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ABSTRACT

The interaction of high—power pulsed lasers with plasmas has
received much attention since the possibility of heating plasmas to
thermonuclear temperatures was first suggested.
In this experiment, the absorption of CO2 laser radiation by a
plasma due to inverse bremsstrahlung was studied. The laser was shot
into a plasma formed in an electromagnetic shock tube. The laser %
energy was approximately 0.3 J in a 180 ns pulse. The plasma had =

® and a temperature of about

density in the range from 107 to 10%*%cm
2eV. Spectroscopic methods were used to measure the plasma density

and temperature both with and without laser irradiation. Direct

observation of the path of the laser beam through the plasma was made é
using an image converter camera in conjunction with a narrow band

interference filter. The propagzation of the laser through the plasma

. and the energy absorption are discussed. The observed maximum increase

in the electron temperature of tha plasma due to the lasex was 0.%4eV.




Acknowledgements

The author wishes Lo express his sincere thanks to Dr. P.X. John
for his guidance and encouragement throughout the course of this
investigation.

He also wishes to thank Dr. E. Brannen and Dr. Z. Kucerovsky
for helpful suggestions in building the laser, and to Dr. E.A. McLean
for informative discussions on plasma spectroscopy.

Special thanks are extended to Dr. W.W. Byszewski for useful

discussions.







TABLE OF CONTENTS

CERTIFICATE OF EXAMINATION . . . . . . . . . . . . ..
ABSTRACT . . & - & ¢ v v v b e i e e e e e e e e e
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . ..
TABLE OF CONTENTS . . . . . . . . . . . . . . . . ..
LIST OF FIGURES . . . . . . . . . . . o o o« o
LIST OF TABLES e e e e e e e e e e e e e e e e e e
CHAPTER 1: INTRODUCTION . . . . . . . . . . . . . . .
1.1 General Introduction e e e e e e e e

CHAPTER 2 A: THEORY OF ABSORPTION OF LASER RADIATION

PLASMA . . . . . . o (. o v e e ..

B: SPECTROSCOPIC DETERMINATION OF ELECTRON
DENSITY AND TEMPERATURE . . . . . . . .

2.1 Introduction . . . . . . . . . . . . . . ..

2.2 Calculation of the Inverse Bremsstrahlung

Absorption Coefficient foxr a Plasma . . . .
2.3 Anomalous Heating of a2 Plasma . . . . . . .
2.4 Density Calculations . . . . . . . « . . . .
2.5 Temperature Calculations . . . . . . . . . .

CHAPTER 3: EXPERIMENTAL APPARATUS
3.1 The Carbon Dioxide Laser . . . . . . . . . .
3.2 The Electromagnetic Shock Tube . . . . . . .
3.3 The Detection System . . . . « . « « « « « .
3.3.1 Plasma Light Detection . . . . .

3.3.2 Llaser Beam Detection . . . . .

vi

Page
ii
iidi
iv
vi

viidi

10
12

46
54
54
58




4.1
4.2

(93]

I~

4
A
4.
4

N un

5.1
5.2

w
w

wn W
wn N

APPENDIX

VITA . .

CHAPTER '4:

CHAPTER 5:

REFERENCES

PLASMA HEATING BY THE LASER

The Experimental Set-Up

Alignment of the Detection Optics

Synchronization of the Plasma and the Laser

Plasma Diagnostics . .

Heating of the Plasma by the Laser .

Photographic Observation of the Path of the Laser

in the Plasma . . . .

ANALYSIS OF THE EXPERIMENTAL RESULTS

-

Absorption Length and Temperature Changes.

Energy Necessary For Temperature Changes

Laser Energy Loss Mechanisms -

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6
5.3.7
5.3.8

Refraction of the Laser Beam

Laser Beam Reflection

Laser Scesttering

Thermal Conductivity of the Plasma
Radiation Losses Due to Bremsstrahlung
Losses Due to Recombination Radiation

Line Radiation Due to Impurities

Plasma Expansion

Expansion of the Plasma

Conclusions and Suggestions for Further Research

VALIDITY OF LOCAL THERMAL EQUILIBRIUM

-

.

.

-

.

-

-

63
63
66
71
71
98

131
139
141




Figure
3-1

3~2

3-9

3-10

3-11

3-12

3-13

LIST OF FIGURES

Description
Schematic of the carbon dioxide laser
Photograph of a section of the helical laser
electrodes
Lower vibrational levels of the carbon dioxide
molecule and the nitrogen molecule
Vibrational modes of the carbon dioxide molecule
Laser output power as a function of time
Schematic diagram of the laser charging and
discharging circuit
Circuit diagram for the trigger gemerator
Tae discharge current through the laser and the
output power of the laser as a function of time
Schematic diagram for the shock tube charging and
discharging circuit
Schematic diagram of tre shock tube and the
interaction chamber
Paths of plasma particles before and after the
incident and reflected shock according to simple
shock theory
Photographs of the plasma at various timés during
its developement

Circuit diagram for the voltage divider base for

the photomultiplier

Page

27

29

32

34

36

38

41

43

45

48

53

56




Figure

3~14

4-1

4-3

4-5

4-6

4-7

4-8

4-9

Description

Schematic diagram and photograph of the photon
drag detector

Schematic diagram of the experimental set up
for the heating experiment

Block diagram showing the method of synchro-
nizing the laser and the plasma

Circuit diagram for the time delay unit used in
synchronizing the laser and the plasma
Intensities of the Hel line at 5876 & and the
Hell line at 4686 Z as a function of time
Stark broadened line profiles of the Hel line
at 5876 A and the HeIT line at 4686 A

Graph of the intensity ratio of the Hell

(4686 g) line to the Hel (5876 g) as a function
of temperature

The electron temperature and electron density in
the reflected shock as a function of time after
passage of the reflected shock.

Line profiles of the SiIIl line at 4553 K and
the SiIl line at 35979 X at various times after
passage of the reflected shock

Intensity ratio of the SiIll (4553 X) line to

the SiII (5979 K) line as a function of

temperature

Page

60

65

68

70

73

75

77

80

85

88




Figure Description Page

4-10 The electron temperature and density in the

reflected shock at times measured after

passage of the reflected shock 90
4-11 Schematic diagram of set up used to measure

temperature and density of plasma in the

sidearm and to photograph the path of the

laser in the plasma 93
‘ 4-12 Electron temperature and density in the sidearm
d plasma as a function of time 95
4-13 Typical oscillioscope traces of silicon line
signals and laser pulse: the dotted lines

represent signal levels without laser
(intensity increases in the negative direction) 97
4-14 Change in the intensity of the SiIII signal

with the laser operating in the long pulse mode 100

o

-15 Intensity of the silicon lines as a function of
time both with and without the laser: the
primed gquantities refer to SiIIl 102
4-16 Electron temperature in the reflected plasma in
the main shock tube before and after laser
irradiation 104
4-17 Variation in the intensity of Silll line
(4553 X) radiation with temperature and density

for an LTE plasma 107




Description

Image converter photographs of the reflected
plasma using SiXII line radiation (a) with mo
laser (b) znd (c) with lasexr beam, diameter

3 mm; (b) gap width 4 am and beam centered at
the gap; (c) gap width 7 mm and beam displaced
with respect to the center of the gap, almost
touching the reflector.

Image converter pictures of the plasma in the
sidearm using SiIII line radiation; (a) without
laser and (b) with laser; framing time 0.5 us
Absorption length £ of the plasma in the main
shock tube before laser heating and the
fractional increase in temperature AT/T due

to the laser

Schematic diagram of cylindrical section of

the plasma through which the laser passes;

x, is the original radius and r is the radius

after expansion




Table

2-1

2-3

4-1

LIST OF TABLES
Description Page

Stark broadening parameters for the Hel

line at 5876 A 15
Reduced Stark profiles for the Hell

line at 4686 A 18
Values of the function C(ne,Te) as a function

of n, and Te for the line Bell (4686 X) 20

Suitebility of various silicon lines forx

heating measurements 83




The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




CHAPTER 1: IKTRODUCTION

1.1 General Introduction
The problem of controlled thermonuclear fusion has provided mach

of the impetus to the study of plasma physics, since the achievement

of a controlled thermonuclear reaction would provide a virtually

unlimited supply of energy. 1In thermomuclear fusion reactions the
nuclei of light elements combine to form heavier nuclei and results
in the release of large amounts of nuclear energy. Since nuclei are
positively charged, they repel one another. Therefore in order for
the fusion reactions to occur the nuclei must have kinetic energies
large enough to overcome the Coulomb barrier between them. The
reacting elewments must therefore bz heated to a high temperature and
confined for a time long enough for the thermonuclear reactions to occur.
In the case of deuterium and tritium the temperature must be ~&keV
before the energy gained from the fusion reactions exceeds the loses
due to bremsstrahlung radiation by the electrons. This temperature is
called the iguition or breakeven temperature. For the fusion of
deuterium alone a temperature of ~33keV is reguired. These high
temperatures are the veason why fusion research involves plasma physics

since at these temperatures all matter is in the plasma state.




The problems involved in achieving a fusion reactor can be

divided into three categories:
1. Plasma heating
2. Plasma confinement
3. Fusion technology

This work will only be concerned with the first category, namely
plasma heating.

Heating of plasmas can be accomplished by a number of methods [1]
some of which are listed below.

1. Obhmic heating. This is the heating of a plasma by the
passage of a curreat through it.

2. Adiabatic compression.

3. Beam-plasma interaction.

4. Magnetic pumping.

5. Shock heating.

6. Laser heating.

The last mentioned method, laser heating is the subject of this
work.

Some of the first theoretical bases of lasex heating of plasmas were
investigated by Dawson et al [2,3] and independently by Basowv [4].

As a laser beam propagates through a plasma it is absorbed resulting in
an increase in the plasma temperature.

At very high laser light intensities the laser can cause instabili-
ties in the plasma which can result in enhanced absorption of the laser
radiation [5,6]. However high densities are required for these effects
and thus if the plasma is being confined magnetically as most fusion

plasmas are, then the magnetic fields required are far beyond our present




technology.

At lower intensities the laser light is absorbhed by classical
inverse bremsstrahlung, which is the resistive damping of the light
wave due to electron-ion collisions. This process is linear in the
laser intensity.

The absorption coefficient for inverse bremsstrzhlung is given

by [7,8]
g = 4.4 x 10_37n62R2Te_%/2cm_!. (1-1)

where n_ is the electron demsity in cm 3

, X is the laser wavelength in
microns and ‘I‘e is the electron tempevature in eV.

Two of the lasers which are currently being investigated with
regard to laser heating are the neodymium glass laser, emitting 1l micron
radiation and the carbon dioxide laser which emits 10.6 micron radiation.
Examination of equation (1-1) indicates one of the advantages of the
carbon dioxide laser. The absorption coefficient depends on A? so
longer wavelengths are absorbed in a much shorter length in the plasma.
In addition carbon dioxide lasers of high power and high quantum
efficiency have been built. Energy ocutput of -~10kJ per pulse have been
achieved. Tiie guantum efficiency of a carbon dioxide laser is 49?
and efficiencies of about 25% have been obtaired in practice.

Since the zbsorption coefficient also depends on naz, it is
desirable to have a large density in order to have the laser light

absorbed in a reasonable plasma length. However an upper limit is also

set by the requirement of magnetic confinement. The magnetic fleld

necessary to confine the plasma increases as #he so 0, is limited by our




ability to produce large magnetic fields. In the particular case of

CO2 laser radiation the density cammot be greater than 10'%cm ? in any
event since for densities above this critical demsity the laser radiation
is reflected at the plasma boundary. For reasonable plasma lengths,
the CO2 laser can effectively heat plasmas in the density range 10 7em?
to 10*%cm ?

It should also be noted from eguation (1-1) that the absorption
coefficient decreases as the three halves power of Te, so that as the
temperature of the plasms increases the laser becomes less efiicient at
heating it. Since for fusion purposes it is not desirabie to keep Te
swall fusion plasmas will likely have to be rather long z2nd as dense as
possible.

In summzry it is the long wavelengih, high power and high efficiency
which make the C02 laser attractive for fusion experiments.

The first results obtained in laser-plasma heating were reported

by Engelhardt et al [9]. since then 2 number of authors have reported

work on laser heating of plasmas with varying degrees of success [10,11,

12,13,14,15].
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CHAPTER 2

A: THEORY OF ABSORPTION OF LASER RADIATION BY A PLASMA

2.1 Introduction
The theoxy of laser beam absorption can Je divided into two main
sections. The theory of classical inverse bremsstrahlung absorption
will be discussed in detail in section 2.2. Most of the experimental -
work performed to date has involved inverse bremsstrahlung and it is
this'type of absorption which applies directly to the experiments
described in this work. All absorption mechanisms not involving
classical inverse bremsstrazhlung are referred to as anomalous absorption.
Anomalous absorption plays a particularly important role in laser-

pellet fusion experiments but is not as important in laser-plasma

fusion. Some aspects of anomaious absorption will be briefly discussed
in section 2.3. -
2.2 (Calculation of the Inverse Bremsstrahlung Absorption Coefficient
for a Plasma é
When electromagnetic radiation enters 2 plasma it causes the
=lectrons to accelerate. The electrons collide with the ions in the

plasma which randomizes the clectron wmotion resulting in the energy of the




wave being inverted into thermal energy of the electrons. We start

with Maxwell's equations, in MKS units.

V-E = p/eo (2-1)
V.3 =0 (2-2)
TE = - %% (2-3)
VxB = :1:-2— %% + UoJ (2-4)

We can a2lso write Langevin's equation for 2 plasma
m— = - e[E+uxB] - my_u (2-5)

where u is the average velocity for the electrons, m is the electyon
mass ang Vo is the average number of collisions per second which an
electron has with the ions in the plasma.

Solutions to equations (2-1) to (2-5) are sought which have the

following form

Ex,t) / E
B(x,t) = i B ei (kx-we) (2-6)
ulx,t) \\ u

where k is the propagation constant for a wave travelling in the

x¥~direction, and & is the angular freguency.




In Langevin's equaticn (2-5) it is generally possible to neglect

the uxB term ciuce it is 2sually much less than the E term. Since

B = kzg, the magnitude of the uxB term is always less than !ugﬁl

vhereas the E term has the magnitude |E|. Therefore uxB can be neglected
provided [u[<<|m/k|. Usually, w/k, the phase velocity is of the order
nf ¢ wvhereas u is much smaller.

By substituting equation (2-6) into equatioas (2-1) to {2-5) the

following equation can be derived.

2

— — 2 ¥
Vx(VxE) = [u

o L
c c (m+1vc)

nez

vhere w 2 =
4 meo

wv is the plasmz frequency a2nd may be thought of as the frequency

at which the electroms oscillate about their equilibrium positions.

Replacing V by ik eguation (2-7) becomes

2

v

2
Tx(E) = - R(R-E) + x%E = + [©, - —IE
“kx(E) = - k(&-E) + ¥%E = + [2 ?Giivc)]li

For longitudinal waves kxE = 0 so from equation (2-8) one obtains

For all values of Vv, ® has a negative imaginary part, so the waves,

which are proportional to e~1wt are damped.
For transverse waves k-E = O and equation (2-8) leads to the

following dispersion relation




By defining the electron-ion collision time, Tc = l/vc, we have

P
k2¢? - w? + B =
&)71/0.{_

Generally uc<<w s0 (2-9) can be approximated by

Solving equation (2-10) for k gives

6w iw?
D Yz D

c 2ew(2-w 2)1/2T

2] c

k=% (

The intensity of the electromagnetic wave falls off spatially as
—Ox R e P i - :
e where the absorption coefficient & can be obtained from equation

(2-11)

mz

D
cwt (w2~ 2)1/2
c P

Tc’ the electron-ion collision time is given by [16]

372(KT )3/ %51/ v
e . R i8] )
ZZetn, . (vary 2)172

i n P




EoKT | . .
2 5 1is the Debye length and r__. 1is the minimum
n_e min

e
impact parameter. For Toin °0€ chooses the larger of the inverse

wvhere AD =

H
de Broglie wavelength ) or the classical distance of closest
& & vmKT

approach 65559. The dependence of T, on Vv is small and is usually

neglected.
Substituting =2quation {2-13) into equation (2-12) gives the
following expression for the absorption coefficient [8]

167Z%n n.efInA(v)
e i

a 3cv2(2nmexr)3/2(1—vp2/v2)¥/2

AD vp
r . (v 24ve)i/2
min P

Finally the numerical formula for the absorption coefficient with

n. =Zn_ and Z = 1 is
i e
¢ = 4.4 x 10—37n82A2Te_3/2cm_1

om
microns
electron volts

2
The factor (1 - —%f)lfz is important only when vp:s v and is neglected.

1.23x107Te3/2

n 1/2
e M

A= [17]
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Another useful concept is that of absorption length £. The
absorption length £ is defined as the distance in the plasma at which
the laser intensity falls to l/e of its initial dntensity.

Therefore £ = 1/0 cm or

2.3x103%T 3/2

po= ZAze — (2-16)

2.3 Anomalous Heazating of a Plasme

If the intensity of the laser is sufficiently intense, it can
drive low freguency instabilities in the plasma which amplify fluctua-
tions in the plasma to produce large amplitude ion waves. These waves
can cause a large increase in the high frequency resistivity of the
plasma resulting in much shorter absorption lengths for the laser and
consequently increased heating.

Ginsburg [18] and Hora [19] have shown that if a2 laser is
incident on a plasma at amn angle to the density gradient of the plasma
and if the electric vector of the incident laser is in the plane of
incidence then part of the electromagnetic energy is transformed into
electrostatic energy of plasma waves. These plasma waves are then
damped by Landau damping thus heating the plasma.

Another type of anomalous absorption is due to the large increase
in resistivity of the plasma when w~wp. The increased resistivity arises
because ion density fluctuations can couple the electiumagnetic wave
to longitudinal plasma oscillations. Strong ion density fluctuations
are necessary to make the resistivity increase significantly and these

strong fluctuations can be caused by the laser itself since it can




i1

cause instabilities in the plasma. One such instability is the
thermal instability first suggested by Xidder and reported by Dawson
[20]. Ton acoustic waves become unstable when enexgy is fed into a
certain volume at a rate faster than it can be diffused away.

Another type of instability investigated by Dubois and Goldman
[21], occurs when energy is fed into plasma oscillaticns faster than it
can be dissipated away. If the plasma freguency wp is close to the
incident laser frequency, ®w, then the two freguencies can beat
together and pump the plasma at the low frequency W, when wi = w-w
(wi is the frequency characteristic of the ion acoustic waves).

Also w and mi can beat together and pump the plasma at mp. Thus the
tlasma can become unstable at wp and wi. This instability is of the
tvpe known as parametric instabiliiies. Another parametric instability
occurs when u)?ﬁpr [22].

Various anomalous heating mechanisms are discussed by Kaw and
Dawson [20] along with the laser power thresholds required to produce
them. No anomalous absorption is expected for the low power used in

this experiment.




B: SPECTROSCOPIC DETERMINATION OF ELECTRON DENSITY AND TEMPERATURE

2.4 Density Calculations

The electron density in the plasma was measured using Stark

broadening of either or both of the Hel line at 5876.2311(1 the Hell
o
line at 4686 A.

The profiles of lines emitted by atoms or ions are determined
predominantly, at high densities, by the interaction ci the emitters
with the surrounding perticles. The interaction results in the lines
being broadened and is referred to as pressure broadening. There
are three types of pressure broadening. They are resonance broadening,
Van der Waals broadening and Stark broadening. Only Stark broadening
is discussed here since it is the main broadening mechanism when
ionization exceeds 1%.

There is one general theory of Stark broadening of which there are
two extremes; the impact theory and the quasi-static theory.

The impact theory assumes the emitting particle is subject to a
series of fast impacts. The wavetrain of light emitted by the particle
is broken up into a number of smaller wavetrains. A Fourier analysis

of these zhort wavetrains and statistical averaging over times between

collisions gives the intensity distribution of the line. It is usually i




Lorentzian in shape.

In the quasi-static theory the particle is considered to be
continuously under the influence of perturbers during the entire
emitting process. The perturbing particles are considered to bz
moving slowly.

The impact theory is used for electron broadening calculations and
the quasi-static theory is used for ion broadening. Both brozadening
theories are combined in the complete theory.

Shown in Table 2-1 taken from Griem [33] are the calculated

o
Stark broadesning parameters for the Hel 1line at 5876 A. w is the
electron impact half half width; d/w is the relative electron impact
shift and & is the ion broadening parameter. The widths W are in

Angstroms and their exponents indicate the power of tem by which the

entries must be multiplied tc obtain the electron impact half half

widths at an electron density ne' = 10'%cem 3. They are converted

to other densities n, by wultiplving by ne/ne'. The ion broadening
parameters ¢, are converted to other densities by multiplying by
(ne/ne')k. d/w is reiatively independent of the density. Using the
values from Table 2-1 the total half half width can be calculated using
the following formulae.

-n

1+ 1.750(1-0.751)w

dfw £ 2.00(1.0-0.75)w

_ mean distance between ions

Debye length

where




o
Table 2-1: Stark broadening parameters for the Hel line at 5876 A
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is

The above formulae are for neutral emitters. For singly ionized
emitters the .75r terms must be repiaced by 1.2r.

Griemn [33] alse zives what are known as reduced Stark profiles,
S(a), for hydrogen, ionized helium and hydrogenic neutral He lines.
o is a reduced wavelength distance given by & = AA/FO where Ak is the
distance from the line center (in X) and Fo, the Holtzmark field

strength, is given by

F_=1.25x 10" %a 2/3 (2-20)
o e
Fo is an average electric field in the plasma.

The tabulated profiles are normalized so that
oo
I S(e)da = 1 (2-21)
-0

Table 2-2 is taken from Griem [33]. It gives the tabulated Stark
o - 3 -

profiles for the Hell line at 4686 A. The most accurate way of determin-
ing the density is to use the table to plot the Stark breadened profiles
of the line for various combinations of temperature and density and
see which graph fits the experimental data the best. .

A simpler method that works well is to use the formula for the
half width Bk% of the profile given below.

o 273
By, = 2.5 x10 g0 g (2-22)

2 e

As an example suppose we wish to firnd the width of the Hell line

o
at 4686 A at an electyon temp rature of 40000 K and a density of




o
Table 2-2: Reduced Stark profiles for the Hell line at 4686 A
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Table 2-3: Values of the function C(ne,Te) 2s a function of

o
n, znd Te for the line Hell (4686 A)




20

G049 | L0Lx406 | 0L %G9 00008

LOLXY2'9 | 0bxL8'6 | 0LxLE'L | 0Lx4Z | o,0Lx%E| 0000

OVl | 01087 | 4,01x98°Z | 00002

,01%60% | ,0Lx14'Z | 0000}

2,00x85'L | 000G

5101 2,01 .01 2,00 .00 1) L
(o000 U

50N

B e




1.0 x 10'7em™®. From Table 2-2 we see that s{a) = 38 at « 0.
0 is the value of ¢ at which S$(®) is half its maximum value. There-
fore from the table we find the value of @ which gives S(a) = 19.

This gives ak = .007. Thereiore the half width is

Ak, = 2.5 % 10 ° x .007 x {10'")?/3

Another method of finding the density is to use a table such as
Table 2-3 also taken from Griem [33]. The table gives values of a
function C(ne,Te) for various temperatures and densities. From these
values of C, the electron density can be calculated using the following

formula.
n = C(n ,T )AA13/2cm_3
e e’’e £

As an example suppose the temperature is 40000 K and the density

is approximately 10'7cm 3. From the table C = 1.37 x 108, If the

o
experimencal half width is 3.8 A then equation (2-23) gives n, = 1.0
x 10 7em 3.
3

If we had estimated the density to be 10'%cm ® then from the

table C = 2.74 = 10'6. Equation (2-23) gives the density

na = 2.0 x 10'7cm ® so we would have known that the estimate of 10 %cm

was incorrect.
It should be mentioned that Stark broadening is not the only

broadening mechanism in a plasma, Lines can be broadened due to

3
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Doppler broadening and natural broadening. However natural broadening

is usually less than lO_kR and so is negligible in our experiment.

Doppler broadening is largest for light elements at high temperatures.

For low energy plasmas (ie. Te<lOeV) the electron density must be less T
-3

than ~10'% cm ? in oxder for the Doppler broadening to predominate over Stark

broadening.

2.5 Temperature Calculations

If LTE is assumed then temperature measurements can be made by
measuring relative line intemnsities. In principle this could be
accomplished by measuring the relative line intensities of lines from
the same ionization stage, however the intensity ratio is a function of
the difference in excitation energy of the upper level of the lines
and since the upper level of the lines are usually ciose in energy
the intensity ratio is only a weak function of the temperature. This
situation is greatly improved if lines from successive ionization
stages of the same element are used because now the effective energy
difference is enhanced by the ionization energy. The ratic of the
densities of atoms or ions of the same species and stage of ionization

in states with energies En and Em is given by [33]

=]

ﬁ exp (-En/- kT) (2-24)
& exp(—Em/kT)

o
n
n

The numerator and denominator are the Boltzmann factors associated
with the energy levels En and Em. For most levels the statistical

weights, g, are given by thé number of oriemtations that the total

|
MY wamen




angular momentum can assume.

g = 2j+1

The Saha equation can be written as

4

n oy 20,2 mTe En'

—— = 3 - -
p— --‘%1—-—2_1(—2‘.,_7#l )% 12exp (= ) (2-25)
n g, e

where z is the effective charge acting on the radiating electron

n? is the density of ions in the ground state and En' is the
ionization energy from level n except for a correction accounting for
Coulomb interactions in dense plasmas and nnz_i is the density of ions
in state n. Let 1{(w,0,b) be the electromagnetic radiation leaving
the plasma at a point x=b ie. the power per unit area, solid angle and
angular frequency interval. If x=a is the opposite boundry of the

plasma and Y(w,x) is the optical depth measured back into the plasma

from the point x=b then

hw’x g
L
&n

lim

¥,>0 J I(w,0,a)dn = b

(2-26)

o Nm(x)dx

27c
a

where fmn is the absorption oscillator strength and Nm(x) is the cdensity

of atoms in state m.

From equations (2~24), (2-23) and (2-26) it can be showa that [33]




I
I

Primed quantities refer to the line from the higher ionization

stage and

lower ionization stage.

z=1
a is
o

£ is
E is
A, is

T E'+E -E-AE -
I'_f'g'23, 32 3 -1 e .32 ot o (2-27)
= a3 AT [Tagn) T (73 /T expd T, )
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AE,_, 1is the reduction of the ionization energy E_ of the

2
Z=-y _ Ze —-
AE_ = Tmeohs (2-28)
D
for neutrals, 2 for singly ionized etc.

the Bohr radius
the absorption oscillator strength
the excitation energy of the upper level of the line

the Debye length.

-




CHAPTER 3: EXPERIMESNTAL APPARATUS

3.1 The Carbon Dioxide Laser

For the reasons pointed out in the introduction the laser chosen
for this heating experiment was the carbon dioxide laser. In order to
heat a plasma it is desirable to have large laser power so it was
necessary to use a pulsed high pressure laser. The laser medium,
to be discussed later, was pumped using an electrical discharge
transverse to the laser axis. Such TEA lasers {(transverse electric
field atmospheric pressure) were first reported by Beaulieu [23].

A schematic diagram of the laser is shown in Figure 3-1. The
laser tube was 2 3.5 m long acrylic tube of inside diameter 1.75".

The tube was sealed at each end with a sodium chloride £lat of
diameter 50 mm and thickness 5 mm set at the Brewster angle.

The cavity mirrors were both made of germanium and were supplied
by Oriel Optics. The mirrors were concave spherical amirrors of dia-
meker 1.5 inches. One side of each mirror was flat, while the concave
side had a radius of curvature of 10 m. One mirror was coated on the
concave side to have a reflectivity of 29.8%Z. The output mirror
was antireflection coated on the flat side and coated to provide a

reflectivity of 65% on the concave side. The cavity length was 4 m,

R5




Figure 3-1: Schematic of the carbon dioxide laser
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Figure 3-2: Photograph of a section of the helical lazcer electrodes
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which made the laser cavity stable.

As previously mentioned the laser medium was excited using an
electrical discharge trans ‘erse to the laser axis.
accomplished using two helical electrodes in the acrylic laser tube
as shown in the photograph of Figure 3-2. Each electrode consisted
of a helical distribution of resistors arcund the tube. Each helix had
a pitch of 6 inches and there were 36 resistors every 6 inches as
measured along the tube axis. The electrode to which the high
voltage was applied consisted of 1000 & resistors in paxaliel and
the srounded electrodez consisted of 47 Q resistors. The leads of
the resistors were all cut to the same length and were cut at an
zngle to give a2 sharp edge. The separation between the ends of
opposing resistors in the acrylic tube was 1.25 inmches. T = resistors
were glued into holes drilled into the acrylic tube with a #64
drill, with Emerson epoxy. In order to get a uniform discharge in
the laser tube it was found necessary to join each helix with the
center conductor of a piece of RG-3U cable after every revolution of
that helix about the tube. These pieces of cable can be seen at the
bottom of the laser in Figure 3-2.

The laser medium consisted of a mixture of the gases, carbon
dioxide, helium and nitrogen. The roles of each of these gases in
the carbon dioxide laser can best be understood by referring to
Figure 3-3 which shows a few of rthe lower vibrational levels of the
carbon dioxide molecule and the nitrogen molecule. The COz molecule is
a linear symmetric molecule which has three fundamental modes of

oscillation as shown in Figure 3-4. The laser transition occurs

between the first c-~ergy level of the assymmetric mode (0,0,1) and the




Figure 3-3: Lower vibrational levels of the carbon dioxide

molecule and the nitrogen molecule
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Figure 3-4: Vibrational modes of the carbon dioxide molecule
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Figure 3-3:

Laser output power as a function of time
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Figure 3-6: Schematic diagram of the laser charging and

discharging circuit
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first level of the symmetric mode (1,0,0), as shown in Figure 3-3.
Nitrogen is added to the discharge because there is a very efficient
energy transfer from the first vebrational level of the nitrogen
molecule to the upper laser level. Helium is added because it helps
to improve the discharge and it also helps to depopulate the lower
CO, vibrational levels which can act as a bottleneck for the
effective transfusing of molecules down to the ground state.

The relative proportion of the gases in the laser mixture
helped determine the output characteristics of the laser pulse. The
gas pressure in the laser cavity also affected the laser pulse shape.
A gas mixture containing a substantial percentage of N, such as 80%
helium, 10% CO» and 10% N, resulted in a pulse like that shown in
Figure 3-5(a). It consisted of an initial spike of power ~2 MW and
FWHM 180 ns followed by a lower power tail (~.5 MW) lasting for several
microseconds. The energy in the initial spike comes mainly from
direct electron collisional excitation of the upper laser level
whereas the energy in the tail is due to the transfer of energy
between the first vibrational level of N, and the upper laser level.
By omitting the N, and having a mixture such as 90% He and 10% CO,
only the initial spike is obtained as shown in Figure 3-5(b).

The operating pressure in the laser was in the range from 100 Torr
to 600 Torr ans was operated as a closed system. The optimum gas
pressure for laser power and energy was found to be ~450 Torr.

The charging and discharging circuit for the laser are shown
schematically in Figure 3-6. The capacitor was a 0.05 uF capacitor
supplied by condensor Products. It was rated at 530 KV and charged to

40 RV. Charging was by a 70 kV 5.5 mA constant current power supply




Figure 3-7: Circuit diagram for the trigger generator
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Figure 3-8: The discharge current through the laser and the

output power of the laser as a function of time
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Figure 3-9: Schematic diagram for the shock tube charging and

discharging circuit
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made by Universal Voltronics. The cepacitor discharge was triggered
by a spark gap switch using a pulse from a 15 kV trigger generator
through an isolation transforier. A circuit diagram of the trigeer
generator is shown in Figure 3-7. The isolation transformer wvas a
six turn coil of RG/8U coaxial cable with each turn having a diameter
of approximately 15 cm. The inner onductor of the cable was used as
the primary coil and the outer one as the secondary coil. The
operating efficiency of the laser was about 4%. The discharge
current through the laser was critically damped and had a duration

of ~1 ps. In Figure 3-8 is shown the discharge curreut tbrough the

laser and the output power ci the laser as a function of time.

3.2 The Electromagrietic Shock Tube

The plasma studied in this experiment was produced in an electro-
magnetic shock tube of the type firsr developed by Fowler et al [24,25]
and also studied later by Kolb [26] and McLean et al [27,28].

A schematic diagram of the shock tube set up is shown in Figure 3-9.
The plasma was formed in the shock tube by discharging the capacitor
through the tube. The capacitor was a 8 uF, 5 nH Tobe capacitor
rated at 25 KV. It was charged by a 32 KV, 10 mA constant current
Universal Voltronics power supply. The capacitor was discharged using
a trigger generator and a spark gap in the same way as already described
ior the carbcen dioxide laser. In the heating experiment the plasma was
formed by a 10 kV discharge between the electrodes in the shock tube.
The discharge causes rapid heating and a subsequent expansion of the
gas in the shock tube vesulting in the forration of a shock wave wvhich
propagates down the tube. The J=B force of the circuit current inter-

acting with the plasma further enchances the shock speed. Shown in




o
=
]
o]
=
@
U
£
=]
34
o~
Q
]
e
"
)
=
(=)
'
Qo
g
o
_1
&0
O
n)
~
3]
o~
LS
ol
7
L]
=
J
v

.

Figure 3-10

interaction chamber
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Figure 3-10 is a schematic diagram of the shock tube and the laser

plasma interaction chamber. Both the shock tube and the interaction
chamber were made of pyrex. The elactrode and the reflector were
made of nickel. The brewster angle entrance and exit windows were
sodium chloride flats.

The plasma was formed from helium at a filling pressure in the
range 1 to 5 torr. The plasma moving down the shock tube is a mixture
of plasma from the discharge region of the shock tube and plasma
created by the shock wave. The shock velocity, v, decreases as it
propagates down the tube, decreasing rapidly over the first several
centimeters and for larger distances, d, vad~%. The shock velocity
could be increased by increasing the discharge voltage V, and by
decreasing the f£illing pressure p. For a given value of V, vap_%.

Shock velocities of ~3 cm/us were easily obtained in the T-tube,
however it should be mentioned that the Rankine-Hugoniot relations
[27] could not be used to predict the electron temperature or density
behind the shock front. McLean et al [27] compared the temperature
and density behind the shock obtained from spectroscopic measurements
with the values calculated using the Rankine-Hugoniot equations. They
found that the shock relations gave a temperature too low by a factor
of two and z density too high by a factor of 3. One reason for the
discrepancy is that the plasma is partly composed of plasma from the
discharge region, which was not created by the shock wave.

On reaching the end of the T-tube, the incident shock was

reflected back into the plasma already produced by the incident shock.

The plasma behiand the reflected shock had both a higher temperature

and a higher density than the plasma behind the incident shock.




Figure 3-11: Paths of plasma particles before and zfter the

incident and reflected shock according to simple

shock theory
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Figure 3-12: Photographs of the plasma at various times during

its developement
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According to elementary shock wave theory [29] the plasma behind the

incident shock follows the shock front at a velocity somewhat less
than the shock velocity but after reflection at a plane boundary the
plasma behind the reflected shock is at rest, as shown in Figure 3-11.
The temperature and density behind the reflected shock were also
more uniform in the radial direction, than was the incident shock [30].

Since there is a2 gap between the open end of the shock tube and
the reflector, the plasma rapidly expanded into the interaction chamber
and also down the sidearms of the interaction chamber. From measure-
ments of the velocity of the luminous front in the sidearm it was
established that the plasma was moving faster than a sound wave in
helium, so the plasma in the sidearms was also a shock plasma.

Shown in Figure 3-12 are photograpnhs of the plasma at various
times during the plasma evolution.

The temperature and density of the plasma as a function of time as
well as the methods by which these values were obtained will be

discussed in detail later. It was found that the plasma formed by

N . . 17 -3
the incident shock wave had a maximum electron density of ~3x10" "cm
and a maximum electron reomperature of ~3.5eV. The plasma behind the

; . . n18 -3
reflected shock had 2 maximum electron density of ~10 "cm and a

maxinum temperature of ~4.0eV.

3.2 The Detection System
3.3.1 Plasma Light Detection
A. High Speed Photography
An image converter camera was used to photograph the plasma in

visible light at various itimes during its development. The camera used




Figure 3-13: Circuit diagram for the voltage divider base for

the photomultipliex
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was an Abtronics Model 2 electronic camera supplied by Abtronics Inc.
of Livermore California. Tt was a single frame camera with exposure
times of 0.01, 0.1 :nd 1.0 us. The camera was equipped with a delayed
triggering system which allowed synchronization of the camera with
other systems. The time delay between trigger input and camera
activation could be continucusly varied in the range 0.2 us to 100 us.
The built in wptical system of the camera permitted focussing from

approximately 20 cm to infinity.

B. The Monochromator and Photomultiplier

Spectroscopic observations of the plasma were made using a
monochromator in conjunction with a photomultiplier. The monochromator
u;ed was a Heath Model EV700-~70 with a £/6.8 aperture. Resolving power
of better than 1 K could be obtained using suitable choices for slit
height and width. The slit width could be varied continuously from
5 micrometers to 2 mm. The monochromator was equipped with a grating
having 1180 lines/mm and a blaze wavelength of 2500 K_ The wavelength
range of the monochromator was from 1900 X to 10000 ﬁ with a wave-~
length accuracy of * 1 g.

The photomultiplier used in conjunction with the monochromator
was an EMI model 95533B. The cathode had an S-20 response which gave
a2 quantum efficiency of ~20% near 4000 A, decreasiag to ~10% at 5000 A.
The photomultiplier was operated at a voltage of about 1000 V,
supplied by a Fluke tvpe 415B regulated power supply. Shown in Figure
3-13 is a circuit diagram of the voltage divider base for the photo-
multiplier. At the operating voltage of 1000 volts the dark current

was less than 10 nA. The photomultiplier response was found to be




linear for up to 2 mA ocutput and &ll measurements were made in the

linear region. The photomultiplier was also enciosed in an

antimagnetic shield to cut down on n-ise.

3.3.2 Laser Beam Detection
A. Enexrgy Detection

The energy of the laser pulse was mecasured with a pyroelectric
detector supplied by Gen—Téc Inc. of Dalton Quebec. The detector was
a Model Ed-200 fast response joulemeter which had a sensitivity of
11 volts/jeule for the load impedance of 10% ohms of the Tektronix
oscilloscope on which its signal was displaved. 1t was impedance
matched to a 50 onm coaxial cable so it coulé be directly connected
to the oscillcscope using RG58-U cable. The response time cf the
detector was 5 ms and the recovery time was 300 ms. Laser energies

from 2 J to 1.0 mJ could be measured.

B. Power Detection

The power output of the laser as a function of time (ie. its
pulse shape) was monitored using a phocton drag detector [31].

The photon drag detector operation is based on the transfer of
photon momentum to electrons or heles. When CO2 laser radiation is
incident on germanium some of the radiation is reflected but most
enters the germanium crystal. Some of the photons in the laser beam
are absorbed by the free carriers (electrons or holes) and they
acquire momentum from the photons and are driven through the crystal

in the direction of the laser beam. A voliage, therefore appears in

the crystal in the directiom of the laser beam. This voltage can be




Figure 3-14: Schematic diagram and photograph of the photon

drag detector
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monitored on an oscilloscope thus giving a signal corresponding to the
laser power.

The detector was constructed from rectangular prisms of p-type
germanium 0.1 cm x 0.1 cm x 1.0 cm. supplied by Semi Metals of Westbury,
New York. The germenium prism was attached to the center conductor of
a BNC connector as shown in Figure 3-13. A thin steel wire was
soldered to a point on the side of the prism just below the square
end face furthest from the BNC connector. The other end of the
steel wire was soldered to the outer conductor of the BNC connector.
The area of the space between the steel wire and the germanium prism
had to be kept as small as possible in order to reduce noise. The
CO0,; laser beam wa:e focussed onto the end of the germanium prism
(Figure 3-14). The BNC connector was connected to the oscilloscope
using a short (<50 cm) RG62-U coaxial cable.

For p-type germanium the sensitivity of the detector for 10.6 u

radiation is given by [32]

. ~7 _9
S = 0.6 z 10 [1-e _L/p] volts/watt

vhere p is the resistivity of the germanium in ohms/cm
L is the length of the germanium in cm
2

A is the area of the crystal's face in cm

The values of these quantities for our detector were L = 1 cm
p = 1002/cm A = .0lcm?.

Therefore

S 1.2 x 10 5 volts/watc

I

12 mv/kW
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However some of the laser beam is reflected at the front surface
of the detector so the response is somewhat less than this. Neverthe-
less for CO; lasers of powers ~1000 KWW a very roespectable signal is
obtained, in our case -2 volts.

The response time of the detector is theoretically the momentum

. . e - . . . . . ap—12
relaxation time of the charge carriers which is about 3 x 10 s,

B
-

hovever this is limited by the resistance of the detector and the
input capacitance of the scope. In our case the capacitance C was

20

i)
r1{
"

o RC= 2 ns which is srill extremely good for our purposes.
Photon drag detectors are very convenient for use with high
power CO: lasers since they can operate at room temperature and in

addition since they don't require a power source noise problems are
¥ H 24

greatly reduced.




CHAPTER %: PLASMA HEATING BY THE LASKR
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%£.1 The Experimen
The experimental set-up is shown in Figure 3-1. M: and Mz
are the laser mirrors. M: is a first surface aluminum nirror. Aftcer
reflecting from M3 the laser beam passed through 2 sodium chloride
flazt which reflected aboutr i0% of the laser beam onto 2 germanium
photon drag detector which monitored the output of the laser. The
main laser beam was finallv focussed by 2 wmirrer, M., of focal
iength 80 cm into the interusction chamber. The beam focus was mid-
way between the end of the shock tube a2nd the shock tube reflector.
The diameter of the focussed beam was ~3 uw and since My had a long
focal iength the beam diameter did not change appreciably over the
interaction region. The distance between the end of the shock tube
and the reflector was set at 4 mm. Laser radiation emerging from the
interaction chamber was transmitred through the germarum {lat onto
the pyroelectric energy detector. Any laser light reflected from
the germanium was absorbed by the neutrzl density filters shoun in
the diagram.
The plasma was observed along the same axis as that of the

laser beam. The rermanium {lat reflected most of the visible light

from the plasma; the light then passed through neutral Jdensity filters

63




Figure 4~1: Schematic diagram of the experimental set up for

the heating experiment
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and two lenses L, and L; onto the monochromator. XNeutral density
filters were used to keep the light intensity low enough so that the
photomultiplier operated in its linear region.
The image converter camera was used in conjunction with an
interference filter to photograph the plasma.
4.2 Alignment of the Detection Optics
- The lenses L; and L, had to be aligned so as to image the laser-
plasma interaction region onto the slit of the monochromator. A
strony white light source was used to illuminate the end of the shock
tube and the nickel reflector. Lems L, was placed a distance (measured
along the axis of the system), equal to its focal length from the
, centre of the interaction region. L, was then adjusted until a sharp
image of the shock tube and the reflector was seen on the entrance to
the monochromator. By adjusting L, and L, any region between the
shock tube and the reflector could be imaged on the entrance slit of
; the monochromator. Usuzlly the point midway between the shock tube
and the reflector was cbserved. A He-Ne laser was then aligned
, along the path of the CO, laser beam with mirror M; removed. This
visible laser beam was used to simulate the invisible CO,; laser beam.
It was found that the path of the He-Ne laser was an excellent
approximation to the path of the CO, laser beam. Mirrors Mz and My
were adjusted so that the He-Ne beam passed through the proper region
between the shock tube and the reflector. A small piece c¢f ground
glass was placed in the laser beam between the reflector and the
shock tube. The image of this brilliantly illuminated ground glass
was observed to ensure that it was falling on the entrance slit of the

: monochromator. The ground glass was then removed and mirror Mz was




Figure 4-2: Block dizgram showing the method of snychronizing

the laser and the plasma
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Figure 4-3: Circuit diagram for the time delay unit used in

synchronizing the laser and the plasma
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returned. The CO, laser was then aligned using the He-Ne beam. In
this way we were sure that we were imaging the plasma, through which

v

the laser beam had passed, onto the slit of the monochromator.

4.3 Synchronization of the Plasma and the Laser

Synchronization of the plasma and the laser was accomplished
using two time delay units a2s shown schematically in Figure 4-2.
A signal from a hand operated trigger box was fed into both time
delay units. Each time delay could be varied from .5 uis to 500 us.
The output signal from each time delay then triggered their respective
trigger generators. With this simple set up it was possible to
adjust the time, in the evolution of the plasma, at which the laser
bpeam would arrive.

A circuit diagram of the time delay is shown in Figure 4-3.

4.4 Plasma Diagnostics

Spectroscopic measurements were used to determine the basic
plasma parameters. Spectrally resolved measurements of a stark
broadened Hel line at 5876 g were used to determine the electron
density. The 2lectron temperature was measured using the ratio of
the intensities of two spectral lines.

For about the first three microseconds after formation of the
reflected shock, the tewmperature of the plasma was measured using

o
the rario of the intensities of the Hell line at 4686 A to the Hel

- - o - et 3 - - o -
line at 5876 A [33]. The ratio of the intensities was found using

two methods, both of which gave the same temperature. One method

consisted of measuring the profile of each line separately. The




o
Figure 4-4: TIntensities of the Hel line at 5876 A and the

o
HelIl line at 46806 A as a function of time
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Stark broadened line profiles of the Hel line

o o
at 5876 A and the HelIl line at 4686 A
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o
Figure 4-6: Graph of the intensity ratio of the Hell (4686 A)
. - - o -
line to the Hel (5876 A) as a function of

temperature
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profile wns obtained 'shot by shot' and the area under each curve

was measured to obtain the intensity ratio. The monochromator

- O L3 3 .
bandwidth was set to be < 1 A so the slit width on the monochromator
had to be set at 30 microns. Lens Li had 2 focal length of 40 cm

and lens Lz had a focal length of 4 cm. Therefore the zrea of the

plasma being observed was a rectangle ~53 mm x .5 m~. The

Vi

1it height
was alwayvs .5 mm.

Figure %4-4 shows typical photomuitiplier traces of the intensity
of the two helium lines as az function of time.

Shown in Figure 4-5 are the line profiles of the two lines at
G.5 ¢s after passage of the reflected shock. Before the ratio was
calculated the continuum intensity had to be subtracted from each
profile and a correction also had to be made for the differeant
sensitivity of the photemultiplier at the twe wavelengths.

The electron temperature was then found from the graph of the
ratio of the intensities of Hell (4686 S) to Hel (5876 R) versus
temperature shown in Figure 4-6 [33].

The nreceding method of measuring temperature was very time
consuming and a simpler method of obtaining the intensity ratios of the
lines was used more often. This second method reguired a knowledge of
the width of the spectral lines before it could be applied. The
slit width of the monochromator was set large snough so that the
bandwidth was sufficiantly large so that the entire stark broadened
line could be seen in one shot of the plasma. This required a slit
width of 0.5 mm and the slit height was again 0.5 mm. Lenses of focal

length 50 cm were used for both L; and L. This resulted in an area

.5mm x .5mm of the plasma being observed.




Figure 4-7: The electron temperature and electron density in

the reflected shock as a function of time after

passage of the reflected shock.







The electron density was determined by measuring the stark
broadened half width of the helium lines, as discussed in Chapter 2.
Since the HeIl line =t 35876 g was easily measurable for the entire life
of the plasma, it was used most often te calculate the density.

However when the Hell line at 4686 g was also observable, it too

was used to measure the densitv. The densities obtained from each line
profile always agreed with each other. Figure 4-7 shows the electron
temperature and density in the plasma for the first 4 ys after passage
cf the refiected shock.

During the first few microseconds after reflection from the
reflector, the plasma had not vet expanded appreciably into the side-
arms so no information is given here on the conditions in the sidearms
for times less than 4 us.

For times greater than ~3 {s after passage of the reflected shock,

the temperature of the plasma had dropped to the point where the

o
intensity of the Hell linz at 4686 A was too weak tov be measured

accurately so Figure 4-6 was no longer useful in calculating the
temperature.

In order to discover a suitable method of measuring the electron
temperature, the spectrum of the plasma was scanned using the mono-
chromator. It was discovered that one of the impurities in the plasma
was silicon possibly due to plasma interaction with the shock tube walls.
The large number of silicon lines present offered the possibility that
the ratio of the intensities of two silicon lines could be used to
determine the electron temperature. In order to use two silicon lines
to measure the temperature a number of conditions had to be met. The

lines had to be of a sufficient intensity to be easily measured. The




Table 4-1: Suitability of various silicon lines for heating

measurements




INTENSITY CHANGE WITH
LASER FIRED

LINE IS
ISOLATED

£,g, KNOWN

>0 0 PO PO PO O 20O

DECREASES

NONE

DECREASES

DECREASES

DECREASES

DECREASES

INCREASES




o
Figure 4-8: Line profiles of the Silll line at 45533 A and the

o]
SilI 1line at 5979 A at various times after passage

of the reflected shock
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oscillator strengths and statistical weights of the two lines had to

be known and the lines had to be fairly well isolated from other lines
in the plasma spectrum. Further the line intensities had to be
sinsitive to temperature change in the temperature range investigated
and it was also necessary for the silicon ions to be in local
thermal equilibrium with the electrons, otherwise the ratio of the
intensities of spectral lines would not be a valid method of calculating
plasma temperature. The question of the wvalidity of local thermal
equilibrium will be treated later.

Table 4-1 lists some of the most prominent silicon lines in the
plasma and the relevant information for each line. From the table
it can be seen that the SiII line at 5979 £ and the SiIII line at
4553 8 both appear to be suitable. The two lines are also quite well
isolated from other lines as can be seen from Figure 4-8.

Tn order to measure the electron temperature Te’ it was necessary
to know the ratio of the intensity of the SiIII line at 4553 £ ro
the intensity of the SiII line at 5979 R as a function of temperature.
In Chapter 2 it was shown that the ratio of the intensities of two

lines from subsequent stages of ionization is given by

E'+E_—E-AE
I’ _ f'g')3 1 e 3 ‘oo o
I Eg\'7 am/%a °n 39 /2 exel- T, ] (4-1)

where the meaning of the symbols is given in Chapter 2, part B and T
e

is measured in eV.

For the SiIIIl line at 4553 8 the values of the quantities in

equation (4-1) are [33]




o
Figure 4-9: Intensity ratio of the SilIII (4553 A) line to the

o
SiII (5979 A) line as a function of temperature
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Figure 4-10: The electron temperature and density in the
reflected shock at times measured after

passage of the reflected shock







0.691

[«
[

g' = 2341 = 2(1)+1 = 3

ba]
]

21.63eV
For the Sill line at 5979 ﬁ
£ =0.215
g = 23+1 = 2(3/)+L = 4
E = 12.09eV
Also
E_= 16.3%4eV
and
AE, = 0.29eV

Substituting these values in equation (4-1) gives

-1 . 22 _ L
I'_ 3-3x10 p 32 258 T (4-2)
I ne e

Figure 4-9 is a graph of I'/I as a function of Te for a number
of different values of n,-
The total intensity of each silicon line was obtained in one
R o
shot by setting the monochromator so as to have a bandwidth of 10 A
which was large enough to include almost the entire line profile.
The electron density was again measured using the stark broadened
- ~ - o\
hzlf width of Hel (5876 A}
The electron temperature and density for times greater than
~3.5 ps is shown in Figure 4-10. 1t is worch pointing out that the

temperatures and densities at ~3 Us were measured using Si lines and

He lines and the results were in good agreement.

81




Figure &-11: Schematic diagram of set up used to measure
temperature and density of plasma in the
sidearm and to photograph the path of the

laser in the plasma
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Figure 4-12: Electrom temperature and density in the sidearm

plasma as a function of time







Figure 4-13:

Typical oscilloscope traces of silicon line

signals and laser pulse: the dotted lines

represent signel levels without laser

(intensity increases in the negative direction)
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Therefore combining Figure 4-7 and Figure 4-10 we have a
continuous record of the tcemperature and density of the plasma from
0 us to ~7.5 us after passage of the reflected shock.

All of these measurements were made by 'looking' along the axis
of the laser so the temperature and density are the average values
of these quantities over the length of the plasma. The plasma has
started to expand into the side arms after 3.5 us. By setting the
monochromator to lock down on the sidearm from above as shown in
Figure 4-11, the temperature and density in the sidearm at a distance
of 6 cm from the main shock tube was recorded. The results of these
megsurements are shown in Figure 4-12.

In this section the electron temperatures and deasities of the
plasma were obtained spectroscopically, however, in order for the
measurement of temperature by this method to be valid the plasma
must be in local thermal equilibrium. Density measurements are
independent of this requirement. The validity of local thermal

equilibrium (LTE) for our plasma is discussed in the appendix.

4.5 Heating of the Plasma by the Laser

The laser was shot into the plasma at various times after

reflection but no heating or change in spectral lines could be

detected for times less than 3 us. For times greater than 3 us changes
in the Si lines could be seen when the laser was fired into the plasma.
he time delay between the plasma and the laser was varied to cover a
wide ra.ge of absorption lengths.

Figure 4-13 shows typical photomultiplier signals of the

intensities of Sill and Si111 lines with the laser fired into




Figure 4-14: Change in the intensity of the Silll signal

with the laser operating in the long pulse mode
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Intensity of the silicon lines as a function of

time both with and without the laser: the primed

guantities refer to SilIl
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ure 4-16: Eliectron temperature in the reflected plasma in

1]

the main shock tube before and after laser

irradiaztion
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plasma, the dotted lines showing the signal without thz laser. An
increase in the intensity of the SilIl radiation and a decrease in

the intensity of the SilIIl radiation was observeu for the duration of
the laser pulse. This is what would be expected since an increase in
temperature should increase the number of Silll ions relative to the
number of SiIl ions. The rise time cof the change in intensity was
comparable to the rise time of the laser pulse. VYhen a different gas
mixture was used in the laser to obtain a different laser pulse shape
the changes in the intensity of the Si lines approximately followed the
laser intensity as shown in Figure 4-14.

Figure 4-15 shows the intensities of the two silicen lines as

* T

N

a function of timz both with and without the laser. refers to the
intensity of SiIll at 4553 A and I refers to the intensity of the

- . - - 0 — - 3 - I3
SiIl line at 5979 A. TFrom the r2tio of the intensities of the two
lines a graph was made of the temperature of the plasma as a function

of time both with and without the laser. The graph is shown in

Figure 4-16. These results will be discussed in Chapter 5.

4.6 Photographic Obsexvation of the Path of the Laser in the Plasma

Using the Saha and Boltzmann equations the intensity of the SilIl

o
line at 4553 A was calculated as a function of electron temperature

and density. The results are shown in Figure 4-17. The intensity
is very sensitive to temperiture changes in the range from 2 to SeV.
In the range from 2.0 to 2.7¢V the intensity of the line is not very
sensitive to the electron density. Since the intensity was sc
sensitive to changes in temperature it was possible to observe =

large increase in the intensity of the Si1ll line when the laser was




o
Figure 4-17: Variation in the intensity of SiITI line (45353 A)

radiation with temperature and density for an LTE

plasma
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ure 4-18:

Image converter photographs of the reflected
plasma using SiIII line radiation (2) with no
laser (b) and (c) with laser beam, diameter
3 mm; (b) gap width 4 mm and beam ceantered at
the gap; {c) gap width 7 mm and beam displaced

with respect to the center of the gap, almost

touching the reflector.
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shot into the plasma. The experimental apparatus was set up as shown
in Figure 4-11. The image converter camera was set up to look at

the plasma at right angles to the direction of propagation of the
laser beam. The camera was vsed to photograph the plasma with an
exposure time of 0.5 s, both with and without the laser. An inter-
ference filter centered on the SiIII line at 4553 g, with & bandwidth
of 50 g, was placed in front of the camera. Observations were

made separately on the plasma in the main shock tube and on the plasma
in the sidearm. From the increase in intensity it was possible to
observe the length of the plasma column being heated. For times less
than & us after formation of the reflected shock ne change in
intensity due to the laser could be detected. At about 6 Us, the
entire length of the plasma column appeared brighter and the entire
width of the gap between the shock tube and the reflector showed
increased brighiness. In orders to observe any possible lateral
expansion of the plasma, the gap was increased from & mm to 7 mm.
Figure 4-18 shows the photographs of the plasma with and without the
laser. Figure 4-18(a) shows the plasma without the laser. Figure
4-18(b) shows the plasma with the shock tube-reflector gap set at

4 mm and the laser centered on the gap. Tigure 4-18(c) shows the
plasma with the gap set at 7 mm and the laser beam displaced with
respect to the center of the gap, aimost touching the reflector.

It is seen that almost the whole region of plasma in the gap

radiated much brighter when the laser was fired into the plasma,

indicating that the laser heated plasma had a diameter much larger

than the original diameter of the laser beam.




Figure 4-19: Image converter pictures of the plasma in the

sidearm using SiIII line radiation; (a) without :

laser and (b) with laser; framing time 0.5 Us
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The sharp boundary at the tor of each photograph is due to the
wall of the msin shock tube.

Figure i-19 shows the plasma in the sidearm. The plasma was
moving to the left and the laser team was propagating to the right.
The picture shown in Figure 4-19 was taken ~6 ps after the fovmation of
the reflected shock. Figure 4-19(a) shows the plasma with no laser
znd Figure 4-19(b) shows the plasma with the laser. The path of the

laser beam can be seen as 2 thin bright filament.




CHAPTER 5: AXALYSIS OF THE EXPERIMENTAL RESULTS

5.1 Absorption Length and Temperature Changes

The absorption length of a plasma was shown in Chapter 2 to

2.3x1035"re3/2

n 22
e

g =

Using the values of temperature and demsity from Figure 54-9
the absorption length of the plasma as a function of time was cal-
culated and is shown in Figure 5-1. The absorption length £ appears
to have two separate time constants. From 3.5 ps to 6 us the change
in the absorption length is very slow. After 6 us the absorption
length increases rapidly over the next 1.5 ups. In the first part of
the graph £ increases from ~.2 cm to ~.6 cm. The absorption length
in this region is much smaller than the length L of the plasma in the
directicn of the laser. L/# is in the range 5 to 15. In the second

stage % increases rapidly veaching ~1/2 L.

Also shown in Figure 5-1 is ATe/’l’e as a function of rtime, ie.

the fractional increases in the electron temperature due to laser

heating as a function of time. During the time {rom 3.5 us to ~6.5 us

116




Figure 5-1: Absorption length 2 of the plasma in the main shock
tube before laser heating and the fractional

increase in temperature AT/T due to the laser
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the fractional change A‘l‘e/’l‘e increases as the absorption length
increases. After ~6.5 us &Te/Te drops rapidly as would be expected
since the plasma was becoming vranspuarent to the laser radiation as
can be seen from the graph of £ versus time. The measured maximum
value of ATe was 0.4eV for a plasma of initial temperature 2eV and
density 3x10'7cm ? for which L/f ¥ 3. It is quite possible that a
much larger local increase im temperature may have resulted from
laser heating when L/&>>1, ie. at earlier times, however the
geometry of our detection system was such that it measured only the
aversge increase in temperature over the whole plasma length.
Therefore a large increase in Te in a small region would have been
masked by the much larger region of unheated plasma. This is
consistent with image converter photographs of the plasma at early
times which showed a short bright path of the laser beam at times
~2 us.
5.2 Energy Necessaryv for Temperature Changes

As noted previously when the laser was fired into the plasma
6 us after its formation the temperature of the plasma incveased from
2.0 to 2.4eV. The absorption coefficient at this time was 1.6 cm.
From image converter photographs the main shock tube plasma had a
diameter of about 3 cm. If E_is the incident laser energy then che

o

amount of energy absorbed by the plasma was Eo(1~e-aL) where o is the
absorption coefficient. TFor an incident energy of 0.3J the energy
absorbed would be .3(1l-e '*¢¢(3¥) = 3J. Therefore virtually all of

the energy would have been absorbed and in fact no laser energy could

be detected coming out of the plasma. If we assume that the heated
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plasma was a cylinder of radius r = 1.5 mm (radius of the laser beam)
and of length 3 cm then the amount of energy required to heat the

plasma from 2.0eV to 2.4eV is given by

E =

o

(ne+ni)K(Tef—Tei)ﬂr2L (5-1)

where Te and Tei are the final and initial electron temperatures

f

respectively in Kelvins.

For the time 6 us

I

n ni = 3x10'7cm 3

e

T = 2.4eV = 27840 K
ef

T . = 2.0eV = 23200 K
ei

L = 3 cm

r = .15 ¢cm

7
il

This gives .012 joules for the energy required to heat the
plasma. Since this represents only ~47 of the incident laser energy

there must be other energy sinks in the plasma.

5.3 Lasexr Energy Loss Machanisms
5.3.1 Refraction of the Laser Beam

One possible source of energy loss may have been the refraction
of the laser beam out of the plasma. The index of refraction U of a

plasma is given by

vo* n, .
u= (1 - 4’—\)92) = - ) (5-2)
2 ec

where Ve is the laser frequency,\)D is the plasma frequency and 0. is




the critical density, that is the density at which the plasma

frequency equals the laser frequency. For a plasma with ne<nec the

refractive index of the plasma is less than one and increases in
regions of lower plasma densilty. Since light rays in an inhomogeneous
region of a medium always bend towards the region of higher refractive
index, the laser will be refracted vowards regions of lower plasma
density. If a plasma has a density profile which is maximum at the
center and decreases towards the edge of the plasma then a laser

beam will be refracted out of the plasma. If however the plasma has a
minimum value of plasma density in the region in which the laser is
propagataing then the laser beam can be 'trapped' in the plasma. It

is also possible for the laser to heat the plasma and form its own
minimum density path through the plasma.

There is no reason why we would expect a large density gradient at
the centre of the plasma through which the laser beam passed and
experimentally we were not able to detect refraction of the laser
beam by the plasma at times greater than 3 us. The path of the
lasexr through the plasma in the sidearm was photographed and as can be
seen from Figure 4-19 the path was a straight line. The photographic
evidence for the plasma near the reflector was not as good but faint
burn marks on exposed Polaroid film produced when the laser passed
through the plasma for times >3 us showed no displacement from the
position of the burn marks with no plasma. For these reasons

refraction was not considered as an energy loss factor.
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5.3.2 Laser Beam Reflection

The classical reflectivity of a plasma is given by

U-1.2 -
R = 5D (5-3)
where T is the refractive index of the plasma.
For a plasma of density o, = 3x10 7cm 3 the reflectivity is

3 the reflectivity is still

only .02%. Even at a density of 10'%cm
less than .1% so obviously the classical reflection of the heam from
the plasma is of no importance.
5.3.3 Lasex Scattering

At high laser intensities it is possible to have stimulated
Brillouin scattering and stimulated Raman scattering. These scat-
tering processes are however, only important at very nigh laser

intensities. The threshold intensity, IB, for Brillouin scattering

is given by [36]

n
I, ~ 5x10 13 Xif—%7§ watts/m? (5-4)
e
The threshold intensity, IR’ for Raman scattering is given by [36]
lO_Z“neZA
IR ~ T watts/m? (5-5)
e

For our plasma these values zre IB ~ 10" watts/m? and

IR ~ 7x10%7 watts/m?. The intensity of the CO, laser used in this

experiment in the plasma region was ~10!2 watts/m? so neither of these




two processes should be of concern.

5.3.4 Thermal Conductivity of the Plasma

If heat is rapidly conducted away from the laser heated region
it will of course be more difficult to obtain large increases in the
plasma temperature. The thermal conductivity of a plasma can be

represented by a characteristic length for conduction of heat, ie.

if 6 is the length in cm that heat will conduct in a time T thern [2]

9.3x1019Tes”-
&2 G T (5-6)
e Py
where Te is in eV and ne and ni are in cm ° and T is in s.
2eV and n_ = n_ = 3x10'7cm 2and taking T to be the

Taking T =
e e i

laser pulse length in s

§ A .12 mm
Taking the laser heated region to be ~3 mm in diameter it can be

seen that 6<< dizmeter of the laser heated region so heat loss by

conduction can be neglected.

5.3.5 Radiation Losses Due to Bremsstrahlung

According to Spitzer [34] the totzl amount of energy radiated

in free-free transitions per em? per second is given by

Pepw 1.42¢10 %0 2t /%2 3/cm/s (5-7)

£

where Z = 1 for singly jonized helium and Te is in Kelvins.




our case for ne = 3x10'7cm 3
e = 2eV = 23200 K

2000 5/emi/s

Therefore during the heating time of 2x10 's the amount of
energy radiated as bremsstrzhlung was -4x10 * joules/em®. This
energy is very small compared to the energy in the laser pulse,

bremsstrahlung radiaticn is unimportant.

5.3.6 Losses Due to Recombination Radiation
Recombination radiation or free-bound radiaztion, results when
electrons undergc z transition from a free stzte to a bound state.

According te Griem [33], Free-bound radiaticn is larger than
E

(=>4
free-iree radiation by a factor f—-where E_ is the ionization energy
a

of the ion or atom. For helium the ionization energy is 24.48eV so

for the case when Te = 2eV,P__ ~ 25000 J/cm®/s. Therefore the energy

b
lost due to free-bound transitions is ~.005 J/cm® which is still

small enough to ignore.

5.3.7 Line Radiation Due to Impurities

Line radiation due to impurities in the plasma can quite often
be large but it is difficult to estimate the loss unless the percentage
of impurities is known.

As an example consider the SiIII ion. According to Griem [33]
almost all of the energy emitted as line radiation is due to the
resonance line and all other lines for that ionization stage may be

neglected. The power emitted in the resonance line of an impurity of
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density n_, where Ea is the excitation energy of the resonance life
is given by [33]

E

= It v (2 3 -
Pline = 6.65x10 HEEAP( Te) watts/cm (5-8)

For SilXI this results in 2 power of ~!;.5:~:10_1°na waCCS/cm3:‘ The
energy lost during the time of heating would be ~9x10_’7na joules/cm?.
For a 1% SilII impurity n, = 3x1015, the energy loss would be 0.27
joules/cma. This represents a sizeable energy loss however as was
pointed out in the appendix the plasma is optically thick for the
resonance line if na:? 1.£x10*%cm ®. Therefore we can conclude that
either the SiY¥II resonance line is trapped in the plasma or the SiIII
concentration is low enough (<l.4x1023cm_3) so that the energy loss

would be negligible.

5.3.8 Plasma Expansion }

Expansion of the plasma becomes important whern the heating time T
is greater than or comparable to the time required for am acoustic
vave to traverse the region of the plasma which has been heated.

The velocity of an acoustic wave in a plasma is given by [34]

(Z+1)YKTe]15

. = (5-9)

L]
where Z = 1 for singly ionized helium
Y is the ratio of the specific heats

Te is in Kelvins

and M is the mass of the helium ion in kg.




Schematic diagram of cylindrical section of
the plasma through which the laser passes;
L is the original radius and r is the radius

after 2xpansion







From equation (5-9) the velocity of an acoustic wave in our

case was v_ = 1.3x10%cm/s. The diameter of the heated region of the
plasma was ~3 mm so the time required for an acoustic wave to travel
this distance was ~230 ns. Since this time is about the same as the
heating time (200 ns) expansion must be considerad to be an important

factor in determining where the absorbed laser energy has gone.

5.4 Expansion of the Plasma

As discussed in the previcus section the laser energy absorbed
by the plasma appeared to go preduminantly into increasing the plasma
temperature and into expansion of the plasma. In this section a
calculation of the expansion will be made.

The electron-ion thermalization time is given by [34]

3.32xIOsAT83/2
Yie = n ZinA (5-10)
)
where Infi g 5, A the atomic weight = &4, Z = for singly ionized He and

Te is measured in eV.
For our case this gives L™ 2.5 ns. Siace tie<< the heating
time T the electrons and ions both have the same temperature, T.
We also assume that there is no further iomnization caused by
the laser. The basis for this assumption was that no change in the
electron density could be detected when the laser was shot into the plasma.
Letting E be the initial energy in the laser pulse, the amount of

energy absorbed by the plasma with an absorption coefficient o and

length L would be




The work dome in expansion from an initial volume Vo to a final

volume V_. is
N

v
I £ oav

Vv
Q

vhere p is the plasma pressure and
= {n_+n_,)KT
P ( e 1)

For a cylindrical plasma of length L and radius r the volume

V = 7r’L. Therefore the work done in expansion is

33
¥ o= J (ne+ni)KTdV where ro is the original radius.
r
o

For a singly ionized plasma n, = ng

Assuming expansion into a plasma at a constant temperature

r

{ &7Ll.n KTrdr
e

r

(o]
S N
ZnLnehT[L T, ]

1.8[r2—2.25x10_2] joules




The energy going into heating is

T
3 f
—_— 7 : ’
2 J K\(nérni)dr
T
i

where Ti and T_ are the initial and final temperatures respectively.

£

The equation for the energy balance in the plasma is

-Tf
J KV(n_+n,)dT (5-11)
T

ojw

v
- £
E[1-e ®] = J topav +

o i

Measurements of the temperature and density of the plasma in
the sidearm plasma indicate that it would have absorbed about 70 mJ
of the 300 mJ of energy in the laser beam. Therefore 230 mJ
would have been incident on the plasma between the shock tube and
the reflector. The initial temperature of the plasma was 2.0eV and
the final temperature was 2.4eV. The electron density n, = 3x10%7cem 3.
Taking the initial radius of the heated plasma to be 1.5 mm we can

use equation (5-11) to calculate a value for the final radius of the

heated plasma. Equation (5-11) becomes
0.23 = 1.8[r?-2.25x10 %] + C.34z%

Solving for r gives r = 3.4 mm as the final radius of the heated
plasma. Such a large expansion is consistent with the image converter
photographs for the 7 mm gap shown in Figure 4-18(c)-

The average expansion velocity of the plasma from r = 1.5 mm to

r = 3.4 mm assuming an expansion time equal to the duration of the - mmeemves

laser pulse was 1.1x10%cm/s which is approximately equal to the




129

velocity of an acoustic wave in the plasma which was 1.3x10%cm/s.
Evaluating the two terms on the right of equation 3-11 the

energy which went into plasma expansion was 0.17 joules znd the

enexgy which went into heating was 0.06 joules or ~70% and ~30%

respectively.

5.5 Conclusions and Suggestions for Further Research

In conclusion we were able to heat s low temperature, high
density plasma from 2.0eV to 2.4eV with a high power CO, laser.

It was found that ~30% of the laser beam energy went into tempera-
ture increase while ~70% went into plasma expansion. It was

pointed out that much larger temperature increases may have occurred
but since we only measured the average temperature over z large
length of plasma, large local temperature changes may have occurred
but not been detected. This problem would have been overcome by
using a method of temperature measurement that gives a high spatial
resolution such as laser scattering.

It was noted earlier that no plasmaz heating could be observed
vhen the laser was fired into the incident shock. This was possibly
due to the fact that the plasma behind the incident shock wave was
moving so that the heated plasma would have moved out of the
obgservation region. The plasma behind the incident shock wave also
had a density gradient in direction of propagation of the shock wave
which could have reflected the laser beam out of the plasma. This
problem could be reduced by shiooting the laser into the plasma
parallel to the direction in which the plasma was moving. The density

gradients encountered by the laser in this case would be less. This
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idea is supported by observation of the laser striking the plasma
in the sidearm plasma as shown in Figure 4-19. From the photograph
it can be seen that the laser was not deflected.

In order to increase the amount of plasma heating a number of
steps could be taken. The density of the plasma could be increased,
although not by too much since the critical density for CO; laser
beam reflection is 10'%cm ®. A magnetic field could be used to try
te confine the plasma and reduce the expansion of the plasma. Since
in our experiment ~70% of the laser energy went into plasma expamnsion,
reducing expansion could greatly increase the laser heating.

Greater laser power would a2lso help and it would be especially

interesting to increase the power to the point at vhich the

anomalous absorpiion mechanisms become important.

AT b 1y




APPENDLX

VALIDITY OF LOCAL THERMAL EQUILIBRIUM

A plasma is said to be in complete thermal equilibrium if the
following conditions are satisfied:
(1) The radiation in the plasma can be described by the Planck

function given below

2hc? 1
As ehcl }\KT_l

B(A,T) =

where T is the temperature of all species of particles and is the
wavelength of the radiation.
(2) The particles in the plasma have a Maxwellian velocity
distribution given by
mv2

_ m 3 v (2
dnv = éﬁne(ZﬁKT) /2exp( T dv

where n, is the electron density and m is the particle mass.




(3) The distribution of population densities among the excited

levels of the ions is given by boltzmann's equation.

g E -E

= 2 oxpl2-2
g *PLITpT

where En anu E_ are the excitation energies of the two levels and g,
and g, are the statistical weights of the two levels.
(4) The population densities of the various stages of ionization

in the plasma are given by Saha's equation which can be written as
I g

D Z.—l_ D z=1
7% BKT E AEm

= e G /2 ewl ——r ]

z z- : s . .
where n” and n“ ! are the densities of ions in two subsequent stages

of ionization and E®"! is the ionization energy of stage z—; and EZT1
is a correction due to plasma interactions.{[33]

If all four of the above equations hold then the plasma is in
complete thermal equilibrium. In particular equation (A-1) is never
satisfied. Conditions (2) (3) and (4) are often satisfied in
laboratory plasmas so the name local thermal equilibrium was invented
to describe plasmas which satisfy conditions (2) through (4).

LTE can be expected to hold if collisional processes with
electrons from a Maxwellian destribution dominate the rate equations.
That is, all atomfc and ionic levels are populated and depopulated by

electron collisions and radiative decay can be neglected.

Collision cross sections decrease with increasing temperature and
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increase with higher densities. Also collision cross sections increase
rapidly with principal quantum number n whereas radiative decay rates
decrease. Therefore LTE would be expected to break down first at

high temperatures, low densities and low values of the principal guantum
number. Time variations and spacial inhomogeneities may further
restrict the validity of LTE.

In order for equations (A-2) to (A-4) to be satisfied and the
plasma be in LTE a2 number of conditions, discussed below, must be met.
(i) Self Collision Time

As electrons dominate the colliision rates that determine the
distripution among states describeé by the Szha and Boltzmann
equations, it is necessary that the electrons have a2 Maxwellian
velocity distribution as given by (A-2). Therefore the self collision
time for electrons must be short compared to the time reguired for an
electron to gain an energy of tTe from an external source. The self

collision time for electrons is given by [34]

where Te is in Kelvins.

Therefore when n, 3x10 em 3

and Te 23200 K (2eV)
then t_ = 6.3x10 '’s
This time is very wmuch shorter than the time during which the
laser is heating the plasma so the electrons should have a Maxwellian

velocity distribution.
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(ii) Density Regquirement

By regquiring that the collisional transition rate be ~10 times
greater than the radiative decay rate, the eriterion for complete

LTE is given by McWhirter [35] to be

n_ > 1.6x101%T Y 2y3cm 3 (A-6)
e — e

with Te in Kelvins and X the energy of the resonance line in eV.

_ 3 L. o i o
At times < 3.5 Us, the ratic of the intensities of HeIl (4686 A)
to Hel (5876 X) was used for temperature measurements so LTE must

exist for Hel and Hell in order to get correct values for the

temperature.

The energy of the resonance line for Hel is 21.3eV and for Hell

the resonance line energy is 40.9eV. 1If the plasma is in LTE for

HeIl it will also be in LTE for Hel so applying equation (A~8) for

a temperature of 3.5eV = 40600 K we have n, 2_2.2x1019cm—3.

This is much higher than the density of our plasma but this
criterion can be relaxed by about a factor of 10 if the plasma is

optically thick for the resonance line. This is true if f33]

1.1x10'7 T ...
Y
nd 2 g (& (a-7)

where n_ is the ion density in the ionization stage of the atom from

which the line originates and Te is in eV.
A 1is the atomic mass number

f is the absorption oscillator strength

0
A is in A

and d is a characteristic plasma dimension




"

o
For the Hell resonance line at 304 A £ = 0.4. Therefore

nad > 8.5x10'%cm®*. For d ~ 1 cm n, > 8.5x10%%em 3.

This is easily satisfied so we can relax the density requirement
for LTE to n, > 2.2x10%%em 2. Although this condition isn't satisfied, .
equation (A-6) is only approximate and n, is almost this large.
According to MclLean [28] working with a similar plasma, even though
the plasma may not be in complete LTE it is close enough that the
ratios of line intensities give temperatures accurate to within 15%.

At later times, t > 3.5 Us when the silicon lines were used to
measure temperature the density n, was 3x10*7 and the temperature was
2eV. The resonance line for SiIIl has an energy of 10.3eV and has an

oscillator strength of 1.7. Therefore using equation (4-6)
o 2_2-7x1017cm_3

The condition for optical thickness for the resonance line
becomes n, 2‘1.4x1013cm_3.

The density of SiIIIl is very likely higher than this so the
density requirement can be reduced to ne_z 2.7x10 %cm 3. Since
ne¢$ 3x10'7cm ? the plasma should be in LTE as far as the SilIII is
concerned.

(iii) Partial Local Thermal Equilibrium

As mentioned previously LTE breaks down first for low values of

the principal quantum number n. It is possible to have the energy

levels of highly excited states populated according to Boltzmann's

equation even though the lower levels are not. If LTE holds for

n > 3 for example, then the plasma is said to be in partial LIE.

LN
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According to Griem [33] the electron density required for partial

LIE is given by

7x101%2° Te if2  _3
ne Z_ nl 77 2 (13.6) cm (A_B)

where n Zs the principal quantum number of the lowest level included in
the partial LTE
Te is in eV
and Z = 1 for neutral:, 2 for singly icnized ions, etc.
(a) Helium Lines

The line 5876 g of hel involves the level n = 2. For Hel Z = 1
and tzking Te = 3.5eV we get n, > 9.8x10%cm 3.

The Hell line at 4686 g involves the n = 3 level so in this
case Z = 2 and n, 2_2x1016cm_3- Therefore the plasma is in partial
LTE according to the levels involving the lines used in this experiment.
{b) Silicon Lines

iWhen the silicon lines were used the elzctron temperature was
~2eV and the density was ~3x10'7ca 2.

The electronic structure of Si is 1322522p63sz3p2. The transition
responsible for the SilI line at 5979 g is 3s%4p-3s2(*s)5s. The
transition for the SiIII line a2t 4553 z is 3s4s-3s(®s)4p. Therefore
in both cases the lowest quantum level involved is n = 4. TFor Sill
partial LTE holds for n > 4 when n_ > 1.3x10'°cm *. For SiIlI partial

LTE holds for n > 4 when ne 3_1.5x1015cm‘3. Both of these densities are

small compared to the actual density so the plasma should be in pariial

LIE for n > 4.
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(iv) Transient Plasmas
1f 2 plasma, initially in LTE undergoes a change in electron
temperature or density a certain time is required to reestablish LTE.

The equilibration time fer complete LTE is given by [33]

1.1x107nizre"2
T = po > Xp (%) s (4-9)
fn (n.° "4n_%)(13.6)%/2
e 1 Y

z ., . . . - R .
where n; is the ion density in a particulzar jonization state
X is the energy of the resonance line in eV

Fox Te = ZeV and n, = 3x10%7 and for SiII and SiIiI

z
j198

1 =g
0—1;——2:?).10 s

n. +n.
i i

o
H

R

. —g L. .
Therefore the maximum value of T ~ 10 s which is short
compared to times of interest in our experiment.

The equilibration time for LTE for levels above the principal

quantum number n is given by [33]

T z-1 4.5%x10722

() 1/2 27.2z2
n n’*ne 13.6

exp(*;gf;—) s (A-10)

For the Sill ion and n = 4 with Te = 2eV and n, = 3x10 7em 3
qu = 4x10 ‘% s
and for the SiIII jon and n = 4
w?x 2x10712 ¢
These times are also very short compared to any time characteristic
of a temperature or density change in the plasma.

It is worth noting that on laser radiation the rise time of the Si




line signals were observed to be zpproximately the same as that of
the laser pulse thus confirming that the relaxation times were short
compared to the laser pulse width. Thus the plasma is in LTE fox
the chosen Si lines and “he corresponding spectral measurements give

the plasma electron temperature.
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