefficient, q; at
. L v . N " . :

: 10.6um s is given: by:

K]

- L35 n? ‘ —elee T, .
a=1.8x10 77 ( 3/2) [1-e 1 — ot (6.9)

'TQ \ Y ‘i‘

‘where n 1is the electron density in cm73, Te is the-electron temperature
. . Py | . &

in erand'eY is the photon energy in eV.. The transmission of the laser beam:

»

T = exp[-fa(2)d2] - £

'allows one to compute the electron temperature since the density is known.
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Figure 6-5 is an_ oscillogram of the transmitted\cw signal showing absorption:

By using a large cpllecting(lens (f = 20 cm, f/§ 3) the effect of - refraction
4 o '
at thé& higher electron densities was reduced. This was verified when the-

L

beam was apertured and the percentage t mission remained approximately

-
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.
the same.

Figure 6-6 shows the measured transmission at the pressures
I

. L . ]
considered. The averaged central electron temperatures were obtained using

Eqﬁation (6.9) and the re5plts of Section 6.3 and are summarized in Table
6.1.: ThesSa temperatures together with the electron densities pfevioﬂsly
| o . -
TABLF 6.1

AVERAGE FLECTRON TEMPFRATURF

a

I+

" Torr | 600 Torr .

172 : 0.7 £ .2 !

, + .1 % 0.3+ 414 g
| . 1

031 0.1+ .03

measured allbws one to calculate the parameters Re’ a, and Y which will

indicate the condition$é under which the probe was operated. This 1is
Pl
discussed in the following §ection.

6.5 Probe Measurements

6.5.1 Probe Theory "

The hiéh eleétron density in the discharge implies that.the plagma'

sheath around a rotating ‘cylindrical probe is "thin". In this case, the

J

probe qurrent is either due to diffusioh or convection of ions into the

~.sheath. .The current is dominated by diffusion if Rea2x2<1‘andvby convection

if'Ra92x2>1. In the first case, the probe current pé; unit probé length -

I



\(6.10) and (6.11) is in the voltage dependence .of the probe current. .\

a transition from diffusion to convection &SHRNTPM

89

is:

RVEENR VAN VN VR L ' (6.10)

Here e is the electron charge, My ‘the ion mobility, rp the probe radius,

Ve the probe speed, K is the Boltzmann constant, Te the electron temp-

erature, and” n 1is the electron dénsity. 1In the second cases,
\
3/4 3/4 3/4 1/2 1/4
n e v \Y w

1 ="5.3 . (u. € rp) (6.11)

1 o

s

where V is the probe voltage and €5 is the permittivity of free space.

Fhe most significant difference between the two cases as seen in Equations

.

- . \
 Clements, ét. al.6 have measured

AP

o . 4 ﬁ.. - § "
. \--, o ' ¢
In agreement with Equations (6.10) and (6.112, a gradual change Arom

Vl/2 to VO dependence of. the probe current was observed.  However, the

measured currents were up to one order of magnitude smaller than the predicted
. _ .

value (Equation (6.10)) whengRe&2x2<l.

6.5.2 Probe Circuit

The same probe as described insSection 5.4.2 was used to measure the
electron density in the discHarge. The density could not be measured earlier
than 50us after firing the discharge because of arcing from the high voltage

electrode -to the probe. The oscilloscope was protected from accidental
- "

~arcs by a metal oxide varistor. Unfortunately, this device had a large

L/
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capacitance which reduced ﬁhé bandwidth of the probe circuit. The response /
time was estimated to be 20 ws. The probe.wns ﬁiasod negatively with a /
battery back gnd‘the voltage Qas selected w}th a turn of a potentiometer /
divider. This was bypaaéed by a lSu% capacitor. ‘The load was varied /
from 100 to 10k depending on the probe current, The probe signal voltage /'
‘wés kept much lesé_than the bias Qoltage; currents were measured as high : /

S

as 90mA. . 5

6.5.3 Results of Measurement e

A typical oscillogram of the probe current is shown‘in Figure 6%%.
As described in Sectiom 5.4.2, the lower trace ié a reference signayfto
locate the probe relative to the plasma. Probe cu;rent was\nﬁt vgf? re-
producible with up'to 50% variation froﬁ shot to shot. The dischgrge also
tended to develop at)slightly different locations. Hence, it wdé necessary
to take @any shots‘a;d average the results. Probe current was ﬁeasured
from 50us to 1Ims after the discharge was firgd.- Five shots wére taken
per data point;‘

From the known pfdbe speed, the probe current can be recorded as a

function of position-and time. The total current to the probe is:

-

Y
It =2 5 X I(y)dy
. o
or
Ts I(r)rdf
It(ri)'= 2 /T == (6.12)
r, r2_r 2
i

where I(r) is the appropriate formula for thg‘probé current per unit

length. Edﬁation (6.12) is of the same form as Equation (6.5). Hence:
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I(ri) = - ! I e (6i13
which yields ' n(f).
If Te is expressed in degrees Kelvin, and* 'p 1in Torr, then the

following relatioﬁs hold:

: Te 1/2
o = 272 (;rﬁ
- 5.8x10 .
X T .
e

LR 185100 ()

T
e
R_azxz = 4.6x1019 C—B—“ ) . ' '
€ 2 Y
T n :

- e

-1 ‘ . ‘ :
R azxz = l.35x1013 ( L R . . (6.14)
e pn
Re3(1 2 \\\ s 3

XZ ='1.39x10 4(;r0

Q

' . - ’ 2, 2 '
The conditions Rea2x2>l, Re la2x2<<1, and Re3a /x" <<1 specify the range

’ ‘ o ‘
of electron density where Equation (6.11) applies. Equation (6.11) is valid
, e ‘ B

when:
200'Torr:'6.75x1010<<n<<9.2x1021/T82

400 Torr: 8.9x1010<<n<<1.84x1022/Te2



by
600 Torr: 'ixl()H-f'11-('2.7()xl()22/'1't"

3
(

From the measured values of n and T , {t is secen t
[

does not apply up to 100us after the discharge 1s fi

92

hat Equation (6.11)

red. Furthermore, the

measured probe currents were abouf one order of magnitude less than that

predicted by Equation (6.10). -This is 1in agreement

b d

Reference 6.

For times later than lOOﬂs, the electron densi

with the results of

ty and the temperature.

have decayed sufficiently and Equation (6.11) applies. To check that this

~1s indeed the case, the proBe cﬁrrent was measured a
voltages. The results are shown iﬁ Figures 6-8.
dependence of the probe current indicates that the c¢
dominated. The'electfon density for t=100us and lat

" 6-9 at the three pressures considered.

6.5.4 Plasma Decay Mechanisms

o

The Pesults of the interferometric measurement
ment were combined and Figure 6-10 depicts the decay

density at r=0. The rate of de7ay is determined by

and cooling of the discharge.

The cooling time due to conduction by neutrals

simple kinetic theory as

- = 107 L2/

where L 1is the electrode separation, v and X are

-

t different bias
The Vl/z

urrent was convection

er are shown in Figure

and the probe measur

of the electron

recombination, diffusio

can be expressed using

(6.15)

the mean thermal



A

('i

velocity and mean tree path of the neatrals, respectively, | YOO
.

while the oxperimentally obtadined cooling time is ap yroxYmatedy 40 (see
) 8 pp!

Table 6.1). Theretore, other cooling mechanisms such as Tine radiation

v

operate.  Because of the rapid cooling of the plasma, t he charge density
decay is not determined by the cooling rate.
Referring to Figure 6-10, the plasma decay time is 1 “ Y0us. The
»

diffusion time of the ions is approximately equal to T - and hence,

hd o

diffusion is ruled out as the dominant loss mechanism.

e TR . 1° , ; . .
The recombination. time is IR = g The recombination coefficient
o
R -

varies quite rapidly with density and temperature wso it is hard to estimate

N

the actual = Recombination can account for the observed decay if,

R

The above condition yields «a in general agreement with published

8,9 -3

R

values (n>1011cm ). of coursé, for sufficiently long times, diffusion

loss will eventually become the dominant loss mechanism.

6.6 Jamin Interferometry

A Jaﬁih interferometer.wasiset up to measure the neutral atom
concentration in the discharge. A He-Cd laser was chosen as the liéht
source (Xl=44l.6nm). This means that the‘neutr;ls as well as tﬁe charges
will contribute to the observed fringe shifts., Sinée‘the electron density
is already known, it is easy to separate the contribution of the élec;rons
and ions to the totai optical refractivity. The pertinent equations needed

‘.

were already discussed in Section 6.3.

\ © ’
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R . . 9.
(\‘ . . .
Figure 0-11 depicts rl;c' exportmental sotup while 4 typieal osefl l«;
pram of the observed (ringe shitty s n‘hnwn fn Fipgare oo 1), llnlnllun‘ltvlr,
it w.ln.‘a qlll'u- ditticalt (6 determine the exact time when the tringes turn - 4
. » ~
over (trinpe’shitts change sign) Slheretore only the tringe Shitts at 0

N v ) .
were considered reliable because there was no qoestion where the tringes
should tyrn over. Durfing the initlal part of the curreat pulse the electron
e : . -
density will be increasing while the neutral density decreases.  In the

afterglow, the electron dvnsit‘y will be degreasing and the neatral dvnsllv‘_

inereasing. Both electrons and neutrals will theretore produce tringe

shifts in the same direction. Furthermore, the comtribution ot the

o N 0

electrons were” nek’,ligj,hle at the times considered.  From the osclllo\gr‘.lmk.
the average atom density was computed assuming that the electron, ion and

utions in thes discharge had approximately the same - =

"

dre shown in Figure 6-13. The uncertainty in the ge{s
- 4

ensity is quite large because the total fringe shift for a change in ‘de-nsity\
N B \ i

3

from ambient to vacuum at 400 Torr is only 'apprbximat}i/y 3.5 fringes (2-lcm).'
. . . »
o, . : .
There is a factor of two difference betweeg the measured gas density

. | . . '
and the theoretical equilibrium value at a temperature equal to the measured
electron temperature. This d'igscrépancy is not surpri"sing considering the

uncertainties in the neutral density and electron temperature measurements.

1

A |
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Figure 6-2 Diagram Used in Abel Transformation
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Figure 6-3 Mach?Zehnder Interferometer Signal
The signal from the Ge:Au detector shows typical fringe
shifts. The sweép speed is 5us/div. The decrease in

signal is due to plasma absorption.
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Figure 6-4(d) Electfdn.Density as a.Function of Radius.
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Figure 6-4(e) Electron Density as a Function o/f Rad ius .
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ELECTRON DENSITY (cm™) %107

2.0

P =600 Torr

0.6

- O
»

0.2

1. 1 . W 1 1

0 !

o- of 02 03 04 05 06 OF
RADIAL DISTANCE (cm)

Figure 6-4(f) Electron ,Dehsityv.as a Function of Radius.
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Absorption by Discharge Plasma.

Flgure 6-5 CO,

The upper trace is the discharge current pulse;

- the middle ttace_ls the Ge:Au detector signal showing

absorption; the lower trace is8 the detector signal

when the laser Is blocked. Sweep speed is 20 us/div.
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Figure 6-7 Langmuir Probe Current. The upper grace
“ ' ) \ h h
is the probe signal as it passes through the discharge.

a

The lower trace locates the probe relative to the plasma.

Horizontal: 50 us/div; Vertical: 1 uA/div; p=600 Torr.
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PROBE CURRENT {mA)

o.l

i
" t=150ps.
B t= 500ps
(X100)
-
t=250ps
-
q U S | LLJ[L | IR S A | 11111 1 [ l'lllll
0l 1.0 10 ) 100

PROBE BIAS VOLTAGE (V)

Figure 6-8 Probe Current Versus Probe Bias Voltage.
The slope of 1/2 implies that the probe is operated in the

sheath/convection regime.
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Figure 6-9(b) Radial Electron Distribution.
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Figure -6-9(c) Radiay Electron’ Distribution
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Figqre 6-10 Deéay of Discharge‘ Flectron Density.

0,a,0 : Inferferometry; M, A , ® : Probe Measurements
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Figure 6-12 Jamin Interferpmeter Fringe Shifts

d=0;p= 200 Torr; Sweep speed is 20 us/div.
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¥igure 6-13 Neutral Density in the Discharge Versus Time
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HAPTER VII

A CASCADE MODEL OF LASER IﬁDUCED GAS "BREAKDOWN
7.1 Outline

A cascade model that describes the breakdown of Arv under the,in-
fluence of a.CO2 iaser ﬁeam is described. Thg.validity of a classical
analysis of the laser plasma i;geraction is disEuSSed. |

The preakdgwn cbndition is derived from a square pulse approximation
taking ‘into considération the significaht loss mechanisms during t%e plasma
buildup in tﬁe‘focus. The breakdown condition. is assumed to apply to the

more realistic but complicaﬁedjéase of a time varying pulse.

An attempt to verify the Breakdohﬁ condition experimentally:is
described. A charge collector system was used to measure the electron

- density at breakdown. The results were inconclusive, however.

Numerical solutions of the cascade process are performed. The‘égree—
’ e
ment with experimental results is good.

7.2 Introduction , ' —
The problem of cascade breakdo;n under the inflqence~of light was

first theoretically investigated by Zel'doviéh énd Raizerl. In their

fundamental paper, the quantum kinetic‘equaﬁion for the'electrqn distfisutibn:

function';as solved in the "classi;al limit". The energy ;bgorption

mechanism was inverse bremsstrahlung absorption by electrons duripg collisions

with neutrals. 1In the classical limit the rate of energy absorption via

inverse bremsstrahlung is the same as that used in micfowave_theory, namely:

117
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——-=~%~ (Gaussian units)

" The validity of the classical analysis was investigated by Friedland2
He showed through particle simulation that for CO2 laser bre;kdown of Ar,
classical theory is applicable even though the conditions set forth by

Zel'dovich and Raizer on the constancy of the collision frequency is not

) A

met., Consequéntly, the breakdown of Ar by an intense CO2 pulse is described
by the classical Boltzmann equation with the appropriate collision terms
which will be'discussed iater in this chapter.

| Aside ffom Reference 1, a good presentation of laser cascade break-
down including detailed derivation of absorption coefficients can be found
in Refergnce 3. |

AsSuming there are a few iﬂitial electrons in the focai volume, the

build up of glectrons.may,be deséribed by a differential equation for the

electron density, n:

48 - e S BNCRY

where vg is the electron gain rate due to energy absorption by electrons

" via inverse bremsstrahlung and Vo is the loss rate due to electron

diffusion out of the focal volﬁme and energy losses during collisions.

2

T%e solution of Equation (7.1) gives the electron density‘as a function of
time n=n(t)} If breakdown occurs at the end of the pulse,™ t T with

.o=n,, then nb=n(r). The breakdown'threshold, therefore, is the laser power

Pmax requ1re§ to give 0 at the end of the pulse.
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In order to solve Equation (7.1) several things must be taken into
consideration. First, the density at breakdown nb is unknown. Secondly,
the loss and gain rates are not constant. Hence,/as the electron temperature

varies with the instantaneous laser power, the rates will be changing in a

complicated manner. The rates are also dependent on the electron densityf
Thirdly, the plaéma might not' be in equilibrium, {i.e., the distribution
function is non-Maxwellian. This will affect the gain and loss rates. These

are considered in the following sections.

7.3 Breakdown Condition

Although the density at breakdown, n
‘ :
at breakdown. There are two possible

b is unknown it is still pOSsigle

to obtain a condition for - ng

energy gain mechanisms: electron-ion injerse bremsstrahlung and electron-

L A
neutral inverse bremsstrahlung. Durfﬁ%‘the early part of the charge build
¢ . .

up, the electron density is low. For this reason the electron-ion inverse

bremsstrahlung term was neglected in previous worka—s. yn References 4-8,

o

breakdown was défined arbitrarily as full ionization or in some*cases,
Anb?1018c63 with an initial density,no=104ca3 4’5. Still others have
‘defined breakdown as 43 electron generations in the cascade6. It will beb
shown that toe electronliop‘term is impo;tant in that it‘sets a condition
for an effeotivo‘Qalue of n . It will also be shown thaﬁ although the
electron-ion term is important, it cah be disregarded when solying Equation
(7.1) for the charge buiid up thereby simplifying the differential equation

as long as the breakdown condition to be derived is used.

1 :
Define vg as the gain rate _due to electron-neutral inverse

.

bremsstrahlung and vé as the gain rate due to electron-neutral and elect-

‘ron-ion inverse bremsstrahlung. Thehl’3’4:

.

[P

A
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Ve UL w2, 2 (7.2)

v

Here, Ui is the ionization potential of the gas, E .is the rms_electric’

field strength of the laser, e and m tﬁe electron charge and mass,

H

respectively, V. is the collision frequency for momentum transfer and w

is the laser angular‘frequency. The absorption coefficient corresponding

€

to this gain rate is:

- 1
Ken = Uivg n/F
Here, F is the light flux. "The electron-ion inverfe brem-
sstrahlung +aBsorption coefficient is3:
o~ o H‘) .
(o b 2%’ 2
ei 3 3mk T
e hcmv
8 2
_3.69x10'n -1 ,__
==3/7 3 cm (z=1) (7.4)
T v :
Taking the ratio of K to K__:
: el en
/
Kei_= 3.69x108nmcn . ‘(w§>v ) :
K 2 1/2 c

‘en e’v vCT (deg)

Later calculations will show that Te:2—3eV. For T, = 2eV,

- | ey



i -
. 121

But

i
dn 3.19x10°> 1 2 : |
Sl s (v ey I 4+ 22y Tt (7.6)
dt v =4 i ‘

C

o

Equatidn (7.6) reduces to the case of no electron~ion inverse bremsstrahlung

absorption when the density is law so that the second term on the right

™M

hand side of the equation becomes much smaller than the first.
A

" Assuming furﬁher that E, vgl and Vo are ‘constants, the solution of

Equation (7.6) is: ’ o - .

n. exp (v %—v )t .
n(e) = -2—8& X ‘ (7.7)

1
n‘l—no.a{exp(vg —vl)t-l}

where . g
3.19x10 v 1
a =
I
'(vg —vg)vc
. \‘
The density at the end of the putge is:
&m‘noexp(v l—VQ)T
n(t) = & T (7.8)
l—noa{exp(\)g —vQ)T—l}
Taking the logarithm of Equation (7.8): - .
1 n(t) ) 1
- = —_— <+ - —_ - 7.
(\)g VQ)T n n fnll noa{exp(\)g vR)T 1}] (7.9) .



l{t@nrc 7-1 is a pldt of (\JRI—vQ')I versus n(1) with no=l()r)cm-'; and a=0,
l.77x1017, and 1.06x1016. For a given laser power and gas prvssurvi the
density at the end of the pulse, n(1), will lie along the curves shown in
E}ghqe 7-1, e.g., point A on 1ine AR, If the laser power is 1pqreaged,

///\\Qii) may corre5pond to point B, If electron—ion inversé bremsstrahlung
were disregarded, the solution will be along the straight line AD. Note

‘vthat point C corresponds to the same (vgl—v2)1 as point B and in faqt

apérbximately corresponds to any polnt where n(t)>1/a. Therefore, the
electron—ioﬁ term can be dis;egarded as in previous work 1if the calculat -
ion is ter@inated at A(T) =1/a = n . Returning to Fquation (7.1), its
sdlution assuming constant E,vgl, and v 1is:

L

n(T) =n exp{(\)g —vl)T} . | (7.16)

Setting nb=n(T) = 1/a in Eduation (7.10) 1is seen to be approximately

\

equivalent to setting the denoﬁinator of Fquatlon (7.8) to zero:
1 -~ an {exp(v 1—v Yt-1} = 0 | \’ (7.11)
o g '3 .

This is a sufficient condition for breakdown.

The above discussion leads to the following conclus%on. When
modelling the buildup of-elect;ons in the focus during breakdown, the
simplified prsblem of né electron—ién inverse bremsstrahlung is equivalent
to the more realistic case whichvtakes ft into account 1if the dénsitykat

¢ breakdown ny i§ taken to be 1/a. This is true oniy if thé actual density

at breakdown is larger than 1/a.
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v l—vl ! N "’ ’
The factor —E——T— =1,  Hence, .
iy < .
L\g L
o e
4 : ' . : N
n, =, 3.13x10 v » _ (7.12)
b .C ‘ - " :

‘ roo : . . ~
For -argon with Te= 2-3eV. v, ® 3x109p where p is the gas pressure in

¢

L9
Torr. Therefore:

o, = 9.4x1913 P - . o (7:13)

18 -3

It can be seen that for-moderate pressures, ng < 107°em ~ which was used

.‘() . .
by others_in_previous calculations. ' The breakdown condition is pressure

dependent and is equivalent to prescribing the degree of ionization of the’

gas:
-
n . -
b - 0.27% |
n
gas
7.4 Charge Collection Results L.

’

In an attempt to experimenﬁalyy determine nb; a charge éollector
consigting of two flat ‘parallel plgtes 5¢m by Scm was constructed. Thé
‘laser was focused midwéy between the two plates. Fighre 7-2 shows the
equivalent input circuit seen by the coiiector. It can be easily shown

following the analysis of Raetherlo that the output voltage signal is:

e -gR,C, € t'/R,C, AV
- 272 . 272 "
V()= e e o de (7.15)



=.»V2(t) ~Af £ << R,C, o .
¢ .
6 exp{ SP(C+C1)} e . -
v t ~ ' [ N
, 2( ) c T C of exp[i—?E;E—T]IC(t Ydt (7.16)
1 ‘ P 1 , :
1' ) ‘ ¢
. -ft T (t')dt’
C+Cl c
2
where a
' R, R
12
R = >> R
P R1+-R2
‘ Ic(t') = collector current
C = collector capacitance ’ '
. {
: I
C1 = input capacitance of electronics
C+C =100 pF. . =

If the‘collector fieid is high,~Townéend ionization will také place
- as the electrons drift towards the anode. Let o be fhe first_Townsend‘
coefficient{'N;-the number of electron:ign pairs created by the laser,

d the Qistance between cbllector plaﬁes, v. and v, be the'drift vélocifies
of the electrons and ionms, respectively and T_ = d/v_, T = d/v+.‘\Since
the Eharges are created midwa§ between the plates the currents due to

electron and ion drifts T_ and I+ arelo:

eNo av_t T_

I_:T——-—e 0_<_t<2—° Q/
eNo av_t T_

I,=5— ¢ Of_t<—2—
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1
eN ad
o 2 1 1
L. = — e =r < t < (T -T)
+ T+ . ' 2 - —-2 + - , -
g ' ) 1(7.17)
eNo ,é d ;avt' 1 h 3 | 1
= e— . —_ ~T- + —
I, T, [e e ] 2(T+ T)<t<T +3 ?_
where
- f o
1.1 .1 . — L
v v v . ,
+ -

An approximate ekpression for a gdod for E/p éQBO isllz

\

2 = exp[-52/(E/p)] (7.18)
It can be seen that'for small fields, a¥o and
S e
s CHy - + : o
—_— eN : ) ' v .
- TR TR o - 729
1 1
When a #.O, it can be ghown that:
eN ' ’lud %ﬂd ‘ '
Vo= 9o g2 .Q2e - (7.20)
S (C+C1)ud (C+Cl)ad : :
1,
1 sod
~ad 2 : ' :
+_ 9 .2 '
= - : 7.21
Vs T Ty (e ) : (7.21)
B ’
Hence: 4
1 ‘ ,
. Sad '
vo=v. T ev e Q2 (7.22).
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It can be seen that thessignal should increase rapidly with E/p due to

the increase in a/p.

At'very low E/p; the collection time is so long that losses can

take place. The electron diffusion time is approximately:

-whereA is the diffusion length and D_is the electron diffusion coefficient.

Takiﬁg the raéio of T and td;

L 4
td 2

(7.24)

-
'<'ma

\
\‘

where_Te is the electron temperature in eV and V is the voltage between

thg collector plates. Taking d = 1.5¢m A = L/7-= 1.6 cm, then:

~

Henée, except for‘véry low 'V, @iffusion loss can_be neglected.v
Figure‘7¥3 (a) and (b) depic;' i gollector chéréc;eristité fof

p = 30 Torr an'd"p = ,ﬁ(i"l‘orr énd las!er‘.giesl E = 2.5J and /1.75J,.resp—

éctively. - For E/p 1es§g£gan 4 V[cm~Torr,'the field cannot collectbali’

charges while fbr‘E/p greater than 15 V/em-Torr, Townsend ionization .is

.4
dominant. ‘A collector field of 10 V/cm Torr was selected as the operating

point., - ~

The number of electron-ion pairs created by the laser ‘at threshold -
2R . .

were measured for both cases of when a spark was produced and when a spark
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wés not produced. Whén a spark was produted, the nqmber of';ollected ions
was consistently.lO13 régardleSs of the pressure, as shéwn in Figure 7-4 (a).
When a'sbark was not‘produced, the number collécted variéd'cdnsiAerébly

from shot to/shot. This was also observed by Tulip and Seguinlz. The
smallest n mber of electron-ion pairs collected was 168 as: shown in

Figure 7-4 Xb).  This. is an order, of magnitude less than théc~obtain¢d by
Tulip and Segnin in air.‘ Obviousl?, the true density at‘b;eakdown shopld

a focal volume of :10'5¢m'3, these limits

‘be between 108 and ™
; L a13 -3
~ correspond to n=10""cm ~ and 10

The breakdown condition discussed in Section 7.3 is yélid‘only when

the actual density at breakdown (between 1013cm—3 and 1018cm-3) is grgate;

than 1/a. To check whether this is'satisfied, assumev n, =

OlBém_B.v The build up from n, = 105,to 1013 cm—3 needs approximately 20

1
. ' ‘ 12 =3
cascade generations. If the gas is preionized such that n, =10 "cm™, only
\ 4 cascade generations will be required to break down the gas. Since the

‘required laser power to break down the gas is apﬁroximately proportional

to theknumbef‘of céscade geherations'réduired; a threéhold iowering'éf \
:>%6”= 0;2/shou1d be ébserved if the ﬁensity at‘breakdown is 1013éh_3.
On the other hand,:if n o= 1018 cm_3, 30 cascade genératidnsAare
neededvfrom né\; lOSC'm-3 thlé‘it’takes lQ'casqadé geﬁerationé from no = 10¥2‘
o cm‘3.’ Hence, a threshold lowering of = 19 - 0.33 should be expected’in

30

.this case. /.

Measurements of the breakddwn thresholds reported in the next chapter

# _ indicate that with a preionization of = 1012cm’3, there 1is a ydwering of
P : e '
) /

/

the threshold to only 0.4 its value without preionization.‘;This indicates

-3 -3

"/ that the actual .density at breakdown is closer to 1018¢m than 1013Cm
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Hence, the condition discussed in Section 7.3 is satisfied. The
breakdown conditionvobtained in Section 7.3 will bé used. in the following

.

sections.

7.5 Boltzmann Equation

“

As previbdély discussed, the phlse shape, cross sections and varying
' \ . 1
‘temperature make vg} and Vo variable in time. Expressions for vg and

v, as functions of time (laser power) and électron temperature are needed

before Equation (7.1) can be‘SOIVed. ‘This means that a rate équatibn for

Te is also needed. These are obtained from the Boltzmann Kinetic Equation.

v

The Boltzmann equation that describe$ the time evolution of the elect-

ron distribution function has been derived by Allisl3.

3¢ 2¢ 2. .3 2 3/2. 3 f

c 4 c
3 2m o _ ¥ o o ‘ g j
+\‘\a€’” (M evcf) + G(e,e‘),f(e Yde / B o
- 2 AX (g)f(g) - AI(E)f(E) / o | L (7.26)
A i C
where
f = distribution function

g
W

electron mass

M = jon mass or atom mass
V.= collision frequency for momentum transfer

Ax = excitation rate of level i
Txy . :

AI= ionization rate
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2 v E

i - &
QJ = heating réte -

The fxrst term gives the changes in f due te diffusion It is the only

space dependent term and so the following approximatlon was taken:

R I S . ' L a2
Also, define: ' S ,
. . ;
’ i
AD(e) =
o 3my (e)A

1

The second term is the heating rate and the third term is the ‘elastic’

collision,term., The last two terms give the losses due to excitation and

ionization; The term under the integral sign 1is due to the appearance
.‘4 :

of electrons of energy e after eXciting or ionizing collisions of electrons.

of energy e'>e. Recombinatjon losses are neglected as well as hydrodynamic

' effects, photoionization, radiation loss, collisions of the second kind,

-

.ionization of exqited atoms by electron collisions, and héat conduction.

7.5.1 Integral Term

:

‘F;llowing'the aﬁélySis of Chan'and‘Moody7, consider first the rate
“of appearance Qf_electroné-of enéfgy’é due to eléccrons of energy €'

exciting an étom.during a éqilision, (Egcitation energy sxi); By‘thé 2
conservation of energy: - . ;, :



Hence,

b

/ G(e,E')f(e‘)] = ) 6(e'-e~e_)A /(e'_:)f(t') (7.29)
, ‘ RS Xy : ‘ .

i
ex

»

Similarly, electrons of energy e' can ionize an atom creating an electron

of energy €, and another of energy €, where:

€y + €, = e' - € (ei = ionization potential)‘_ (7.30)

Let P(e, e'-eI) be. the probability théﬁ él= ¢ and ey = €' - € -£ and

P(e' - €, - €,€' = ei) be the probability that €,= € and ¢, = €' - €, ~ €.

I

P (e, e'.—‘EI) satisfles the normalization condition

and

\'P(e,c'—el)=0 if €<0 and e>e'- €1

The lower limit in Equation (7.31) cofresponds to tﬁe case whgn_el= 0

and the upper limit to the case when €,= 0. Then:

Gle eV ECe") ] - A GEDEED (e et e + P(e'oc -6 'me )]
ioniz | |

(7.32)
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.+ Adding the excitation and ionization rates, the total rate is:

G(E,E')f(&')‘t f(ar)[ZAI(E')D(e,e'—aI)+ Elhxi(tf)d(h'-txi—ﬂ)]

v .
L 4

(7.33)

where D(e,a'—cl) =

I

[P(e,e"— EI) ;,P(e'— st—.e,e' —~eI)j

which is symmetic about € .= %(E' - eI) because each electron of energy -

¢ produced during an ionizing.collision musSt be accompanied by another
. ; ‘ ; : . s

-

of energy ¢' —451. D satisfies

/ - D(e,e' - € )de =1 (7.34)
o I .

7.5.2 Conservation Laws

It can be shown that the excitation and ionization terms discussed

in the preceding section satisfy the conservation laws. Integrating ‘&

G(e,e")f(e") over all € and é',

fG(e, ey (et )de de = ff(e')[zAI(g-)D(g;c(_el)

: . ) + Z A (e")8(e' - ¢ - g)]dede’ (7.35)
& . . i x. ] X, .
'\‘m . . . 1 1

= 7 £(en(2a (e + ] A, (eM)de’
. ‘ i i
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Changing dummy variables from €' to €,

[ Ge,e')f(e")de'de = [E(e)[2A;(e) + Y A (e)lde (7.36)
S i * .
This is the law of conservation of mass for exciting and ionizing collisions

involving electrons of energy ef>e. Similarly:

feG(e,ef)f(é‘)ds'de = I(é—el)f(e)AI(s)de + E A
i =

A
(6)(6-6x Yf(e)de
o 1 i

- (7.37)
which is the correspov&ing law of:conservation of energy('
7.5;3 Den;iﬁy and Temperature Equations |
The relations: N
n = fvf(e)de : o | | - (7.38)

. and 4 ‘.

%-nT = [ ef(€)de

e,

'
i

are used to obtain the rate equations for the electron demsity, n and

electron temperature, Te.' Integration of Equation (7.26) yields:
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dn”

FY Sl i AD(e)f(é)ds + [ AI(c)f(c)de = (K& - Kﬁ)n . (7.39)
S 2y .- 2 32, 0 £
by (2 nTe) S EAD(c)f(e)de -/ 3 € OJ(E) o 51/2 de
2m s
"M slvc(;)f(e)de - € i AI(e)f(e)de
- T e, [ A (e)f(e)de
. S S S O
.Or s
9T .
e 2 X 4% -R-.-% 3
e =3 DRy PRy TRy - A (e 5T
) X +1T _ ] . 3 : . . (7 40) '
% T2 Te AD : ’ R

where Xi, Xb, and so forth have been defined such that for example:

A = fAI(e)f(s)cie

I

=N

' Xi is the average ionization rate,'while Xﬁ is the average diffusion

rate. RJ is the joule heating rate, Eél
— &

RD the average energy loss due to diffusion, EIKi the energy loss due to

the elastic collision loss rate,
ionization and'exAx is the energy loss ‘“due to excitation. Fquations

(7.39) and (7.40) are the desired rate equations. Its solution will give

“



n=n(t) and the threshold will just be the smallest laser power that. will

give n=n, . ' ‘ )

7.5.4 Maxwellian Distribu;ions

| Because of the deep Ramsauer minimum in the collision cross section
of argon, it is expected that the distrisution fpn;tio; is poé Maxwellian
but one -which gives greater weight on the.léw,enefgy side. A numerical

. solution of.the Boltzmann equation7 and particle simulatiori2 show that

this is indeed the case. However, the distributibn function was not

very diff3¥ent from a Maxwellian3. Therefore, the terms on the right hand

side of Equations (7.39) and (7.4) derived from a Maxwellian distribution

134

are not expected to be very different from their true values. Furtheérmore, -

the greatest contribution to these terms come from electrons in the tail

B

of the distribution function. ~The distribution functioné obtained in

Reference 3 are Maxwellian in the tail.

Assuming a MaxwelTian distribution: C ;o
) be 1/2 —e/Te ‘ -
f(e) = 2n( 3 ) e o (7.41)
ﬂTe ’ ;

the collision'rates become (energy in eV): ° o ' .

o )T

—- 1.13 1/2 e

AI 377 S AI(s)s' e de )
TY . (/ - v
e /

. /T '
1.13 \1/2 T te :
. 3/2 S AX(E)E e \ de ' ;

e . - , '

A =




135

K . Laxoll (32 S e
| 2 372 v © ° .
e

5 - Lot 32 e/t u (7.42)

: A2 Te3/2 vc(e) - » | )

-
-3 ~e/T '

- 1.23x10 3/2 e
R.1 377 ) vc(e)e e de

- T .. . -

~€e/T
3/2 7% e
_ . S.0a0%  F e I
R~ 5/ Sz, .2
e o (o4

< where P is the‘léser powéf per unit area in the focus.

The collision frequency is defined as:
v =nov
c m e

where Om is the cross section and Ve is the electron velocity.

Equivalently,'vC is:

3

[
/ y '
Vo= 1.92x10%% 12 5 (eyp \ o (7.43)
(4 m 3 .
where ¢ 1is in eV, om in cm2 aﬁd p-in Torr. Similarly,
A () = 1.92x10%%1/2 o (e)p | L (T48)

A (e) = 1.92x10%%1/2 o (e)p o o (7.45)
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Here, 9 and 9 are the electron impactlionizacion cross-gectlon
and the excitation cross-gection, respecti&ely,v The appropriate
expressions and the approximatiéqs used in the calculation including
reference sources are summaﬁized in Table 7.1. The rates are plotted in
Figure 7-5 (a) - (¢). A-polynomial up to an 8th degree was fitted to

tbe rates and used in the solutién sf the density and temperature equations
(Eqﬁations (%.39) ‘and (7.40)).

As the electron density builds up, a’ point is reached when the
diffﬁsion loss will be greatly reduced because of ambipolar effects. To
take this iﬁto congideration, the diffusion loss terms Kb and ﬁb were
multiplied by a function F which takes on values from ‘1 when n 1is
low to Pa/De when . n 1is iarge. The functional: form of F was similar
to that prescribed b§ Allis and Rgsels’19 for a plasma between two

parallel platés. F plotted as a function of nAz/Te is shown in Figure

7-6. o

7.5.5 Numerical Solution

A finite,

fererncé method was used to solve Equations (7.39) and
v(i,ao). The - ng substitution was used: C (> 3
- )
AT T, - Tej 'v
YR At @ (7.46)
+1 1
on nj - nJ .
at M At , (7.47)

i+
where tJ 1 is the present time. The terms on -the right hand side of

/Equation (7.40) were first evaluated at the time tJ. Equation'(7.40)

then yields a temporary value of‘Tej+l- This value of the temperature 3
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N
&

was then used to evaluate Kb and Ki and Equation (7.39) ylelds nj+1:
+1. : ~
nJ = ‘_IL-i;If—? e (7.48)
- 1. - ¢ At o
j+1

where ¢ ’=,(Z&'; ZS)j+l;‘ The procedure was tﬁen repéated using the
hey véiues.of.Te and’ n. Two or phree iterations ﬁere‘found to be
sufficientvfor convergence. Acchraévaas up to three significang fighres.
. The timeistebxéize seleétéh'was At =k5x10_11 seg&%d.“Other schemes L
such as Ehe.4th-order~Runge~Kutté and the Adaﬁs prédictor-;;rrector
‘method were tried. No significant“advadtagg'of these methods-over tHe
one used was found. A program listing is given in the Abpendix.
The laser pulse shape was apprbximéted by that shown in Figure (7—]Q.
This shduld be compared with the aétuél‘pﬁlée shape given in Figure 4-2(b).
The pfoéedure described in Chapter III :insured that ;riming elect-
roﬁs are present in therfoc§1 voiume just,gefore the laser pulse. Since
Jthe:focal yolume is =10-Sém?' aﬁ initiél value of n=~105cm“3 was chosen,
T f.e. the;e 1s one electron iﬁ the focél volume to start the avalanche.
The laser peak enefgy was adjusted and the diffﬂrPnce’equatfoq
'éo;ved.i The G?}ue'ofighe diffusion length -1s still unknown and ho& this
is set 1is discusséd in ths néxt paragraph. If for a given 1asér peak

 power the gas breaks down, ‘the power 1is reduced by 10% and the differential

equation i1s solved again until there is no breakdown. The threshold is

Sy
Fé
e

taken as the average of the smallest power with breakdown and that without &
breakdown. : ‘ &
To determine the value of the diffusion length, A :~the breakdown

threshqld was measured using ‘the pnoceQﬂré described in .Chapter IIi,

x

from 50 Torr -to 10,000 f;rr. A spot diameter of 200uym obtainedrﬁheofetically(‘?
“ « . A . "

! -,J‘
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Thereafter, the electron temperature follows the laser pulse. Note also

139
Ea
assuming Gaussian beam optics was' used to calculate the experimental
peak power per unit area at threshold. A was then adjusted until

there was reasonable agreement between the experimentally measured

threshold without preionization at p-lOO Torr ‘and the results of the-

.numerical calculation. The best fit was obtained with A-67um This is

AN

larger than the theoretical_yalue of 100um/2.405=41.6um and this implies

that’ the plasma is not confined to the focal volume. The experimental

thresholds without preionization and the results .of the numerical modell-

-

ing are shown in Figure 7- 8

he time breakdown occurs depends on the pressuré. At 1ow:pressures,
br;akdown occurred‘very near the peak of the laser pulse.. At very high
pressures, on the other hand it occurred very near the end of the pulse.
This was due to. the very high particle loss rates when the pressure was
low. The time of breakdown plotted against the pressure at threshold is
shown in Figure (7-9). " ~ |
Theupeak electronAtemperature—varied from 2 to 4 eV. Higher electnon'
temperatures were: obtained at low pressures,again due to the nature of
the losses. This is also shown in Figure (7-9). Figure (7-10) depicts
the 1aser pulse, electron temperature, and electron density as a function

of time when breakdown occurs and when it does not, at p=100 Torr The

electrons are beated rapidly after passing through the Ramsauer minimum.

that a small change in the laser powergleads to a 1arge change in ‘the
peak density generated in the focal volume. This is an indication of thei
sharpnesgaof the threshold For comparison, the electron den51ty buildup

at’6000 Torr is‘also‘shown in Figure,(7~1Q).
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Since the eiéctron'and neutral densities undér experimental
gonditions aré known, the breakdown thresholds can be measured and‘compatgd
_with‘gpmerical calpulétions. If feasonablé agreementvié,oﬁtained, ﬂoF
only has the cascéde nature of breakdown been conﬁirmedmgbﬁt more impor;antiy,

the possibility of using breakdoﬁn'as a diagnostic, eépecially for neutral
- 12

atom density measurements  appears very promising.
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LASER HEATING RATE
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'pwith a metal plate shielding the discharge except for'a s

CHAPTER VIII

<

BREAKDOWN  THRESHOLD MEASUREMENTS: COMPARISON WITH .

w

* CASCADE THEORY PREDICTIONS . .
R <
8. 1 Outline o ‘ ' i w v

!()
" The CO2 laser induced breakdown threshold of Ar in»the presence

of an electric discharge was measured with the time delay between the
initiatidn of the discharge preionizer and the laser pulse being varied.

The CO2 laser was focused inside and outside the discharge Outside the

K

discharge the threshold ‘was 1owered due to preionization in the focal

voldme by uv photons and compressionaof'the gas during the passage.of a

‘weak shock wave. The measured thresholds were related to the previously '

v / .

determined electron density outside the discharge. It is«éhown that

cascade theory adequately accounts for the experimental thresholds.
The lowering of the breakdown threshold during the passage of a

e
- Je

compression wave through the focal volume is observed Neutral atom

.densities corresponding to the amount of lowering are compared with pressure

v probe measurements of the shock strength

.

When the laser was focused into the discharge region the changing

electron.and neuytral gas‘densities combine_to alter the breakdown thireshold.

bThe possibility of using breakdown to predict either‘th&~e1ectron or the’

*

neutral density is explored. f'-' ‘ _ ,W;: ' o .

i3

8. 2 g_perimental Setup

s
The experimental setup has already been described in Chapter IV,

Figure 4-1 1s reproduced as Eigure 8-1. A 5cm NaCl-lens was used to focus

the.laser_in_the'breakdownpchamber. Since the probe measutements were done’

11 uv port, a
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similar‘plate was,placed in the breakdown chamber when measuring the

thresholds outside the discharge. The'laser-was focused into the center“//(///*j
.of the approximately cylindrical plasma. The laser was pulsed at a rate/-
of one pulse per second as in. the breakdown measurements without deliberate
preionization. This was done more for convenience than necessity since the -
procedure described in Chapter Ill is not nehessary when‘there'is
appreciable preionization. G
| N
o : S RO
b .3 Breakdown Measurements Outside ‘the Discharge o ﬁ‘ég;x;ftw
- The breakdown thresholds in Ar were measured at the same. preSSUres f?&s_
, T

. and distances from the discharge as the probe measurements were made. ‘The"
results are preSEnted in Figures 8~2 (a) - (d). The thresholds have been .
normalized by their values without preionization.' The initial time, td=0
was arbitrarily set to be 4us after the initiation of the discharge pulse.
The 1owering in the. thresholds was due to the preionization of the
gasvby uv photons.emitted by the discharge. As the photoplasma decays a
gradual increase in the threshold was observed. 'Aside from the lowering
»due to the preionization, the passage of a shock wave in the focal volume .
was detected and manifested as a further lowering of the breakdown threshold
These can be_seen in Figures 8—2 (a) - (d), and will be discussed later
in the chapter" | | ' |
' Excluding the areas in the measured thresholds where shock effects
were present, the experimental values of the thresholds were plotted against‘
the initial electron-ion density in the focus.v This is shown in Figure
8-3. At the same time the numerical model discussed in Chapter VIItwasb

used to genherate theoretical threshold values and are plotted as solid

lines in Figure 8-3. The’ experimental points do not all fall on the theoret—
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Smith .

electron density’a

difficult to Obtain accurate
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B

,.ical curve. The discrepancy between the two may be due to a higher
initcial density 1n the focus in the case of no preionizatio!ughan pre- e

. viously assumed. Uncertainties in the electron density, spot size, .

experimental thresholds, and other factors should also be taken into

consideration. ' _ {%
The bend in the curve especially at low: pressures is due to a

transition from free diffusion loss to ambipolar diffusion 1oss of electrons .

t
from the'focal volume.  This transition was first observed by Brown and '

1

The weak depe ce of the'breakdown threshold on the initial.

d in Figure 8-3 and Fiéhre 8-5 makes it.very
easurements of the electron denaity from

threshold meaSuremen . A small error in the measured threshold will

_correspond to a large error in the density. On the other hand the thres—

hold: varies quite rapidly with the neutral atom density (see Figure 7- 8)

QXCEPt at very high preSSures (lO 000 Torr) Therefore, 1f the electron
density can be measured independently; neutral atom concentrations can be

obtained with reasonable aecuracy. Errors in the electron density will not
- .
be very critical because of the weak dependence of the threshold on it.

With the plate shielding the discharge removed the threshold was re-
measured at the time of arrival of the expanding shock wave “at the~focus
. \

The plate was removed in order to obtain measurements very close to the

diseharge; The results are ghown in Figures 8-4 (a) - (f) The thresholds

‘ without the plate are in genergl lower than- those obtained with the metal

shield. - Furthermore, it takes a longer time for the plasma to- decay.

These indicate a higher degree of,preionization without the shield. The
: g . ) .
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higher preionization may be due to more etficient use of the photons:

emitted by the discharge. The .effective photons may not be emitted

‘uniformly from all regions in the discharge but mainly come from particular

areas such as near the electrodes. . Fhotons from these areas may have been
e
B

' partially blocked by the plate. There are no- meaSurements of the electron

density due ‘to p radiation for this case because‘zhe probe cannot. be
exposed to uv, Therefore, it was. assumed that the electron density c0uld
be obtained with sufficient aceuracy from the measured thresholds. From
the known gas pressurevand breakdown threshold‘just hefore the shock, the

electron density can be"xead from Figure 8-5 which gives the theoretically'

.calculated thresholds as a function of the initial electron density and

»,pressure. Zhe electron density during the passage of the shock is then

assumed to be the same as ite value just before the shock. With this initial

'electron density and the new threshold in the shock, the gas pressure and

hence, the neutral density can betobtained from Figure 8-5. Interpolation

between two ‘curves may be‘necessary.

V\ 4
f

The pressure jump in the. shock has been measured previously (Chapter
V). Assuming the equation of,state of the gas is known (perfect gas) and

assuming further that Yy = 5/3, the gas density jump in. the shock can be

computed using shock theory. "The results are the solid lines in Figures(

8- 6 (a) - (c) The data points are from the breakdown measurements. It can

‘be seen that: for this case, breakdown threshold is a direct measure of the

'}

neutral atom concentration of the gas.

8.4 Breakdown Measurements Inside the Discharge

. ® o . .
The breakdown threshold when the laser was focused in the center of
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the discharge was measured as a function of time delay between the dis-

charge and laser pulses and the as preSSure The thteshold ratio can

‘ ! z
eXceed one” . This occurs when ‘there is a reduction in the neutral density

which in this case is due to heating of the gasx As the gas cools dowm,
the threshold slowly retutne'to its initial value. This can he seen in
Figure 8-7 whiph'depicts the measured thresholds at the center of the
discharge. This can also be seen in Fignre 8—4 (a; at approiimately 200us

after the discharge was fired. At this time the discharge has expanded

" to the region of the focus. Although there is also an increase 1in the elect—

ron density as the discharge expands into the focal volume, the effect of

the reduced neutral density predominates because of the weak dependence of
the threshold on the initial ‘electron density. | .
From the measurements and the knOWn‘electrOn:density (Chapter IV) the
neutral atom concentration in the discharge can be computed and compared
with the results of the interferometric measurements . This is shown in

Figures 8-8 (a) - (c) Also shown in the figure are the expected neutral

densities if equilibrimm is assumed with a temperature equal to ~Te obtained

- from the absorption experiment.

It'can/be seen, from Figure 8-8 that the computed neutral den81ties

from. the breakdown measurements are consistently smaller than those obtained

-

" from the interferometric or absorption-measurements. This may be due to

} » %,
the difficulty in vigually observing the laser‘spark superimposed on the “

bright arc discharge. lnufact, only the tail of the spark which comes out
of the discharge is observable. It is then very probable that the thresholds

obtained were larger than the actual thresholds; more energy is required

_to produce a spark which can be observed amidst the gééght background This

3 . N
sets a limitation to the technique which could possibly be overcome if the



threshold were defined in a different manner. The most likely candidate

. for this would be a measurement Oof the transmitted laser pulse.

8.5 Discussion

The preceding sections indicate that cascade breakdown can be used
.to measure eiectron and neutral atoms'densities in rapidlyuchanging
.plasmas. it is more effective in cold, low density plasmas (e.g. photo-‘
plasmas) where radiation does not interfere with the observation of the “
spark. . ' . .

If breakdown is used to measure eiectron densities (provided the
'neutral density is known), the uncertainty in the results will be large -
because of the very weak dependence of the threshold on the initial density.

Therefore, breakdown possibly gives only order of magnitude estimates.

the electron density is known, rapid changes in the neutral gas

160

density can be monitored by obeervipg changes in the gas breakdown threshold.

Since ¢ mr% n %- the threshold is more gsensitive to changes: in n_ than

n d
‘n. The reSults will be in’ close agreement with measurements using other

well known techniques as long as there is no difficulty in observing the

laser spark. The uncertainty in n obtained will approximately be of

7

the order of the uncertainty in ¢- since ¢ v %— .
n -«

o Aside from the limitation of the technique to non-luminous plasmas,
the magnitudes of the electron and neutral density will impose limitations
on the practicability of using breakdoﬁn as a diagnostic. For very high

. initial electron densities (= i016cm—3), it would'be very difficuit to

control the incident laser energy to obtain probabilities of breakdownlbetween

OZ and 100%. An absolute limit to n is, of course, n . Furthermore,

since avalanche breakdown is aSSumed to take place, only neutral densities
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PR s
17~ , ’ :
greater ‘than = 3x10 3 (p = 10 Torr) can be measured. At very low

pressuras avalanche breakdown does mnot occur. ‘ _g—

_As an example of the use of breakdown to determine electron and
neutral densities, the breakdown threshold of" Ar at a preSSure of 600 Torr
was measured 8 mm from the cenger of the discharge. This is shown in
Figure‘§“2\-§isz,fié measurement was performed at.a distance much closer
than those reported in Figure 8* 4, effects of the discharge expanding into
the focal volume should be observed. Measurements of the threshold at other
pressures and at slightly different distances dee similar results. The
events that take place in the focus are as follows: For very ear‘g times
the discharge emigsion photoionizes the‘gAS‘which will be detected as a
1owering in the threshold. The dlscharge creates an expanding. shock which
passes’ through the focal volume approximately two mlcroseconds after the
end of the current pulse%' This is observed as a further lowering in the
threshold Meanwhile, the discharge itself is slowly expanding. "At'approx—
"imately ty = .150us the hot, discharge has expanded up to the focus The
higher temperature means a slightly lower gas density compared to the back—
ground density and a slight increase in the threshold is observed. The
electron density will also increase at this time but the effect of rare-
 factionm is more pronounced._ As the gas cools, the electron density decreases

and the gaS‘density increases. The threshold gradually approaches‘?ts value

without the discharge.
The electron and gas densities determined from the thresholds shown
in Figure 8-9 are dlpicted in Figures‘S -10 (a) - (b). From ¢t = 150 to

400yus the electron densities were obtained from the probe measurements The

initial decay of the plasma {s recombination-controlled with a recombination

-10

coefficient of 3x10 " cm /s. The electron and neutral atom densities



/

follow the quéi‘itative‘ picture 61smssed -above.

Fiﬁally, the photoplasma deﬂ;it§ at td-O obtained from the breakdown
medsurements was“plotted versus distance from the discharge as shown in
Figure 8-11. 1In fhis case, the neutrai densiéy will be equal to the
ambilent gas density. As ih thelgyevious proBe measurements thé variatién
of the initial densityywith distance is not incompatible with an r_4

dependence as shown by the solid lines in the figure.
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LASER PEAK POWER (Wem™2)
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Figure 8-5 Computed Laser Peak Power at Threshold as aJ'

Function of the Initial Electron Density
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CHAPTﬁR X

SUMMARY AND CONCLUSTONS

i

"The effects of changing initiaf values of the electron and neﬁtrnl
densities inthe 002 laser induced breakdown of argon has been studiced
expcfimentally and theoréticnlly. In particQIar,.the thresholds were
measured when the laser was firgd in qonjunction with an eélectric discharge
similar to Ehose use5;Tn\uﬁv preionized lasers: The‘experimen;al setup
consisted éf a COz.lasef—ém iifier system, a breakdown chamber, énd the
electric diséharge preionizyr.

The charagﬂg;IEtigﬁfg% the laser system were pﬁesented. As well,
the electrica{/iharactefistics of the.discharge'were studied and the energy
in the dischgrge converted to mechan¥cal energy was measured.

The.levelef preionization dye o uv photons from the discharge
‘was measured with a rotatd Langmulr probe. To iﬁCerpret the experimental
data, present thgory'on convection currents to probes as published in the
litergture was extended. The radial deﬁeﬁhencelof the‘measured photoplasma

. . . Co ok ‘
density was not incompatible with an r dependence which seems to indi-

cate a two-photon ionization mechanism. This problem 13 beyond the scope

Y
of the bresent work and points to the need to study thé photoionization
process faking place in‘gregter detail.

The electr&h and neutral densities'in tﬁe'discharge were measured
usiﬁg iﬁte?ferbvetric and prgge techniques. A CO2 laser and a He-Cd
laser were used as light sources in thé interferometric investiga;ions. Ry

virtue of the long wavelength of the CO2 laser output, the fringe shifts

observed in a Mach-Zehnder interferometer directly yielded electron densities.

. - 187 o as ‘



\
The probe was used to determine the electron density later in time. The
. : \\

decay of the plasma was recombination controlled.

An absbrptiog experiment was set up to determine the eléctron t emp-
erature. The'plasma was found to cool much more rapidIy than wéuld be
expected from heat conduction losses. This indicated that other heat loss
processes were occurring, most probably line radiation.

A cascade model of the breakdowﬁ’;:géksc\yasldeveloped taginé into
account the iégpr pulsé shape, dtff\éaxﬁf_losses, elastic and inelastic
collision losses, and vafiable collision frequency. Numerical calculations
were perfofmed based on this model and the breakdown thresholds were
' ca1cu1ated as a fﬁnction of the initial elgctron density and the gas
pressure. The large l;wering in the thresholds in -the presence of a dis-
cgarge was seen to be due to sufficiently high uv preionization such that

the main 1oss mechanism in the breakdown procéés was ambipolar diffusion.
The Eransition from free.to ambipolar diffusion loss typically occurred
around n = 10 lcm—Br -

Tﬂé breakdown thresholds were &etermingd both inside and outside the
discharge.: Thresholds were a%so measured without preioﬁization. In fact
the result;\of the measurements without pfeionizétion were used to check
the validity of the céscadé model discussed above. The gas was first con-—
ditioned.tO'ensure that the measured thresholds were true avalanchedthresho
A comparison of the meésured thresholds with preilonization and shock comp-
ression with theoretical prédictions was made and there was generally
reasonable agreement. This further supports ‘the cascade theory of laser
induced gas %reakdown. :

When the laser was focused in the discharge, a"diécrepancy between

theoretical and experimental thresholds was observed. This was attributed

%_'J » '

)

™~

{
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Itowonbd he interesting to study they breakdown process fo the o

prosance of weaker discharges soach oas o plow discharpes, Here the Tiyho omr be

from the placama mav Te weal enouph o so that the problem ot gecine the pard
will T non existeht . The study ot the dictribat ton ot the photons v bng

tondzation cmitted by the diacharpe shoabd be pursoned ot b

. 3
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APPENDIX

THIS PREOGRAM SOLV™S THE RATE FOUATIONS POR T!UF ERLECTRON DEMSITY

ARD TWF ELLCTRON IFFMELLATUNE wHICY DTZSCRISE Tup BUILDUD IN -
TE® FOCUS GF A LENS DU TO A LASER BEAM. FNFKGY IS GAINCD. PROY '
TH: WADIATION P1l. LD VIA oLUTFON-NLUTRAL INVPISE 3SREMNSSTRAILUNG.
PARTICLY LuUSS MLCUANISKF IS DIPPUSION OP ELTCTRONS OUT OF TiZ@

FOCAL VOLU 4. E4SRGY IS LOSYT DOT TO DIPFUSION, -ELASTIC COLLISION

AND INLLASTIC COLLISIONS.  RFCOMBINATION,RADIATION, HYDRODYNAMIC
EFPPECTS,COLLISIOHS OF 1R SL{UND KIND, AND IONLwATION OF EXCITED
STATLS ARE S53LuCTRD TN THE CALCULATIOW. DBREARDOWN IS.DPPIHLD AS

THE ATTLINMINT OGP AN LLECTLON DENSITY IN TEYZ FOCUS FQUAL TO ’ B
NR=9.UE13*Dk WILRE Tk 1S THE GAS PxESSURE IN TORR.

PLECTRON-ION DENSTTY . .

NT =

NB = DPEMSITY AT BHEAKDOWN a . N

DB = BACKGHROUMD } LFCTKON DENSITY : :
DL = DEPFUSION LENGTH '

PR = GAS PKESSUXZT IN TONR

£1 TIONIZATION pQOTENTIAL IN FV
EX = EXCITATIOY “5Fho) IN EV

PEAX = PEAK LASKY2 DPOWER IN u/crt‘z

DIV = CONSTAST .

TPRES = PHESSNT TIME

TT = PLTCTPON. TLNPERATULE IN EV

TCOUNT = COUNTER ; .
R = RADIUS UF FOCAL SYOT )
A = POCAL ALFA

FNEKGY = LASTR PULSE ENERGY

o

-EXTERNAL GAIN, SINK, KELOSS, HEAT, DPOWR

REAL NT, NB

coMmoN DR,DL,PR,LI,EX,PMAX,DIV
PR=4000.

PMAX=1.46L8

NT=1.I5

TT=.025

TPRES=0.0

brv=1. ' =
ICOONT=1 -

NBE=9. UL 13%FK ‘ -

DL=6 .71 -3

Ex=11.%

EI=15.8

R=.01

A=1.57E-4 :

ENEKGY=1.16T-7*PPAX®A

PRINT 101é@2;kx, INLRGY

PRINT 1C0 ,NT,TT,NB,DIV.

KT=NT/DIV

DB=NT . . ;
NBE=NB/D1V ‘

CALL FD(TT,NT,TPKFS,NEAT,ELOSS,GAIN,SINK,POYR, NB)

STOP

FOKMAT (*0*,5X,B14.7,P16.7,216.7,F14.7,L14.7,E14 .7, E14. ]
FORMAT (*0°*, ' PMAX=", £14.7, 'ENCRGY=?, 214.7)

END

198
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. SUBKOUTINE FD(TT ,UT ,TPLES ,JEAT, ELOSS,GAIN,SINK,'U4R, BL)
SUBROUTIKE PD SOLVES T.u SE1 0¥ DIFPPEENMTIAL FDUATIONS POR THE
SLECTRON DENSITY AxD TPNPERAMTURE. TIME STEP SI4T IS FQUAL TO W
CONTHOL IS RETUNLNED 10 MAIN PYOGRAM IF THY LLICTRON DENSITY
EOUALS OR UXCEEDLS %R OF WHEN THFE PARTICLE LOSS TER® ®ACELDS
TH: PAYTICLL GAIN ThHiM. FUNCTIONS GAI4 (PARTICLIs GALLN), SIEK
(PARTICLI. LOSS), !2a® (.L.NLRGY GAIN), AND =LOSS (ENERGY LOSS) ARE
CALLED IN_ THE CALCYLAR1LIONS. )
" REAL NT -
COMMON D©T,bL,PR,FI1,EX,ENAX,DIV
W=1.2-11 . -
1=0
PRINT 100
TPRES=TPRES+W
DTEMP=NT i :
TTENP=TT .
1 PONHEPOWK (TPKES, 'MAX
1=1I41 . )
DO 10 1L=1,2 R Do ~
D1=GAIN (TTLFP,PR) -SINX (DL ,DTZNP,TTERP, CR)
C1=H£AT(PR,TT£HP,PO&)—FLOSS(TTPHP,DL,&R,EI,BX,DTKHP)-TTBHP‘D1
IF(DV.LT.0.) RETURN . : :
TTEMP=T1+¥W*C1 ) .
DTEMP=NT/ (1.—4#D1) . -
. 10 CONTINUE ) - ’
NT=DTEMP L
TT=1TMP
TPRES=TLFRFS4+W
" IP(NT.GT.uD) GO 70 11 ) '
IP (TPRES.CT.3.E-7) E:TURN
IF(I.L1.100) GO TO 1
“I-‘-O' ) .
NT=NT*D1V
PRINT 101, 1PRES,NT,TT,C1,D1 N
RT=NT/D1V S '
{60 TO 1
PRIKT 102, 1TPRES
RETUEN . : - .

100 FOKHAT('1',LX,'TIH?',9X,'DEHSITY',SX,'TLHPERATURE',bx,'EGAIN',
15%,*PGAINY) - ' . , ;

101 POERAT(*0%,5514.7) ‘ o ‘

102 FORMAT('1°,*PREAKDOUN LEFORL THE END OF LASFR PULSE',5X,
1eTImE=",L14.T) -
ERD ' .

PUNCTION }LOSS(TT,DL,P,UI,FX,DE) .

PUNCTION ELOSS CO{PuTES THE FNEHGY LOSSESe DUE TO TORIZATION, .

EXCITATiCN, DIPFUSIUN AND PLASTIC COLLISIONS. THERE XIS A GRADUAL »
" TRANSITIONM FRO4 ¥REE DIFPUSION To AMSIFOLAR DIFFUSION SIPILAR :

TO TYY THAT DONF BY ALLIS AND ROSE.

S = HATLO OF RLECTRON FOBRILITY TO 10K MOBILITY :

THE PATES HAVE STAN OBTAINFL. BY AY AVERAGING T PROPLE TXPRESSIONS

OVER A PEXWLLLIAY DISTRIBUTION. A N RIGHT ORDER POLYNOMIAL | Y

YAS SEEN -FITTEL 1NTO TUESE NUMERICALLY OBTALNED RATES AND OSED

BFLO» (E1,E2,E3,58) ) C

CorMON O,A,d8,;C,D,PURX,LLY

pOUBLE PRECISION E1,F2,%3,E4,T ,%,S5.5%,22,DL

DB=Q .

. DR=DFs*DIV S

7 T=1T
$=270.

annonaaqaaan



T=Dr4LL**2/T
CIF(NL.LT.1.P0) GO Tt 30
IP(X.LT.5.510) GO T0 40
X 1=ALOG (X) .
P =.0194+1./(X1437.20)
GO 10 50
30 F =1.0693069* (X*s (-.0291C24))
GO TO 50 .
40 X1=1L0C {X) s ; .
F =-22.u0979119+u.05999&075tx1—.235u7ﬁ71u6tx10x1o.00u1uuo3793tx1
1¢23 :
F=EXP (P)
50 CONTIMUL
DE=DE/DIV .
4 IP(r.CT..09) GO TO 2 ) . .

1 E12-50504.62565+ 14710138 .06 *T* (1.-n2.095613134T* (1.-8..00271858
TETH (1.2 145, 0273UUSHTH (1.-31.0712430T+T#(1.-13.26317363>71* (1.~
26 413112570%74 (1.—2,.S50T9T73294T))))))) :

E1=%1% (1.-L3/DE)
E2=159.SQES7US-34hbb.17u7‘T'(1.—70.85201160‘1‘(1.—25.545303HQ#T*
1(1.-10.6763309T+T% (1.+1.022064H224T+ (1.-125.90071234T* (1.~
2B .9667bLUAUR®TK (1, —2,96568T535%0)))))) ) ~90.3430225 :

13 E326.09L7% (U U2F-UsT+ 1V 0T #T+ 1, 0S#T#3=_ 074 ¢4 #83) $DFXP (~ 5.8/T)

10(-U07.2‘T-15.1‘T‘T0.7JH‘T?‘30.07Q‘T“h)‘DdXP(—QO./T))/(T‘*\.S)
F4=3.39E10#DAKF (1.=11.5/T) / ((L*%1.5) *((1.411.5/T) **2))

GO TO 3 ' ' N .

2 B1261936.047F15427525706.06%T% (1.-1.9N600 18631+ (1.-1.036365552%
1T'(1.-.6171E429~*T‘(1.—.391566672‘1t(1.—.25“2&“796‘?‘(1;—
2.16U816326%T2(1.-.10245568902T% (1.~ 5797172647 * (1.-.025022737+T
Ny o : .

B1=£1* (1.-Ln/DF) ’ D
B2:24.97R5% (T2 1.5) % (1./{(1-+.0058T)*#3) —1./((1-+:71537) 323))
1-90.3438225 ’ . '

16 E326.60L7% ((4.U2P—44T+ 114 T4T+ 1,05+ Ta43— 07usT*8L) D LY (-
14(-uO7.2*T—13.1‘r°To.735‘T‘*3+.07U‘T“U)*DEX?(-UO. TY)/
FU=3.292 108D X (1.=11.5/1) /((T*#1.5) * ((1.411.5/T) *»

3 BLOSS=P#*L1/ (P*LL#%2) + [ Z*#P4C3sLI*P+ZUsPrEY :
ELOSS=ELOSS*2./3. . :

RETUKN / -

END :

FUNCTION_ UEAT(P,TT,PW)

DOUBL} PRECISION G,T

.

COMMON Db =
T=TL
IP(T.G1..09) GO TO 2
"16 =.005262611632—1.37627U56“*T‘(1.—9“.70036753*T*(1.-

‘1“3}37330&87*[*(1.—23.991“4523‘?‘(1.—15.2132&39§*T‘(1.—9.201797018
2‘1‘(1.-5.128126&03'T‘(1.-2.196"35630‘T)))))))~ :

HEAT=G .
GO T0O 3

2°G . =.255% (T#%.5) *(1./((1.4.085%T)*#3) =1,/ ((1.+4.3152T) *13))
HEAT=G '

3 HEAT=HEAT#P*rW*2./3.
RETURN
END -
PONCTION SINX(DL,DY,TT,P) _ :
cormou ¢,A,5,C,0,DAX, DIV : S
DOUBLF DEECISION AY,2,5,5%,2%,T,DL ®
DB=¢ . '

DE=DE*DIV
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)

9

\ <
=TT
=270.
X=D {¢DL#*2/T

“ 1P (s .LT.1.%4) GO TO 30

30

80

50

q
1

2

3

IFP(X.LT.5.81)) Gu TO W40

X1=ALOG(X) »

P =.0194+1 ./ (XK 1437.26)

GO Tu 50

F =1.0693009% (X*#* {-.0291024))

GO TV 50 o y -
X1=ALOG (X) . - i

P =-22.4097911944.0599980758X1~,2354787146%X 15X 1+.004 144637931
1453 ¥ a :

F=EXP (F) ’

CONTINUZ :

DE=D:/DIV - o

IF (T-GT7..09) GO TO

A1=-4U0LUG 2602493687505 5¢T% (1.-67.8196668* T+ (1.-16.56933631+T*
1(1.*“8.10972R9S‘T‘(1.-33.32996h62‘T‘(1.-1&.037H2B13‘T‘(1.—
26.60221000U*1* (1.-2.600287366%T1)))))))

A1=A1% (1.-DE/DE)

GO TO 3 - s
A126071192.953 +43257636.95%T% (1.-2.623E60189% 1+ (1.~1. 133833983+ T*
1(1.~.6“5h69502‘1‘(1.—.001631116‘T‘(1.-.2583“"115*T‘(1.-.16u187809
2674 (1.-.103223h99 *T% (1,-.05: 254988+ T* (1.-.025123106%7)))))))))
Al=A1* (1,.-DD/DE)

SINK=A 1#P/ (D* (DL*%2))

RETURN

END

PONCTION GAIN(TT,P)

COXMON DB )

DOURLE gRZCISION G ,T

T=IT .

.

~ G=P#6.69ET® ((4.421-U%T+1]. 4¢T*+T+7.054T+%3-L074%TesU) #DEXDP (~15.8/

1T)0(-u07.24T—15.J#T“2+.739‘T"30.07H‘T#‘b)*DEXP(—MO./T))/(T"1.5)
GAIN=G ' :

P=0. .

G=P# 3, 3GE104DEXP (1.-11.5/T) / ((T*#*1.5) *((1.+11.5/T) #22})
GAIN=GAIN+F*G

RETORK

END .-

PUNCTION POWER(T1,F3AX)

COrMON DB

T=T1 R
IF(T-6L.E-R) 1,1,
POWR=DPMAX*1/6 .E~
RLTORY
IF(T-1.2F~7) 3,3,4

POWR=PMAX® (-0.b%[/6.E~841.6) .
RETURN

1F(T-1.6E-7) 5,5,6 -

POWR=0.4*PFAX

RETURN : )

POWE=PMAX* (-0.4%T/1.4E-T+6./7.)

2
B

RETUEN
END
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