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‘ach4EVed using a specially designed ahd

_ electron density and e]ectron temperature. Two sets of o Y

5 spectra revealed anoma]ous structur

. .
' \
H
.

—_ ABSTRACT | * . '
B - o
o o ' . |
An’ experiment has been perfor ed to serve the oy
,anomalous scatter1ng of ruby laser ra 1at1o rom a theta— -

pinch p]asma Measurement of the scat ered kpecgra was

eve]oped mu1t1-

.
-

3

channe1 spectrometer system This system cons1%;s of four‘

1nd1v1dua1 channe]s with wh1ch one is able\to no on1y S -

Tue- sh1fted

:«

same time,~ -

scan s1mu1taneously the red- shifted a?) the
sides of the scattered spectrum but, ‘at the

al<o monitor the “shot to- shot" var:atfons in the plasm% |

‘90°?scattering'measurements_are:presented, one for a_ \

p]asma discharge.that was forméd at an initial hydrogen
fdling pressure of 20 milliTorr ( Casé 1) and theaother
for a d1scharge formed at 50 mi]]iTorr ( Case 2 ) . Photo-
rgraph1c stugy using an image conyerter_camera shaw d that,
at the ‘time scattering measurements were made, both dis-
charges were'macroscopica11u unitorm and oUTescent lthough
the d1ameters of the two p1asma columns differed by aﬁmost | .
a factor of two. In both cas;;j—:hi measured scattered :

s, which were not pre-_

. dicted by theory for a thermal p1afma These anomalies ap-,
: peared as osc111ations supetlmposeF on the therma1 tpectrum

" and were symmetrical with resp@g&\t;*::e 1nc1dent waveleng-
th. In Case 1, enhancement;of:app ately 100% in the

i ¥ ' ¢
! .

i11
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- servatfon of non- therma1 density fluctuations in the plasma.\ v .

- ) . - -,

o _‘ ”‘ o " “ . -
- scatter1ng cross secﬂion corresponding to the ion spectrum ~

1 \
‘was also observed v The results were intbrpreted as an ob-'

- » -

-

The anoma11es seemed ta be correIated w:th harmondcs “0f the -

p“]asma frequency and were qua‘litatively s‘1m11ar to those l

on different arc pTasmas

Q

which, ke thé theta pinch p]as a stud1ed here, were go]d,

reported in some measurements mad

dense p1asmas.‘ Th1s~is of particular 1nterest in the study

%

: of-anomalous scattering of lase radiation by plasmas ag it

may be an 1ndjcat1on of the fundamental nature of the phe- - .
nomenon. The present resu1ts 1so suggested.that the dev1a4 IR

tions from standard scatterin theories were not corre]ated

-

with the plasma approx1mation used 1n the{:heor1es and were

fes Nn the plasma

l_'/
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CHAPTER 1
INTRODUCTION 0
- .” '

1-1 . General Introduction. Co .

Laser light scattering emerged as a potentially power-

ful technique.in the s@udy of laboratory pfasmas(l) soon

after itswas shown that. 1aser action in ruby crystal was

(2).

possible A most important feature of such measurements
is that fhey proVide information on one of the most basic °

. properties of a plasma, namely the auto-correlation func-
tion of,thg eleétron‘d;nsity_fluctuation(3).; Furthermore,

. : 4 .
information may also be derived about the density and tem-

perature of the plasma e]ectrons and 1ons, Le]oc1fy distr:T
.bution funcf1on 6f the e]ec'crons(4 5), coT11sion proces-
’ Ses(ﬁ), manet1c fields 1n the p]asma(7 11), and about
drifts(12-16) |

in plasmas. ' ) y o .

Excellent overviews of laser light scattering on. la-

v

boratory plasmas inE]uding outlines of scattering theory,
L 2

general cons1derat1ons and d1scuss1ons of varidus scatter-

ing experiments are given by.Evans and Katzenste1n(3)
(17) (18) 19)

Work in scattering theory was pioneered by Sa]peter(zo),

(21) Dougherty and Fartey(22) | ang Rosenbluth' and
(23) The entire theoretical scatteriné field is_
. ,

Ramsden Desilva and Goldenbaum , and Kunze

Fejer

Rostpker

reviewed‘at lTength bnyernstein et a]€24).
: . .
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..

-deviations of the electron density fluctuations from

-authors. On the other hand-, there were several observ

tures in the scattered spectra. These can be broadly clas-

ed hydrogen arc plasmas. Rzng]er and Nodwell

¢ ~ -

thermal Tevel. For, example, dev1at1ons were evident [in
R4

the scattered spectra obtained from theta p1nch pl

Evans, Forrest and Katzenste1n(25)

, apd Seimon an
(26) ‘

ford a1though they have not been commented on

tions specifically reporting deviations or anomalous fea-

sified into two categories according to the type of p}eémas'
studieq‘iq the experiﬁeqts, namely arc plasmas and theta;
pfncq Q]esmas. Observations in the first category can be
further subdivided into three groups. In the f1rst group,
scattering measurements were made on magnetica]]y stabiliz-
(27)  fipee ©
repdrted enhancements of the scattering qross séction at
the central frequency and'at«the plasma frequency, as well
as some indication of'enhanceme%t at harmonics of the p1£§-

(28) '

ma frequency. In a later measurement ,» they observed

not only enhancements at’harmonics of the plasma frequency
but also, at a particular gas pre;eure,_enhancement at all
ffequencies. Spectra obtained by Ludwig and Mahn(ll) re-
vealed enhantements atvmultiples of half the plasma fre-
quency and the anomaly was independent of the orientation
of the scattering wave yector wwth respect to that of the

magnetic field. Yet measurements w1th progress1ve1y

' .
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(29)

.highen:spectral #%seﬁutions -showed: that the deviat1ons

.8,
consisted.of seem1ngly unsyst!mat1c, f1ne structures of

modulations. In the.second ‘group, scattereduspectra-w%re

‘measured from maghetical]y édntined high current heliuhﬂarc
< . ) . “=.

plasmas. ,Neufe]d(zo)vreported enhahcement at the.central

"

frequency and an unclear indication of enhancement at the”
plasma fhequency whereas results obtained by Meyer and
Potocnﬁk(3{? showed a definite enhancement at the plasma -
freeuency. In the third group, scattering measurements_;f
were made on a high current carbon arc plasma by Churchland
and Nodwe11(32). The spgetra shewed enhancements at multi-
b]es of quarter of the plasma frequency. In the second
categqry, enﬁy two observations have been reportee. ‘In the
scattered spectra obtained. by’ Gondha1ekar, Kronast and
Benesch(33),‘two anomalies were ogserved {i.) an anomalous
blue shift of the ent1re spectrum, and (11) in one of the
spectra, an apparent "d1p" in each of the red sh1fted and

bJuessh1fted s1ees of the spectrum and in the other spec-

the other hand, a "peak" pr enhancemenf was observed in the

scattered spectrum obtained by John, drisawa and Ng 39

»
L]

r-diatid#'scattereq from plasmas seem‘varied. Pfopertiese

the anomalies are also unclear. In particu1ar, spec-

spedtra were made only in the exper1ment of - Gondhalekar et

trum, an apparent "dip" .in the red-shifted side alone. On -

- Thus, the anomalies observed in the spectra of'Taseh,

trally resolved measurements of both s1des of the scattered

LI
.

e A T W I I T -
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4la1(337*_ However, results of qnein meesprements show that
.- the deviations weke symmetrical aﬁoui’thé central frequen-

pl cy in one spectrum dnd asymmetrica1 in the other. The.’
.:-‘ . symme¢ry property oﬁ the anoma]ohs ;eatter1ng phenomenon,

1

#  therefore, had yet. to be stud1ed. Fgrthermore, the few g

Jeasurements made ‘on theta-pinch plasmas are insufﬁiqient'
. . o . . <,
- to allow for.a comparison of-the anomalies in the scattered

[t

specfr% measunedﬂqn.thetaﬁpinch plasmas to that on arc”

-plasmas. _Such a comparison°15'of interest as it may pro-

vide information on Qhe dependence of the, anomalﬁes on 5\\~
*plasma dev1ce b& a part1cu1ar exc1tat1on mechanism.

. Ut . ) ] .
o A_’c F T . '

Ev}Hently, much more work needs to bes done before the
anomalous scatter1ng phenomenon can be explained. It shou]d
be po1nted out that understand1ng of the phenomenon is of,

. great s1gn1f1cance in p]asma stud1es not on]y from the
d1agnpst1c po1nt -of v1ew, but a]so\from_the standpo1nt of

: ¥
- rbas1c understand1ng of plasma d1spers1on theory and of non-

3 _therma] processes w«thin the plasma.
. \ p
y + z )
) S~ u ) - ' | = . >
* In the experiment Of Chyrchland and Nodwe11(32), only the

frequency integrated 1ntens1ty in_ edch S1de of ‘the spec-
trum was measured as a check” for s?mmetry ‘

L4 ‘ M ,
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the present work was‘conceivéd as the first phase ofﬁngor-‘
- mal investigation of the phenomenon. Hence, the primary

objectives of the project 1nc1uded (1) the design and de-

’ ktqdy;of some "of the properties of the anomalous scatter-

- N A ) - ‘ ~ )
Afhgwﬁhenomenon. ' . > T . -

lsurements on a theta-pinch p]asma As requ1red by the ex-

1-2 ObJect1VES of Present work ce ) o . .

rd

In1t1ated by the pre11m1nary observat1on of anomalous ..
(34)

scétte?1ng of 1aser-rad1at1on=from_a theta«anch plasma
L4 . .

ve]opment of the apprOpr1ate 1nstrumentat1on and (11) the

L

The main problem in instrumentation lay iq'the desigh -
of a spectrometer system to be uséd in 90°-scattering mea-
. ’ a
per1menta1 cond1t1ons,‘the system has to sat1sfy the fo]- s
1ow1ng basic criteria. . - - . “,. .
(1) Since 90° —scatter1ng measurements yield reTat1vely ‘

broad spectra, the bystem must be usable over a. 1arge

spectral interval.

(2) The Speétra1 resolution of the system should be ‘suf-

°

ficiently high so that anomalous structures or devia-
tions can be'resofved. o )
(3) The system must allow the éeaeufemeht of both sides of
the'sc;ttered_spéct;umf If point-to-point scanning
fechqiquq}is emp?oyed, the two sides should be scanned
o -

simultaneously so that the reSu]ting spectral’ profiles

are derived from the same set of scattering measure-

-

ments. . . ' .
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(4) A1l scattering measugemg&;s must be made on the 'same
plasma volume, . A

?

Furthermore;, for scanning wmeasurements of the scattered
N ‘ )
spectra, specific instrumentation wild also be required

for moﬁitqring\the“"shot-to-shot""vaniation; in the plasma

discharge. -

/
. 7
\

As far‘the investigation of the -aanomalous scattering

. phenomenon,‘anQattemp;'wi11 be made to provide information

a
s -

on the fo]loﬁing: ’ ‘ : T

(1) symmef?y property of the anoma]ies,{n the scattered -

s By

spectra,

¢
H 4 .

(2) correlation between the anomalies observed in this ex- -
, -

. »

. . . = . -,
. periment and that observed in measyrements obtained
from arc plashas, |

~°

(3) possible correlation bétween the 6bserved deviations

. from scattering theory and the plasma approximation

"

- which is used in the theory, and .

'(4) possible depeﬁdence of-the anomalous scéttering pheno-

-

menon on the the macroscopic structures of the plasma.’

\ .

-
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. THEORY. OF LIGHT SCATTERING BY A PLASMA
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3

1-1  Introduction.

In this -chapter, the theory of iight scattering by a
plasma is outlined so as to\i11ustrate the physical,mean:
ing of the écgttered spectrum andwio provide a‘basis of

comparisoh for the experimental data. In Section 2-2, the

basic formw]at{on of the scattering process is described,

which shows that.the scattered spectrum is a measure of
thegé:ectrum of electron density fluctuation, or, e1ectrQn
waves. Calculation.of the density fluctuation is

described in Section 2-3. The "dressed test particle" ap-

_proach is followed as it provides a clear physical picture

-of the various contributions to the total density fluctua-

tion; In Séc;ion 244, resu1$s of thelscgttering theory
for a case of practical interest'ié describéd, namely, a
Maxwellian plasma in which the Ve]ocify distribution of
th: electrons and that of the ions are Maxwellian although
the electron and ion temperatures may differ.

\

]

.

2-2  Formulation of the Scattering Problem. 6

The géometry'for the scattering of an electromagnetic

wave by a plasma is shown ‘in Fig. 2-1. We wish tb consider

.
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the‘re-raaiatibn,by an electron under the influence of ihe
electric field of a moﬁochromatic plane wave of amplitude
EO, wave vector 56 and freqqency Wy - Jt is assumed thﬁt

the motion o’f'the e]ec,tr'on rema'ini at all times nonrelati-
Vistic so that the Lqrentz force exerted by the magnetic
radiat#n field can be ignored. Quantum mech;nical effects

are also neglected. .Since only a very’smaL](Eg}t of the

incident radﬁation is scattered, we can use the first.-Born

approximation and write the total field at r; as
}! 'y a

E = go cos(go.gj - wot)

The acceleration of the electron under the action of this

radiation field can then be written as - \\\\\l/’

. ' ]
v . .

-

i(t) = - (‘ﬁ—ﬁ:gb,COS{io*ij(tj - wat}

where e and m are the-electron charge and- mass respectively.
; A T

- ’
- -

At the bosition‘g of the detector, the vector and the

scalar potentials -of the e[ectromagnetic'field radiated by.

an electron describing an orbit r(t) are given by the Lie-

nard-wiecherf potentia]s(35) -

| S lefe) mt*) .. .

" A(R,t) = — - e
DR - r(E*) ] - {1/c) R(t*) (R - r(t*)} ‘
". ® * - e' )

o(R,t) = : —
. IR = r(t*)| - (1/c) F(t*).{R -.r(t*)} .
v.'" | / N .
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where the retarded time t* is given by . - o o
£ ' ’ . )
1 R R . r{t-r/c) .
. t* = t - — + ‘ . for |R| >> |r].
- ‘ < R c ‘ .
{ The scattered electromagnétic fields are given in terms of
% . .
£ these potentials by . .
l i[ _ . . M
i Q - VR X A . “ - .
1 oA . 4 ) -
o+ —E— = -VR¢ _ (_) — . . .
. ' c at
) . _ -th : , r
Accordingly, for the j electron, A N
'§ . ( ) ( e R, x Ej(t*)
: B.(R,t) = = :
§ ' it r o2 R¢ i
! e RxE
N o JAY LA
i . mc R ,
¥ ' : . o
. o | , o X R.r (t-R/c)
i o » cos{k_.r.(t-R/c) = w (t- —+ )}
) . . T ' ° c . R ¢
¢ RxE . '
i = - 2 ) (' ;0 ) x b
‘ mc - R . 4 -
] ) .
cos{lc_;ij(t-R/c) - wy(t-R/c)} )
. ' . .
] ., where
A . . .
. w R
- k= kg - (—2)— "
o C . R - ‘ $
. .'.'S - " ‘ .. .
o " is the differential wave vector of the scattered wave, or
. ‘simply, the scattering wave vector. The quantity (wo/c)g(giR)
L] : Ry \ .
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is”just the,;;;Pagaffbn vector o*)the scattered wave. Its, ~=

. magnitude is_equa1~to_|50[, neglecting Compton' effect.

This. is juétified in the 1imit of---hv<<mc2 which is strong-

~—

1y satisfied for radiation in the opticaL'spectrum. As ..

shown in Fig. 2-2, the magnitude of k is given by

.
kK =2 (——(uo ) sin(—)
c 2

~

For an assemb]y.o%'N electrons, the total scattered fie%&

can then be written as

) (

. et 4 gxgo')
mc2 R2 -

&osik.gj(ttﬁ/c)-wo(t-R/c)}

N -
z
1

. (2-1)

The scattered field of the ions would be given by a similar
! ‘ - 4 -
expression substituting the ion mass and charge. . Scatter-

. ing by ions can:therefore be neglected since the fie#ds

-

are three orders of magnitude smaller because .of the great-
- - ‘7 . 0.

+
er. ion mass.

-

By means of the Wiener-Khinchine theg%em(36), the

powerhspectrum of the scattered radiation is given by

iw, T

. 1 ®© S C ) . )
T(k,), = — [ dt e 5 (——) <B(R,t)B(R,t41)>
‘ T -e , 47 ‘

- -

(2-2)
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where < > indicates either time ayeraging over the variable

o or, eqdiva]ent]y, averaging over the &nsemble of collec-
tions of electrons which are macroscopically identical.’

Substituting Eq.(2-1) into Eq.(Z-Z)‘gnd simplifying,

. . : ( ) C ( e2 )2 ( —X'E;'O )
o : . I({k,w = — X ©
‘ T S 47 mc2v : R2
1 o iwsr :
&——ﬁf dt e <Z COS{E-lﬂl(t)'ﬁ'(t+T)|_w T}>
d . J cL 0
2m ®: ‘ . 1 sJ )
\“ / . ) | |

Furthermore, the density n(r,t) of a collectidon of N point

electrons is - ) ’ -
w2 /ﬁ'l" N )
n(r,t) =2 &{r - r(t)}
. §=1 J
f whose Fourier transform is given by
vy & e
i . n(k,t) = ;J; exp{ik.r(t)) o
P ; ‘ o !
o It can be shown that(3)“ ¢ . 7
E, : . - .
/ =]
- K o tTwgr : : - .
<ﬁ1£,t)n*(5,t+1)e U = <X cos{g.|L1(t)-1j(t+r)|—m01}>
' 1,3 ’
so tpat N . . X ¢
‘ . R | 2 . . o
' c e 35:0. 1l = Twt :
" R I(_'S_:UJ) == ( 2)( 2 )X j dr ® <n(_lg,t)n*(-5,‘i‘.+r)>
' i 47 mc R™ 21 - .
where wEwe - Wy is the shift in freéquency with respect-to "j
" the laser frequency. . 1 g

. R}
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Following the usual specification of a scattering
process, a differential scattering €ross section o(k,w) is

!

defined by ~ ' e

A(k,w) do do = N I olk,s) du dg (2-3)

Io
where N is the total number «of scattering centres, Ib=(c/4w)E§

qis the incident intensity and do is the solid. angle. ‘Accor-

*dingly, the scattering crbss section is given by

2 .
e 1 o .
ol(k,w) = (——2) sinzy x — [ dt e1wT<n(£,t)n'*(£,t‘+T)> -
mc 2N -
) = g S(h,w) . (2-4)

. T

whgre Yis the angle between E and R, 0T=(e2/mc2)sin2y is

the well-known Thomson prosQ\gésxion for the scattering of
an electromagnetic wave by a free electnon and S(&,G) is
the dynémic form factor ( also generally referred to as ‘the.

" scattered spectrum ) defined as

(4

1 © . . .
S(kow) = — [ dr e'“T<n(k,t)n*{kit+t)>  (2-5)

3
Therefore, from the spectrum of scattereds~radiation, a most -
fundamental property of plasmas can_be studigdl namely, the
charged paffic]e correlation. Furthermore, S(k,w) cam be

2.

equivalently expressed 89424) .

.1 . ‘ ’ <|n(-k—,w),2>

| (:‘ S(ﬁ,w) g — 1im : | (zsg)-

27N t'ew L2t
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where t' is the observation time. Aocording1y, the scat- °
tered spectrum is in fact a measure of the spectrum of

electron density fluctuation in the plasma.

.

. t.'.\

[

2-3 The Electron Density Fluctuation.

In phe usual formulation of plasma kinetic theory, it
" is assumed that the state of an infinite, homogeneous plas-
“ma can be described in terms of a‘singie particfe distribu-
tion f (r,v,t) for the electrons and another such distribu- i
tion f.(r,v,t) for the ions. For simé]icity, only one ion

species of mass M andScharge Ze is consiqeredl For é col-

‘lisionless plasma and in the absence of externally imbosed

fields, the Boltzmann equations for these distribution

-~

“functions are

af C

e ' .o -
g;— *vvf, - w E(L’t)'vlfe q
af, - 5 : .

j : le . -
b *VLUfL - W g_(r_,t).vlfi = 0 .

e

The internal electric field is given by Poisson's equation

V.E = 4me f—{Zfi(L:i,t) - fo(r,v,t)} dv
A . ’
This set of gquations a:e nonlinear. They are linearized
and solved by a perturbat1onlprocedure neg]ectfng second

.and higher order terms 1p fe and fi'

- »
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In fhe Landau théory.of plasma oscillation, ghese

1€nearized equations are solved as an initia]-valhé prob-
1ém; that is, the time evolution of the system is traced
from an initial state whose configuratién is arbitrary but
whose velocity distributions are specified. The timg vari-
ations_of fe and fi as the state evolves permit'the cajcu-
1ation of the autocorrelation function of the density fluc-
(20)

tuat1on This approach was employed by Salpeter and

\\/ FeJer(ZI) . ~ ~ : .

N _ .
An alternative approach is the superposition of .

."dressed test particles" used by Rosesbluth and Rostoker(ZB).
. e,
The distribution functions f and f. are assumed to be time

inﬁependent A part1c1e in the plasma is taken as a test

-

part1c1e with mass mJ, charge qj’ velocity v and position

0J

Avector 303‘ The test particle will act to polarize the

p]asma and therefore carry a screen1ng cloud with 1t. Cle-
-arly, th1s action corresponds to the establishment of a
-

pair correlation. The electron density fluctuation or the

screening cloud associated with the test particle ig given’

by 3)

(k,t) = ( “8eMog) )8 s k. ( t))
n.(k,t) = 34 expli r
J =" " OJ ‘OJ
1'Ge(v'oj)'Gi(voj) e
where - T , a .
. ’ 5", 2 .
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st

4re k.v.f_ _(v)
Be(Voy) = =3 L e0 dy

m k k(v - vy5)

¢ 2%e% kv fl (v)
6;(vos) 7 = dv

10

and f_ . f; are the spatially homogeneous distribution

"functions of the electrons and ions respectively.

(2-8)

. The to-

£ : .
tal electron density fluctuation is obtained by summing the

sindividual contributions n;(k,t) over all o?bthe particles

- J

‘of plasma in wh1ch the role of the test part1c1e is played

by each particle in turn. In add1t1on, t{ "se]f fluctua-

tion" of the test particle itself must be \nc]uded if it is

* an electron. This "self-fluctuation" is the fluctuation in

the mean number density that arises from the discreteness

of the partic]és themselves. Thus, the tofa] density fluc-

tuation of the plasma is

N N/Z
n(k,t) == n:(k,t) +z ny(k,t)
j=1 3 1=1
electrons ions
N ,.

+ §=1 explik.(r gﬂjt)}
electron
self-fluctuation

N

= I

t

exp{ik. (503 Yoj

e e
+
31l 1-6,(vy; ) e (vo3)

01

. ~ N/Z G (v_,) g
| 7y [ e ol } exp{ik.(r,,
. 1=1 l-Ge(VO])‘Gi(v ) . o

.t)}

~

Hort)d

o
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From this, the autoéo{q&]ation function <n(5;ty
' s ‘-.' P -‘.'
n*(k ft+t)> can be calculated and the dynamic. form factor

can bk obtained(3), - ; , , .

‘ 1 h l-G.(v..) 2
Sk ,w) = — L 1° 0J t 6(w+E3105)
N j=1 %'Ge(voj)'ei(voJ) Y

e (v 1)
. N/Z G v 2
+22 5* : ol S (w+kl. v -l)
'I=1l 1—Ge(v )-G, (Vo1)

The sums can then be evaluated by converting them to inté-
grals over configuration and velocity space wéighted by the
zero-order distribution fdnc;ions. Denoting Fe(v) 5nd\

i(v) as the zero-order distribution functions for the\com—

©

ponent of,velocity along the k direction, we obtain

l_Gi(w/k)
1-G (w/k)-6; (w/k)

2

S(k,w)

Fe(w/k)
7

Ge(w/k) 2

{-Ge‘w/k)-Gi(w/k)

Fiolw/k) (2-9)

2
2?9, The Scattered Spectrum for® a Maxwe]]xan Plasma.

Next, we consider the case of a Maxwe111an plasma in
which the zero-order velocity distribution functions of the

electrons and ‘ions are Maxwellian although the electron and
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'jon temperatures hay be differeht. Accordjng1y,'we may
ytake for feo and fio the expressjons ' i
| ) /
. ' e . ' v 2 ~ | * 3
fao(¥) = (—3—3777) expl-(—) 1} v (2-10) :
v m . v ,
e -e . _ » .
N L S (2711) J
f. (v) = — (——=—55) exp{-(—) } To(2r11
jio — 7 v.3 .3/2 V. (\
. o ' i .
K.I \.

where Ne is the electron density and Ve» vy are respective-
"]y the mean thermal speeds of the electrons and the ions,

defjned as

%

2KT 1/2
v = ( =) A
m . o
CaKT, 1/2 Y
V'-i = )
. M 23
-~ ¢:

“where Te'and Ti are the electron and ion temperatures res-
h ’

pectively and K is the Boltzmann constant. 'Intqﬁducing the

dimensionless frequency variables defined as xe=w/kve and

xi=m/kvi, the screening integrals of Eq~(2-73 and Eq.(2-8)

can be evaluated-as ' S ‘ -
5‘/ 2‘ )
=/ _ . ' -
G, ¢ a” W(x,) “ . (2-12)
: Te 2 - ’
G, = - Z ( ) « N(xi) (2-13)
' . T, . :

1

where the scattering parameter aal/kxd' and the Debye length

L]




e
is )
. °
i
- ~ . Rt
- : _ 2,142 : _
: Ap=(KT /4mn e”) A\;fand .
- 2 x 2 , 2 ‘
W(x) = 1 - 2xe X fo eP dp - inl/zxg'xd
Thus, substituting equations.(2-10) to (2-13) into Eq.(2-9),
we obtain for a Maxwellian plasma, ‘
2, Te T2, |
} _ , 1+Za™ Ti )N(xi) exp(-xe;7
S{k,w) dw = : er
‘ ‘ 5 2 T ' TT1/2
- ] 1+a“W(x _)+a Z(——g—)W(&.)
- , . , e T. i
’ , , 1 :
: 2 2 2
: ~a“W(x ) exp{-x.:)
.} . +Z e » “ - 1 dxi
T 1/2
. 2 2 e .
g 1+a N(xe)+a z'(—-‘Ti )”("i) o
1
- (2-14)

\

_— ] For yalues of the electron-ion temperature ratio that
are not too large and {(m/M)(Ti/Té)}1/2<<13 the dynamic
form® factor can be-written, using an approximation due to

(20) '

Salpeter » as the sum of two terms, each pf which is a

function-of either Xo OF X, alone. Accordingly,

. I3
1 2 exy(-xez)'
S{k,w) dw = 5 dxe
. l4a N(xe) ﬂ1/2 ,
Ol2 1 2 e;b(-xiz) .
. . + Z( 2) T2 . dx1
l+a 1+a W(xi) TT1/2 *
. ) Ot2 2 .
=¢ra(xe) d%e +Z( z)rs(xi) d%i (2-15)

l+a

v
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where ‘ Y . :
2 T
82=Z( (o} 2) e /—\/
1+ o T.*
1
- () EXP(-XZ)
r (x) =
¢ o1 +_a2w(x)x2

The first te}T in Eq.(2-15) is usually referred to as the
”e]éctrdn cbmponeht" or "electron spectrum”" and the secondc
term %S‘Yhe so-called "ion comp&nent" or "ion spectrum”". The
detafléd‘shape of ‘the SCattergd spectrum dependsvupon the

values of o and B. Fig.\2-3 shows.the function Fa(x) for

=0, 0.5, 1, 2, 3 and 4. It follows from Eq.(2-15) that

the total scattering cross section S(k)=/_ S(k,w)dw - can

also be written as the sum of an electron term and an ion

s(k) = s, (k) + 5, (k) | | (2-16)
where o ' . .
s (k) = — L B L (2-17)
e'— 1+ 0LZ - ,
) z a4
51(5_) = (2-18)

(1+ a®) 1+ a2(1427 /7. ))

1+.a2(1+ZTe/Ti)+ Za4
(1+ &) {1+ of

S ’ (2-19)
1427 /T4))

w

—

=
1]
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It fo11ows then, for aw<l ( that is, 1/k<<ip ), S(k)=
setg) and the scattered 1ntens1ty is a]most exclusively in

Cov s the eJectron componient with S,(k)=0s, The scattered spec- e

. C *® .trum approximates a Gaussian function

v e . ‘. ‘ . ]
Y ' - 1 w Z ~

T o Sk w) e '—17‘2—**—‘e>_<p{-( )} (a<<l)

Ve ) kve

o

' C]éam1y, this is symmetrical with respect to the incident
fréquency with a half width consistent with the thermal

- velocity of the electrons. In this short wavelength limit,
5 “ .

' sea{f3r+ﬂq is due to non-interacting electrons and is called

_ "incoherent" scattering. )
ad, . . ‘ ,\\ e . " (
1 1 * Y

[

As « approaches uni%y and beydnd, the scattered spec-
trum beg{ns to shbw both the ele¢tron as well‘as the ion
.components® In the 1imit of a>>1 (‘that is, 1/k>>iy ),
Se(£)=1/a2 whereas S.(k)+1/2. The electron component taen
PR ~ becaomes two Qeak satel]ite‘ﬁines\}océted symmetr1ca11y w1th

respect to the incident frequency at. +w

»

0 g1vedxby

4 172 :
wg = wp (114 o2 ).

L . Ve . 4
4 . .

; : ~ which is the:weﬁl-kneWn'Bohm and Grggi dispersion relation-
 for 1omg1tud1na1 plasma waves(Gl). The shape of the satel-
lite 1in® can. be approximated by a Lorentzian funéwion and

the width is determ1ned byﬁiandau damp1ng(62) The ion ‘?

- .-

" spectrum becomes a re]at1ve]y intense line centered around Lot
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; . : ’ " oo . . I
'the incident fréquency. The shape of the ion line depends

on B and hence on (Te/Ti)l/z.

For valtles of B less than
unity,.the ¥on spectrum approaches a Gaussian function with

a half widfh determinedgby_phetion temperature. Thus, in

e o this ﬁong wave]engtﬁ limit, the scattered sp&ctrum reflects
high]& correlated electron motions. Scattering is due to
. “Nightdy damﬁéd plasma wavés and those electrons shielding
\ the'io;;. Jhis is referred to as "cSherent”, “"collective" -
. ’ or "cooperative'" scattering. fhe transition of the scat-
- ) 44tered‘s%gctrum f}om incoherent scattering to coh{:ent scat-

. terihg is shown in Fig. 2-4.
For comparison with experimental data, the theoretical

.
profiles can be calculated from Eq. (2-9),.Eq. (2-14) er

- -

Eq, (2'15)- ) .
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CHAPTER 3 - T >
THE LASER SCATTERING EXPERIMENT

€

3-1 The Plasma Source, . B - & .

In this experihent, the. plasma studied was'bToduceg

in a theta—pinch(37).

~A schematic diagram of the theta-
pinch configuration is shown in Fig. 3-1. 1In essence, the
system considts of a low-inductance capacitor connected in
paré]]e] to a singie furn b%Q§s coil which encirc]es‘a dis-
chargé vessel containing hydrogen gas. The theta-pinch-
coil is 10.2 ;m‘1ong with inner and oQter diameters of 4.6
cm and 7.1 cm respectively. The c;pacitof is a 0.75 uF,

10 nH Tobe capaqitor which is rated-for>a maximum charging'
vd]tage of 40 KV.‘ Tt ;as charged by a 50 KV,,16 mA’, cons-
“tant cyrrént Universal Vo]trbnics type BA} 50-16—NRC power
supply. Tﬁe capacitor diséharge was triggered. by a spark
gap switch using a‘puls? from.; 15 KV t}igger generator ,

' througﬁ an isolation transformer. A simple form of such a
transformer fé a six-turn coil of,RG 8/U coaxial cable with
.each turn having;; d{ameter of approximafely 15 cm. The
inner-condugtor of the gab]e wasxuégﬁlgg the ;riMary'coil

o .

and the outer one as the secondary coil.

'y

For all scattering measurements, the plasma was form-
ed by a 0.34 KJ ( 30 KV ) discharge. The d{scharge current.,

exhibited damped harmonic oscillations with ringing period
. ( | , e
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i

of 2 usec. Peak value of the discharge current was esti-

mated to be 70 Kiloamperes with a éorrésQonding axial mag-

L)

hetic‘field of approximately 9 Kilogauss.

¢ . .1
The d#scharge vessel was a pyrex glass tube with no-

minal oﬁtg} diameter-of 4t4 cm and wall thickmess of 1.6 mm.

"It was coupled to an aluminum tube at each end, forming a -

scaftefing chamber. This chamber will be described in de-
tail in the next section. fhe'arrangement of the vacuum
and gaé inlet systems for the scattering-chamber is shown
in Fig. 3-2. A Welch Duo-Seal rotary pump provided an

¢/) initial vacuum of about 1072 Torr. An ultimate vacuum of

about 10 QTbrr was obtained wjﬁhf}he additional Speedivac’
. - o . R . .

0il diffusion

e -

mp, model F. 203. R

»

Y - ,
3-2  Light Input System. : i
8-2.1 The Ruby Laser(38) -
. The heart of the 1ight input system i5 a Holobeam

Series 600 ruby laser system capable of providing a 300 MW
pu]se'( 19 nsec full width ha]f‘maxfmum<)'of 6943 R cohe-
rent radiatién. Combonent configurafion of the laser is 
shown in Fig. 3<3. The s&stem usés‘a 15.2 c¢m long and 1:3
cm diameter ruby laser rod as the active element and em-

Pléy; a Pockel's’celf(39)

_ for giant pulse Q-switching.
. N hd .

-
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The beam diameter is restricted to 1.1 cm by a ground glass
aperture located be

, . . :
cell. Diyergence of the beam is less than 3.milliradians

tween the laser head and fhg Pockel's

[N

-

\ ' ( full width, half-power ).

For.all the scattering measurements made, the laser

system was only operated to give a light pulse of peak

GRS TR RREAIEE TR e T T s,

power of about 60 MW ( 30 nsec fu]] width half-maximum ).
Polarization of %he laser beam was set normal to the scat-
tering plane defined by the incident and scattered wave
vectors. Sychronization of the laser pulse and the theta-
pinch plasma discharge was regulated by a speéia]'JeTay =

)

i X
9 circuit built into the control of the .laser system, which
‘provided a pulse of +25 volts at a time variable between

1-25 usec 'before the laser pulse.

TN S

»

3-2.2 Focusing Optics. )
) The function of the focusing optics i§ two-fold.
First, it must reduce'eicessive divergence of ‘the laser
beam, thus suppressing fhe amount of stray light ( that i;,
Tight scattered into the bo]1ecfion optics,that does not -
originate from the desirediplasma scattefing volume ).

Second; it must focus the laser beam into the selected

plasma volume.

[N

e



e e o, K E e ey it e et e B e = ol

32
- The,initial probTem of divergénce selection was han;
’dled by focusing the beam through a small aperture. 'Stray,.
pff-axi§ r&;; were blocked by this focal plane stop as the

1

beam diverged to the next element. -The dn]y‘lihitétion on

such a method is the maximum power density that air can
raig . withstand a;_atmosphér{c pressure before it 3¥s ionized (40).

Fig. 3-4 shows the optical elements of the focusing system.

The first lens L1 after'tﬁe laser head is a 402 mm focal
Tehgth plano-convex lens fitted with-a-stop having an aper-
ture approximately 20% 1arger;than the laser beam diameter.

,fi ' The laser beam was focused;ontO'an aperture A1 of 1.2 mm

;’ diameter and 1ight rays with a divergence greater than 3
e . . i -

“;' milliradians were filtered off at this stop. The beam was
}? recollimated by lens L, ( foeal length 385 mm') and then

'fdcused by LenggL3 ( focal length 1269 mm ) to a spot of

%i : 4.0 mm at the centre of the theta-pinch coﬁl.l

The converging beam entered the theta-pinch discharge
Q: o o tube through a glass window and into an aluminum baffled
| chamber. The Brewster angle of the window assured maximum
transmission of the input beam. 'Tﬁree baffles were used

in the aluminum chamber, each hdving a-diameter of 1.5 cm.

They preyented'mu]tip]e or grazing reflections of stray .

light off. the window-or‘chamber walls from getting iqto the
~collection optifs. Fukther reduction of spurious reflec-

tions from the chamber walls is u%ua]]y achieved by black-

ening the chamber. A different approach has been adopted
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. here:, the a]um1num tube was coarsely threaded inside, form-

ing minute l1ght traps and baffleg throughout the inside

tube wall.

The laser beam, after traversing the platpa, passed
through énother chamber and was absorbed in a piece of blue
filter glass ( Chance Pilkington 0B 10 ‘filter ) set at the
Brewster angle to reduce reflection. .The chamber was also
an aluminum tube, coarsely threadea jnside. Only one baf-
fle was used as an added precaution-in the event t?at some
1ight might be scattered from the filter surface. The
small percentage of light that was not absorbed by the blue
filter was part1a11y reflected onto an E. G. & G. SGD 100
photodiode which monitored #he taser pulse and served to
norma11ze the stray 1ight and p]asm;tn'Ray1e1gh scattered‘

light signals.

Both the input and exit window Qere located as far
away as possible from the plasma 'discharge tube to keep
them as clean as possible. Dust that settled on the input

window was especially detrimental since any light scatters

‘ed before the focus would reduce the power on the targef

- and was often collected as stray 1ight. The window was

.

removed and cleaned as often as necessary. Since dust or
imperfections in the focusing 1énses would also scatter
light out of‘thgfléser beam, it was necessary to place the

whole focUsing'system in a blackened cardboard tunnel with




_ black paper bqf%]gs along the side of the light path.
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> Alignment of the focusing optics was made using a

’
simulated beam with a steady light source as shown in Fig.
3-4, which had the same diameter and beam divergence as the

laser beam.

3-3 Light Collet

3 on System,

Once theﬁ}éfer beam is focused into the scattering
Y
volume, it remains to collect, spectrally analyse, detect

-13 ) of the in-

- »

and record the small portion ( typically 10
cident lager beam that is Thomson scattered into a selected
angle. - The ]ighf collection system is composed of (a) the

collection optics and (b) the dispersing instruments.

0

3-3.1 Design Considerations.

;The function of the colléction optics is to gather
lTight scattered from a selected plasma volume, at a fixed
scattering angle, withip a small so1i§ angle. !A simp]e'ar—'
rangément is shown in Fig. 3-5. The desjred plasma scat- .
tering volume is imaged by a pair-of plano-convex lenses
L1 and L2 onto a focal plane stop AZ which also serves as
the entrance aperture of a dispersing 1qstrument.‘ An

aperture A1 p]aceg at the first fens-]imits the cone of

scattered light 6b1lgcted ( solid angle d9 ), thus

-
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geometrically defihing the scattering wave vector k with a

+

3

finite spread. . - ' . P
4 A / -

+ hd -

/ Spectral analysis of the scattered light can be made

, , by either (a)'sdmultaneously iécording’thg complete or a
major part of the scattered speétrum using a multichannel ¢

spéctroméper systemf4lf42)

or (b) scannfng-the spéctrum’ .
point-to-point using g single disperéiﬁg instrument. For '
measurements on pulsed plasmas, the first method has thé

distinct advantage of being unaffected by.nan-reproducibi:_

1ity of the plasma since the spectruh can be recorded in a
§ingle measurément. Howeverﬁaspectra1 reso]utﬁon is.1im1f:\x
ed by the number of channels and.each'channe1.may net be .
collecting light from the same rgéibn of the ﬁ]asma scat- .

(41)

_tering volume Signal strength max‘pfésent a pfobIem

as the scattered intensitysis distributed among.all chan- ‘

(41)

nels Cost and ease qf‘operation are other limiting

factors. On g}e other hand, instrumentation for scannﬁngiﬁ*
;o ¢ \Qferation is relatively simple and inexpensive. ébectraf | ’
| {esolution is basically limited by the dispersing eiement
used. However, as a large number of scattering measurements
i; required to yield the scatgerea spectrunt, the"ethod is
» particularly vulnerable fb non-reproducibility of the plas-
© ma. If such a method is to be used for measurements on ' .
pulsed plasmas that are not perfectly reproducible, a more'

val 1 measurement would require close monitoring of the_

plasma condition at the time of scattering and onlg thgse

] ’ : )
Sy
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: % scatter1ng measurements from pltasmas with comparable para-
& L4 N R N
g m%ters should be compiled. ’
- = o .
T . In the present work, scattering measurements were
; ' made at,900 and the resulting scattered spectrum was' rela-
v . tively broad. However, spectral res¢lution oftthe order of
. - J q
AN

6 & was required in<order to detect anomalies in the spec-

. ‘trum. These awd the further requirement that both the red-

- shifted and the plue-shifted sides of the spectrum be mea-
: - .
sured simultaneously diétate¢.thé use of scanning techmnique. -

- , .
b

For scanning operation, the dispersing instrument can

be- a grat1ng monochromator, a- Fabry Perot eta]on or a

1

s

tunable interference f1!ter(43).‘ The Fabry- Perét etalon
énd the interference filter have a light gathéring power
of at least an order of magn1tude greater than grating
monoehromator(44). For arresolution as high &s 1- Z?R'/)he
e dinterference filter is preferable to the etalon as 1; is
s . 're]atﬁve}y inexpensive, easy to operaﬁe, and covers a lar-
‘--' | ° ge ;pecfra] rdnée. Infek%erence filters\withpgood trans-
m%ssi&n‘thayacferistfcs ( peak transmission greater thana.
'50%')'and narrow bahdwidth ( ~1.5 8 ) are now readijy avai-
lable. . » C *

1

It was pointed out earlier that for sbanndng measure-

ments, it is necessa#y to monitor the plasma condition at

-

the time of scattering if the plasma discharge “s not
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,perfectly\reproducible as is usually the case. In a‘90°-

a3

scattering measurement, the re1evant p]asma parameter§ are

LY

the electron, density and the e1ec¢ron'temperature _For
effect1ve ahd meaningful man1torgng eivthese paramete{s, it
.i; essential that they are measured-sjmlltanechs1y wifg'thém
écatterﬁhg‘measurehents'a;d in the same plasma regionAfrom-.
which scat%ering measuremerts éée maﬁe; Thus, it is pre-
ferab1e'to 1ncorporate such monftoring measurements as part

’of‘the scattering measurement. The scattered radiation will

T 'be d1str1bwted among fbur channe1s, one each for scann1hg

the red-shifted and the b1uE sh1fted sides of the scattered
b
.$pectrum, one for mon1tor1ng the 'electron dens1ty and one

)

for monitoring the e]ectron‘temberatﬁre.

v B : v
“' .From equations (2-3), (2—4) and (2 19) of Chapter 2,

the frequency integrated scattered 1ntensnty is

L]

1 s{k) -

k) = Ne Vs T Yo N ‘ .
¢ .
where , !
1+ o?(1 + 27 /T4) + 2o®
S('_‘_‘)’ = C 2 0 2 : ’
‘ (1+ %) {1+ (1 + IT _/T,)}
+ Y [ ]
, FOY‘ Z=Ivand Te=Tiw .
() 1+ 2a2 + a4 h ‘ )
S(k) = > , Coe
A B (1+ o%) (14 24%) oo .
. : Lo
.‘) ’ - .
. . 6
» [

el
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Fig. 3-6 shows S(k) as a function of o for Z=1 and Te=T5-
Even at extreme variations of a, S(k) Qi1i only change(by
a factor of two. On the other hand, .I(k) fs directly pro-
port1onﬁ] to the electron density. Thus, it is clear that
. . I(g)~canabe used 0 monitor changes in the electron dens}ty.

Expefiménta]]y, the total scattered radiation is detected

“ihrough a dispersing instrument with a large but finite - ‘.,

ARy o R R L R R R
.
.

. bandpass. If ¥.(&) is the 1n;{;§manta1 function of the
density mon1tor1ng channel, normaffzﬁﬂ to unity at peak

tran§m1ss1on and TT is the absolute percentage peak trans-

{ .- )
mission, tbfﬂﬁ?&sg{ii total intensity will-be
3 ‘ / .

duw

I;(k) = [ 1(k,») ¥i(w) T

- 00

m S = ng Vg oT’IO T {m S([c_(;g‘))‘FT(w)dw : (3-1)
i LY | N

Providing WT(w) has a sufficient]

T

sl e ket

- g e

1argé bandwidth, I (k)

will show similar dependence b ron density\ﬁﬁd‘a as

I(k). Fuftﬁermoré, for absolut heasurement.qfﬁelectron

density, ITGK)_can be caffbkate hs\ng Rayleigh scattering
meésuréments ( Appendix A ). The intensity of Rayleigh
scattered 1fght from a neutral gas'qf pressure Po at tem-

v

. . perature T0 is

. . ’ P . » . ' .
. o . F = _—O < - ( * -
l IR = (2 W o 1o T () - e
- . ] 0 ) - - : _ ) J/ . 9

_where TT(AO)'is' he. transmission at the laser wave1eh§th'°




A

.

o
4 ’ '

"
Y . 3
, o ++1=°1 pue 1=7 4oy » o uoi3oung & se (N)s 9-g ‘64

a

. e P
Sperhat 4 LT I RS R SWRES RS

.
B epmgE
- »

oy

e 3

(s

PEREBEE Dl 000 2 it o




§ D TrE, T b o e AN m"uvmm;a;M'WW’&T’Qq@“’:’, e

]

. ) 42
and K is the Boltzmann constant. Hence,
| 1. (k) or KT Ty =
T -, (DR s(kw) v ()de
IR(PQ) | Op P0 .TT(AO& -0
.“" | / ' ' Co , C (3-3) .
An electron density calibration factor n can then be defined
as _ . 2
nzong [ S(k,w) ‘P.I.'(m) dw ‘ (3-4A)
' C LK) op P Ti() |
Ty By ) T (3-48)
IR(PO) OTh KT,. A -

The integral can be computed for various combinations of
electron densities and temperatures. Fig. 3-7 shows the

computed var1at1on of n with density and temperature for an

)

interference f11ter Wwith peak transmission at 6948 R and '
bandwidth of 140 R. Comparison of the experimenta11y de-
termined value of n with these curves will then yield a

" density measurement.
N 3

. . . ) e .,'

L . .‘ LY . -~ [ . . H
. To monitor changes in the plasma electron tempera- D '

N ture, one notes that the value of the dynamic form factor

at the centre.of the spectrum, for T Ti’ is g1ven by( Y e

e = () d )'”'2':‘%”'

Syeey (K20) = —177. | .

N R AR W TLTCYZ RS SR

L , . , | ' e - 4y

for a<<l, and : e
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Fig. 3-7 "Curvés of n as a function of electron
'density and electron. temperature. -
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S (k,0)

a>>1 N Soz<<1 =’

for a>>1, where ¢ is the ve]ocity of light, Ao is the laser,

wavelength, 6 is the scattering angle, Te is the electron

temperature, Ti is-the ion temperature, and m, M are thé
masses of the e]ectrbn and ion respectiv?]y. Thus, the
intensity in a narrow bandwidth of the‘scéttered spectrum

!
centred about the incident frequéncy has a température de--

"

pendence and may be used to monjtor the electron tempera-
ture. If ?A(w) is the instrumental function for the tem-

perature monitoring channel, normalized to7un{ty at péak '

?

transmission and TA is the absolute percentage peak trans-
mission, the intensity of scattered . light measUrqd in thﬁs

channel is

=2}

IA(B_) ._r[m"x'(g,w) ¥, ()T, du
) := nevsoTIoTA fm S{k,uw) ‘YA(w) duw ) (3-5).

i

! oo

It is clear that I,{k) alone cannot satisfactorily moni tor
changes 1n electéon temperature'since.it,is also directdjg
proportional to electron density. To elminate the density

dependence, one can consider the ratio.

-3

T /

> 5(‘&.9“) ‘PA(“’) d_w

.
T Lo S(k.w) ¥p(w) do

‘] 8 s

An electron temperature calibration factor £ can thus be

©
L4

L




et -

) f-“’v”*“?{ﬁ""‘@"{k"?‘fﬁ’v!u BT

g P

R SIS NY TR LI TRy IR, et D R e IR

.‘deﬁined as ) )
T Sk ¥y (w) du
¢ = | (3-7A)
Lo STk,w) ¥o(w) du
4
1,(k) - T e
= (=2 ) (=) (3-78)

‘ B i
Sensitivity of £ to changes in ele¢tron temperature depends

upon the bandwidth of WAﬂw) and thelexperimental tempera-
ture regime. In genefal, it may.be impréved by nérroﬂing
the bandwidth of WA(w) At the sacrifice of the measured in-
tensity. Fig. 3-8 shows the computed variation of £ wifh
electron temperature and electron density for a temperature.
‘monitoring channel with Ban&ﬁidth.of 15 R and centred at
6941 . Furthermore, absolute méasurement of e]ectroq tem-

perathre can be obtaiz;? from the measured va]ue'of £.

¥ .
In thevabové discﬁssion, a thermal plasma has been

assumed.. However, the general formulation 6f the technique.
and in particular, the calibration factors as defined in
equations (3-4A), (3-48), (3-7A) and (3-7B) aré va]jd for
all plasmas. For measurements on non-thermal plasmas,
applicability of'the mgthod depenQS'upon the knowledge of
fhe dynamic‘form factof S(g;w)'characterizfng the,piasma.
It should also.be pointed out that caution should be exer-
cised in derfvjhg'elec:rbn &ens%ty and temperéture valu?s

from the ekpértménéa]]y determined values of n‘and £. -
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.Fig. 3-8 Curves of £ as a function of electron
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Enhancements in the scattered intensity must be taken into

N e
~account in the analysis.

b

-

3-3.2 Collection Optics and the Spectrometer System

Fig. 3-9 shows details of the collection optics and

alfour-channel spebi;gmeter system, Parameters of the op-

tical elements are lAsted in Table 3-1. Light scattered
at 90° was collected in a solid angle of 6.7x10"3 steradi-
ansvcorresponding to a scattering wave vector k of 1.28
x10% em™} + a3, On]yf%fregion of diameter 2;5 mm in the
‘plasma was iméged onto the entrance apertures of the four \
 chénne1s of thé spectrometer system. Use ofia common col-
lection ]'ens'L1 gnsured that all channels measu ed light
scattered from the same plasma volume. '
v /;/
~ Each channel pf the spectrometer system W;s,basfcally
an interference filter spectfom;ter. Channels 1 and 2 were
u;ed for scanning the red-shifted énd tbe blue-shifted |
sides of the scéttered spectrum,respectj?e]y. Narrow band-
pass f{lters which were ;unable by rotation were used. By
‘Highly coflihatind thé beam incidénf on the filter ( half-
angle beam divergenc€ less than 6 milliradians ), the ins-
trumental widths of channels 1 and 2 were limited t6 about
643 and 5 R h?spectivéTy. Channel 3 was the‘eiectron den-

sity.monitor for which a fixedrpositioﬁﬁ broadband inter-
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Table 3-1 Description of the optical elements in Fig. 3-9.
Lens L1 Focal length 110 mm. .

Lens L, Focal length 300 mm.

Lens L3 Focal length 575 mm.

‘Lens Ly Focal length 225 mm.

Lens L5 Focal length 230 mm.

Lens L, Focal length 466 mm.

Lens L7 Focal length 115 mm.

Lens.L8 Focal length 254 mm.

Lens Lg : Focal Tength 254 mm.

Lens th \:lFoca1 length 120 mm.

Leps Lll Focal length 483 mm.

Lens L,, Focal length 45 mm. &

Lens L13 Focal length 45 mm.

D : '

.| Aperture A1 : Diameter i?.b mm ..

Aperture A, Diameter'ﬁ.g'mmi

ApertureaA3 : Diameter 5.1 mm.

Aperture A4 : Diameter 5.7 mm.

Aperture A5 : Diameter 10.8 mm:

IF(1)" : Interference filter, A =7025 R, bandwidth 3 &. | °
IF(2)" : Interference filter, A =6946 f, bandwidth 4 R.
17(3)¢ : Interference ftlter, A_=6948 R, bandwidth 140 R,
IF(4)" : Interference filtér, A =6941 R, bandwidth 10 R.
BS(1)" :'Wielectric 70/30 beam splitter. - -
8s(2)T . Dielectric 45/55 beam splitter. '
BS(Q)# : Dielectric 35/65 beam splitter.

Vi -

* Supplied by Infrared Industries, Waltham, Massachusetts.
@ Supplied by Corion Corporation, Holliston, Massachusetts.
t+. Supplied by Rolyn Optics, Arcadia, California.
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ference-filter of bandwidth 140 R was useq at normal inci-

-t

dence. witﬁ the inci@ent_beam'highly collimated (;HaIf— .

angle beaﬁ divergence of 11 mi11ifadihns ), the effective
instrumental function of tHe channei was essentially that
of the'ff1ter‘ Channel 4 was used to monitor the electron
temperature and the’optical artangement was similar td that.
. of'éﬁanne1 3. _ By coupling a readily awailable interference
filter to a beam incident normally with a sﬁ%]{ divergence.
f hal f-angle beam'divergénce‘of p;12 radian ), the effeﬁ-'
tive instrumental width of the channel was approximately
15 R. -

L

rd

Both the collection optics and the spectrometer system
were enclosed in B]ackened cardboard tunnels which were kept

as light tight as possible. oA

' 3-3.3 Optical A]ignment:
. . ¢ : * u :

Coupling of the laser input system to the-scattered
dight col]ecfion system was made using a small right-angle.
prism placed at fhé eéntre of the theta-pinch discharge

" tube. Fig. 3-10 shows a.diagram of tfe aluminum prism-

mount. Diameters of the tubes were matched to that of the
bafflés at each.end of the pyrex glass discharge tube for
centering the prism on thé axis of the theta-pinch coil.

The simulated laser beam ( Fig. 3-4 ) reflected from the

D 3 ' L
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face AB of the prism then represented the 90%-scattered

beam and was used for a11gnme' of the collection optics.

Once the entrance apertures ou the four channels of the
jpectrometer system were preperIy Tocated, the ré%t of the

43
y ‘spectrometer optics were a1tgned us1ng a simulated scatter-

ed beam’ ( Fig. 3-9 ) off a steady 11ght ‘source.

'Q ’ ) 'R
: | ,\
y
3-4 ‘Detect$qh System. - -
- * ‘ )
" 3-4.1 Photomultipliers.” o - N )

’ Light emerging from-the tnterferenceffilter in each
channel of the spectrometer system was focused onto a pho- |
tomultiplier tube { RCA 7265 with S‘O spectra1 response )
The photomu1t1p11ers were housed in a]um1num cylinders
a]ong.w1th their yo]tage-d1v1der bases. ~Fig. 3-11 shaws

’ the schematics of”the‘voltagéldivider which was a vartation

©0f that g1ven in the RCA 7265 data sheet(45).

- -

were used in the f1nal dynode stages tpuﬁeep:a constant-,
. ’ -

', potential across the dynod¥s even though 1arge currents may -

Capecitors

flow between them. The voltage’d1vider current needed only '
@ be suff1c1ent to prov1de’the average anode current for the

photomult1p11er; the. h1gh peak currents requ1red during

s v

1arge ampJ)vitude 1ight bulses were supp]red by the capac1-
&
tors. The princ1pa1 ]1m1tat1on on current output is space

charge at the last few dynodes. "This waseovercomeayyw
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for %he photomultipliers.




Sv TN S, TR e e M TR R At R
.

‘ ’ - ' . ‘ ‘ e f Y
increasing the potential difference across the last few
} ) :stages'by'using a:tapered vo]tageedivider rather then an

@

equal-volt-per-stage divider. ;\ ) a

Higl voltages -for the bhotomu1tip}iers were supplied

v
N - -
g « P

- by tﬁq Fluke 4158 30 mA, 3 KV power euuplies (Dvo1tage re-
guﬂation\better‘than 0.1% ) through'a high voltage diétni-"
butﬁon‘netnorf- Schemat1e5~6f the network are shown"in'Fig
v 3142 It cons1sted’of two identical branches, one for each
of the power supp]1es Three vo]tage-d1v1ders were prov1d-
. .~ ed in each branch and the output voltages could be varied

| 1ndependent1y 'Since fou?‘photomu1tip]ier§‘were used in ' o

Cthis experiment, on]y two dividers 1n each branch were

used. o . .

3-4.2 signal.Recording. - ' ' ' | s
< ‘ ngna]é from the. four photdmu]tip]iers were ahrried
on RG 62 ] coaxia] cables 1nto two Tektronix Type 555 dual
'.be,am oscﬂ]oscopes "Each cable was terminated with a 91Q ,
res1stor term1nator cap . ( _Amphenol 35650-91 ) and p]ugged ]
into a Tektronix Type L preamplifier The signal from the"
photodiode laser monitor was'-carried on an RG 587U coaxial
s . . cabIe into.a Tektrbnix Type 5438 eing1e beam gscilloscope.
- The, cabie was terminated w1th a 519 resistor terminator cap

( Ampheno] 35550-51 ) and p]ugged into a Jektron‘lx Type K
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preampTiftet. A11 signal traces were photographed on Pola-

roid typé'410 high¥speed recdrding film uéing Tektronix C- -.f?

. 12 cameras. -‘ | ' ) : : Y
SU R , : ) .
~3-5 . Calibration. . : . S . .

3-5.1 Intensity Ca]tbfationoby kayleigh Scattering.

' After all the optics were a11gned, ca11bration of the
various channe1s of .the spectrometer stem were made in )
situ, f1rstfusing Rayleigh scatteredjjfght from n1trogen

gas- at pressures between 30 and 100 Torr.

) ) . | | . L ;
For. channels 1 and 2, profi]es'of the true Ray]éigh
scattered light ( with stray light level subtracted ) were
‘& measured and they are shown in Fig. 3-13 and_F1g 3-14 res-
_pectively. To determine the!spectral width“;ng'shape pf.
the 1nstrumehta1,function‘for each of these channels at thé
laser wavelength, a smo%th;curve wés fitted to the éxperi- .
mental data as 1nd1cated by the so11d curve; 1n figures 3- ‘i
''13 and 3- 14. The 1ntegrated 1ntensity under the Ray1e1gh
scattered profi]e further served as an 1ntens1ty calibra—

tion fohgqbasurement of electron‘dgns1ty ( Appgnd1x A ).

/ w» ., o .
‘Iﬁfchannels 3 and 4, only the totaI'Ra¥1e1§h scatter- . .

-

ed intensities were measuréd. Since the-meaéureﬁ%nts were }“;A

'
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made simultaneously, the ratio of the Rayleigh scattered

<

signals yielded a calibration of the relative triansmission
of the two channels ¥t the laser wavelerngth, that is,
TT(AO)/EA(AO)._ The ratio of their peak transmissions,
TT/TA, can then be determined with a further knowledge of
their fnstrumental profi]es.' For channel 3, the Rayleigh
scattered intensity was also used to calibrate the ﬁmomson
scattered intensity for measurement of e]ectrdn.density

( Appendix A ).’

It is important to note that pressnce of dust parti-
, c]es‘jn the scattering‘vblume will falsify a Rayleigh cali-
bration The problem can be m1n1m1zed by using low filling
pressures so that heavy particles will settle rapidly, and
by waiting after the filling gas has been introduced for - ::5. ,
dust‘to settle. As afprecautiqn: lTinear variation of the |
qu]éigh scattered sjgnalsywith filling pressure»was check-
ed.f For esamp1é, the Rayléigh scattered. intensity as a -
fun;£1oﬁ df nitrogén pressure in chanrel 3 is shown in Fig.

3-15. o

L)

Ad ‘. - o -

3-5.2 Relative Transmission Calibration in Channels 1 and
R PO :

For each of the scannihg channels 1 and 2,‘the,re1a-’ .

tive transmission of the‘dispersing instrument over the
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'wave1ength range of the scattered spectrum was measured
us1ng a General ‘Radio Strobotac Type 1531A as Tight source.
The spectrum of the strobe light was initially measured
using a Heath EU7700 monochromator at a resolution.of 1 R,
The:strobe then replaced the steady light source of the
simulated scattered beam (-Fig. 3-8 )-and was opereked at
100 RPM. Each of the interfereﬁce filters in channels 1
and 2 was rotated to coyer a wavelength interval of 100 R.
The spectta of Tiéhtrtransmitted were fhen ;ompared to the

source spectrum. N{thin the required spectral interval,

transmission of each channel was constant.

s .

3-5.3 Spectraj.Ca1ibret10n.

'FOr channels 1 and 2 where fhe.wavelength of peak
transmissdon of the interference fi]ters was varied by ro-
tation of the filters, wave]ength ca1ibrhtion as 5 function

of angle of 1nc1dence was obtained as follows The inter-

ference filter equation(46) gives

' . 2, 1/2 o

) _ sin‘e . ¢
’ A - AN ( 1 - 2 )

n

where Ae is the wavelength of peak transmission at en engle
of 1nc1dence e, AN is that at hormal incidence and n 1s the
effective 1ndex of refraction of thenf11ter Measurements

were made for two known values of A so that values of AN

-



{ 6y-
- 03
’

and n are obtdined experimentally. Ruby. laser radiation at

,6943‘3, scattered from nitrogen gas by Rayleigh scattering,

conveniently served.as a.wgvelength'standarq for calibra-"
tion bf bofh channels 1 and 2. Furthertpore,"was found
that within a.spectral range of ,about 100 R on both sides |
of the laser .wavelength, two spectral lines were présent in
the spectrum of strobe 1ight; one at 6903:1 & and the ofheq
atl6992t{ ﬂ,: The appropriate spectra]i]iﬁe was then used
to complete the calibration of each of the two channg]s.

’
»

-

Y N : . B -
Spectral calibration of channel 3 was not. required.

L}

_As mentioned earlier, the very small di&ergence of the(beam‘

iﬁcident on the broadband interference filter énsured that

tﬁe chas?el would assume an 1nstrumgnta1 function the same as

that of the fiTter(47). ‘

’ Since the intensity distribution of the strobe 1ight
‘was unifor% within the wavelength {ntérva] covered by chan-

nel 4, the étrobe was used as a calibrétion Iﬁght source’

providing a simulated scattered beam ( Fig. 3-8 ). The

light e;erging from the interference fi]ter in channel 4
was spectrally analysed using an interferéqce filter spec-

trometer as shown in Fig. 3-16. The iransmjss{on profile
5?’ch$nne1 4 thus measu}ed is shpwn in Fig. 3-17. The
solid 1ine is a smooth cufve fftted to the experimental
data~" . *< | “.

' §
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‘optics was by a factor.qf 2.2.
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CHAPTER 4
PHOTOGRAPHIC STUDY 0F THE THETA PINCH PLASMA .

- 2

Before scattering measurements were made, the dyna- -~

mics and macroscopic structure of the fhetd-pinch plasma

-

»
were studied using an image converter tamera(48)u

The pri-
mary purpose was to Took ‘for discharges which were macros-

copically quiescent and hbmogeneous, and in_particular,

free from irFfeqularities or non-uniformities such ‘as flute

(49) (50)

instability or plasma segmentat1on ‘which have

been observed in some theta-pinch plasmas.

a

. ~

ty . ) - -
Pl

o Fig. 4 1 shows the opticdl arrangement for end-on
photograph1c study of the theta- p1nch p]agma The exite - e
chamber on which the bkye filter gJass was.mount;dV( Fig. -
3-4 ), was removed and replaced by a g]@ss window. Thé“
mid-plane of the theta-pinch diSChafge tube was fir;t.im-

aged by a pair of plano-convex lenses FJ and L2 onto a

foca];pléne‘stop A. The image of }he plasma at A was then

photographed using an Abtropics Model 2HS image converter
Camera with a ‘phosphor screen ha 1 ctra] response.. ~ .

Overall demagn1f1cat10n due to the collect1on hnd camera

¢ ~
L

~ -
c

The theta-pinch was discharged, at 30° KV; at severa)

' 6 '
'

. 3

(S

. 1
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1n1t1a1 hydrogen ﬁi]11ng pressures between 20 to 200 m1131-
+ gorr. ~Trom1pg p1etures of the p]asma at var1ous stages of L
h develdpment in the cougfe of the dischange were ta?en In

particu]ar F1g 4-7 and F'lgl 4 3 show respect1Vely the

" compressign phases o?‘the~p¥a§ma during the ninth half. cy-. B

‘cle of t'e‘u1scharge formed at.. an 1n1t1a1‘h¥drogen f1111ng

pres re of 20 m1lI1Torr ard ‘that of the d1scharge ‘formed A

at 50 m1111Torr Exposure time of each photograph ‘was _ l(flff—-

0.01 usec and the Lime 1nd1cated w1th the photograph was>'

(8

measured from the beg1nn1ng of the #31f cyc]e In both ‘v =
cases, maximum compression of the plasma occured at 0. 50 A
usec. A qua1itative picture of the.degree of un1form1t§

, andrthe dpproximate Spatial extent of the plasma was ob- = - &
ta1ned from the observed 1uminosity It should be noted

N
a

that because of deterioration in the photocathode in the

' camera, sensitivmty of ¢he photocathode surface Mas not ‘ .

-

uniform even across a smal} area used 1n the experiment
Conseqdently. the.region of the photocathqde correspondqng
) to the lower part of the photograph was. ‘more sensrtive than

X t_at ca?responding to the upper part °'H-e -
s -——-} ‘1 : . S .. } ,/"‘ .‘,, . p
T From the phdtognaphs 1n’1g 4° 2 and Fig.£4 3 it is.

observed that at bbth filling pressures, breakdown °QT‘he”““&&dyf’ |
gas appeaned near ¢he tube wal] and the- resu1t1ng plasma~7

‘-

sheath wasscompressed uniformly to° the zxis of the theta-~", v 4
. yéﬁipinch cog; The compressed piasma showed a un1form and

‘a1most circular nross section. There uag no 1ndi¢at1on of
‘ N v

- ' . . . " ) N
.. . R p) . .
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Photographs showiny the compression

phase of the plasma during~the ninth

half cycle of the discharge formed

at an initial hydrogen f1111ng pres-'

sure of 50 mi]11Torr

- . —

“a -
: .
. S
». o
. . . X . .

3
.
o "
.
Y T A
A o B '.«.‘.,
. . . s
’ S ; .
. " ﬁ
PR 4 - . ' -
(ol A
- a
" -
- . .
.
.. s
’ - ¢
\ Py .
- -
L
P ¢ !
o . "
- ey
5 L4
“.” -~
P .

‘.



. b ”
- - ’ .
- . . -
- . : - 2
. - - M e . T Il
. . . . . ' . . o ' - e . . .~ R L, oL T U
3 . - . e : - : . - S L A S




e | w2
. the presence of flute instability or plasma segmentation.
At maximum compression, diameter of the 1uﬁ1n&bs plasma
v “filament in the case of 20 milliTorr was approximately 5.5 .
P mm and that in the case of 50 milliTorr was about 9.9 mm. .
Since all scattertng measurements would be made at thg time
nf maximum compfessjon of‘the plasma and the diameter of the .
focused spot of the laser beam at the centre of the theta- .
pinch discharg tube was 4 mm, 1t may be assumed that the

_ p]asma.within the scattering volume was macroscopically

| -
- . A

. , quiescent and uniform for these two cases.
B \ , ' R ' . ® L
T~ ."‘” . . ~ !
- L .
[ i -~ ¢ v
. ; { ~§
S N
- %
: % . T
y
¢ ' ) . . ’
} . E— . . o
- \4\~# ‘ . ,
. . : A
-~ ' e ’ 'Y !
¢ . ; .
» ' . ¢
¢ -
g . ’ -
.
"y . . . Y




CHAPTER § |
¥
RESULTS OF SCATTERING MEASUREMENTS

5-1 . Thé'Scattering'Measureﬁents. ’ {;/ . ‘ -

) Two.sets of scattefing data are presented here. The

—+ ———— Y

‘ f1rst pne was obtained from a plasma formed at a hydrogen

' f1111ng pressure of,20 }1itprr, which will be referrgd.tq |

as Case 1 and the seEond one was ‘obtained from a plasna

- _ formed at a . hydrogen préssgre of 50 milliTorr, referréﬁ fq' .

' as Case 2. In both cases, the laser pulse was timed to co-

1nc1de with the maximum’magnétic compréssion in the ninth
half cycle of the discharge ( 9.5 usec after the initiation

-~

J\.\’
of the d1scharge )

.

In-making scanning measurgments in channels i and 2,

"a special precaution was taken. For Case.l, the scanning )
S wastmadé symmeirically about the laser}wivelength For
BRI ‘examp]e,,when chanﬁel 1 was, set to measure the scattered .

-1nﬁensity at +1D ﬁ, channel 2 was set for measurements at )

o o ’.approximately -10 R.. whereas for Case 2, scanning of the

' . red- shifted and the bluewshifted sides of the scattered ~,f
. "'rspectrum wns made randomiy That Is, when channel 1 was
| 'measuring' the ’scattered 1ntcnsity at a certain wavelength

sh?ﬁt on the rod shiftgd side. channel 2 .was. not always B B .

-measuring the scattercd fntensity correspond1ng to the sawg

wavelengtﬁ shfft on the blue shifted side. Adopt1ng such a

Lt ' 'r* .t et LI N

b . oo . 7 , ' L .
b . f i 1 . + " -
Mo T B L . . N . .t - R
’ & ’ . ' r . L e .
) e . . Lo . . . .
‘ ) ‘ .t v K o




procedure, any observed symmetry in each of'the'seattefed

'sbectra ( Case 1 an& Case-2 ) and in.particular, any ob-

-

served structures or deviations that are'symmetrﬁceI about

the laser wavelength are un]ikely"td be results of instru-
‘mental effects or random fluctuations.

In sach set of scettet1ng measurements, about 25b

,_sing]e~measwrements were made. For Case 1, variations of

‘appvoximate1y 20% in the plasma.electron density and elec- .

'tron temperature were observed at the tim@ of scattering
and for Case 2, variations'of about 30% were observed.

' These Qariations were main]y due to non-reproducibility of:
~ the plasma d1scharge Cons1stency between the measured-

' scattered signals in the scanning channels and the signals
‘ measufed‘from,the electron density and temperature monitors
was checked by reﬁeating seanning meegy/ements at the same
'wavelength shifts but at d1ffereqt times during the course

-

" of, the experfment ¥

4 * )

~
Lo ;
P

Fﬁq 5- 1 shows the osc11lographs of the laser monitor
"signe1 and the signa]s ip the var1ous channels of the spec-
' trometer system qbta1ned 1n a txp1ca1 scettering measure-

] ment /. the sharp spikes be1ng .the laser s1gna1§ The scat-

»

'tered signal 1n each channel of the spectrometer Was a cem- .

eubined sfgnal of Thomson scattered 1fght and 1aser stray

Fight and the Iatter Was subtraCted to y1eld the true Tﬂom- ,"'

b

n'sdn scettered signal

’




~

Fig. 5-1 Oscillographs of a typical set of

+laser scattering measurement.
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5-2° Procedure for Data Analysis.

From tﬁe discussion in Section 2-4’of Chapter 2, it

is clear that the shape of the scattered spectrum is déteri

mined by the scattering parameter a whereas t?e,spéctra]
width is determined by the electron temperature in the case
of the electron speo&rum, or by the ion temberature for the
iqh spectrum., Therefore, in general, scattered spectrasare
obtained by best fitting of theoretical profiles tofihe ex-
perimgnia] data by-va}xing three parameters, namely the «
parameter, the electron temperature and ‘the constant which
normalizes the scattering data for‘compqrison with~the

-

. -
theoretical profiles

However, for the two sets of scattering measurements
presented, the accuracy in the electron density measurement
which was obtained from Raylefgh scatter1ng calibration of
.the total scattered intensity measured in the densfty moni-
'toriﬁg chahneT was'éstimated to be.befter than £15%. Such
a méasqrement‘c;; thus be used to reduce the number of
variables in thé best fit.analysfs. :Accordingli, the fol-
lowing procedure for data ana];sis:was devised. .Firsf:‘the

electron density was determined from the density monitor.

Using such a density value, a theoretical profile was best

* Note that a-llkxnﬂ(l/k)ﬂnn e /xre)l/?- so that for the

thnee parameters, a,- Te and Ngs only two of them are

1ndependgnt‘paraﬁeters. , ~

¢ - "
. R A

{
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fitted to the e;perimenta1 data by varying the electron
temperature (’or equivalently,‘the o' parameter ) and the
normalization constant. Only data points corresponding to
wavelength shifts sufficiently targe so that they contained
neg1igi§]e contribution from'the ion sbectrud were used in
the best fit anaiysis because (i) the primary interest in
this hork is to measure the electron spectrdm and (i)
sinte the ion spectral proﬁj]eﬂwas a rapidly changing func-
tion of wavelength shifts, the few points measured near the
“taser wavelength could not accurately represent the ion
prgfi]et A‘va1ue’for.the electron temperature was then, -
6btained trom the best fit profile. As pointed out ih Sec-
tion 3-3.1, non-thermal density fluctuations in the plasma
can cause enhancements in° the scatter1ng cross section,
especially in the 1onvspectrum. ~Such enhanced scatter1ng
will 1htroduce‘esror3 in the electron density measurement
provided‘py the density monitor and must be accounted for.
Thus, the'bestﬁfit profile das extrapolated to the laser
wavelength and compared with the measured ddta. Observed
enhancements in the_ion spectrum and the electron spectrum
were taken into accoupt and a new density va]ue_wds obtain-
ed from the density monitor, wjth which the best T1tpana;
lys}s was performed again., By repeatihg the hrocess; a .
sel f-consistent set of density and temperature values was
obtained " As a further check the density thus determined
. Was compared with that obtained from Ray]eigh scattering

' calibrat1on of the 1ntegrated scattered intensity 1n the

]
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5-3  The chgggrQJJSpectré.

% - ’ . *x

. % " v Q
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electron spectrum, and the temperatire value was compared o

with that determined from the temperature monitor with the

"effett of enhanced scattering again taken into‘aécouq‘.

- ) Yy

L]

There is, however, one limitation, wath regard to the

[+

validity of such a procedure’ for analysing the scattering

data. The method cannot detect the existence, 1f any, of

)

a uniform enhancement of scattering cross section at all

wavelength shifts ( or frequenzy shifts j. Such an eqhan-
cement will 1nva11da£e the electron ﬁenéity measurement
determined from the density moﬁitor. Only one observétfon 2
of unffprﬁ enhancement of scattering ;ros§ section has been
d(28) in the literature, but no explanation or fﬁr-
ther elaboration has been given. Under thé cir?umstances,
we do not understand the cause of éuéh an anéma]ous scat-

teriné phenomenon and we would therefore consider it only -
' [-:N

as an uncertaint}'in our present method of data analysis.

@
o

WAl

5-3.1 C" 1: Initiai Hydrogeh F1Iiing‘Pressure of 20 milli-~
orr. ‘ . .
The scattere&'spéctrum meaSUred on a plasma forméa at
an 1n1t1a1 hydrogen filling pressure-of 20 m1111Torr s p:e- R
sented in Fig. 5-2 anq F1g. 5-3. Fig. 5- ? shows the- red. |
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Fig. 5 3 The blue~ shifted side of the scattered spectrum




tures

\\

- shtftedﬂsideFOf-the scatterEd\s ectrum measured 1n thanneI ,
: 1 of" the spectrometer system and Fig -3‘shows thg blue-
i - _

. shifted side measured 1n ‘channel 2. The data gint x in

the insert of Fig. 5-2 was actua1ly measured'at the'Tngic:

~ated wavelength shift on the blue- shifted side How- L

ever, because‘of the different 1nstrumenta1 functions of

channels 1 and 2 this data point canndt be presented in o -
Fig 5-3. The spectrum was compﬁ]ed from abOut ‘120 sihgl&ﬁ\x..
scattering measurements corresponding ‘to- variations of +7% c:iz?
in the\puasma e1ectron densdty and eiectron temperature

Each data po1nt represents the average of a minimum of five

;.'measurements The error bar 1n the ordinate correSponds to

'one standard deviation whereas the erro? bar in the absc1s-

/

sa represents the estimated accuracy in wavelength ;a]ibra-.

tion. At the laser n%velength Taser: stray 1ight signaTs.\

nere appro«imate}y\50% -of the true Ihomson scattered sig- ° O

, , N _ _ - . . .
nals for both channe1s*1 and 2. It is seen that the dataz ' ™

_points. Tnseach $ide of the spectnum do not fa11 on a smooth :

vy
curVe and even before any comparison 1s made w1th theoreti-

cal prof11es. it is apparent that by simply joining conse- '

cutfve data points ( as 1nd1cated by the dotted lines in

o
the f1gures ), the measured spectrum contains many fea-

£

*

Y

',,ﬂt The p1asma electron density as. determined from the
‘. dens1ty mon1tor by Rayleigh scattering calibration of ther:
. Thomson.. scattered 1ntens1ty was (1. 40:0 14)x1

016 ¢m .3.

-
-

Y
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Best tt%,3§§¥§sis of the measured scattered spectrum using
’th1s vaT“e*o? density yielded an electron te.perature of-

L ' i (5 1+° 3) eV for a=0. 5510 04 The e?ectron\d\nsitl\deter-

.‘mined'from the integrated- scattered intensity under each -'{>
-3

han of the spectral profile was - (1.3820. 19)x10

'whereas the eTectron temperature obtained from the tempera-

o ture monltor was (5. 2 ) eV Thus, all results were in
. agreement within the stated error. o, o
\\“‘ )‘ o . B . ' ‘ | . ’ " ) ‘ )
. T The solid Tines in Figures 5-2 and 5- 3 are theoret1~

caT curves wh1ch hhue been convo]uted with the appropriate

,instrumentaT profiles, for a=0:55, n, =1.4 016 cm‘3 ‘and S

T =5 1 ev. Deviations frem the thermal spectrum are evi-

+

. dent in- both the red sh1fted and the bTue sh1fted s1des and
///// . ~appear as a fine structure of oscillations as 1ndJcated by .
the dotted Tines, For the scattered spectrum near the
Taser waveTength as shown 1n the inserts of. Figures b-2 and ;’

'L ] © §-3, the dashed 11nes were obtained by raising the 1oa~?ro-‘

x
L)

~ N file to best £ ‘the experimental data Enhancement of

TR approximately 100% 1n the ion spectrum was observed

: AT .
SRR o . : o o

5:3.2 Case 2:“Inft1al Hydrog

\ P

U

Torr .
P The red- shifi‘a and he bTue- shifted sides of the ,
scattered spectrum measured on a plesma formed at an ﬂ“il,'~ DT

SO .-““1 | 'g' B SN
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initial hydrogen filling pressure of 50 m11]1Torr are shown
in Fig: 5-4 and Fig. 5-5 respective]y " For comp1]ation of
;the scattered spectrum, about 110 single scatter1ng measure-
ments were selected for whi:h the variat1ons in the. plasma
electron densjty and electron temperature‘were w1th1n #10%.
| _Each data/point is an average of a minimum of five*measuxee :

mentS'with'tne error bars‘ﬁefined as in-thefpreviqus secl

“tion. © At the 1aser wave]engtn, the magnitude;or'Jaser ‘

stray ldght signals was abeut the same as‘that.of the trye d;T“\\
~Thomson scattered sijnals. Again, as shown‘byAtne dotted .
1lines which were obtain;d‘by jeining consecutive data

points, it 1s seen that many features are- presént 1n the
':
..‘ g |
S | * . L
Rayleigh scattering calibration of the scattered in-_

"measured spectrum.

tensity measured in the'density monitor yjelded‘a}nlasma

3;_ Using this value;,

e1ectron density of (7 7:1, 1)x1015
of density, a best fit analysis of the. measured scattered
spectrum gaye an electron temperature of (5 10. 3) eV and

'a=0.4110. 04 The electron density detlrmined from the

1ntegrated intensity under the spectral profilé was (7 8:
‘1. 3)x1015 -3 and the e]ectron temperature determined
from the temperature mdn1tor was (4. 6+2 5) evc A1l resu]ts

were aga1n in agreement w1th1n the stated error
&
& ) -~ F - ’
The solid lines 1n ng 5- 4 and Fig 5- 5 are the A

theoretical curves that have been convo]uted w1th the ' -

- l
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appropriate instrumenta profiles. For a=0. 41, n =7 7x1015 :

cm‘3 and T e=5:1 eV Deviations in tﬁe form of 2 fine struc-i"

ture oi oscillations ( indicated by the dotted lines in.the

. figures ) superimposed on ‘the therme] profile. were.also

iy

‘ ‘observed However, as shown in the inserts ‘of the figures,

R

there was no significant enhe:cement in the ipn spectrum
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6 1 1 The Anomalies in the Scattered Spectra.

not understood;

CL . ""’ - ) o C
| . CHAPTER 6 .
_  DISCUSSIONS * = '

6-1 Impiigations of tne Experimental,Results.

In the 90° -scattered Spectra measured from two theta—

'pinch p]asmas ( Case 1 and Case 2 ), anoma]ous deviations

. from the thermal profiles were observed Results of.. the‘

-

‘ preibnt ana1ysis show that .the anoma]ies in the e1ectron

spedtrum contained both positive and negative deviations

}relative ‘to the therma] leve1 and consequently, there nas

" .no significant change in the corresponding scattering cross-

-« -

section R o & S .

\.
=

. Ks shown. in %igufes 5 2, 5-3, 5-4 and 5 5, the gener—

" al feature 6f the anoma]ous dev;/jions was symmetricai

about the 1aser Laveiength. HoweVer, in both spectra, the

 fine™ structures of oscillations seemed ts- be more pronoun-‘
. ced inrthe red- shtfted side than that in the bTue- shifted
,lside io spite of tbe approxfhate]y equal spectra1 resolu-'”:

ftioas of the scanning channels 1 and 2: The significance

,.(v)

or/cause of this apparent, small degree of asymme7ry ‘was

L

- i . . . . N
- ‘. . b
. . [P
e
i,

“‘Tne\expe}inentai results aiso show that in the

'.{} .




'scattered spectral profile for Case 1, Appearance of ‘the

'anomalous deviations in the, e]ectron spectrum was accom-‘
panied by an approximately 100% enhancement in*the id;

fspectrum whereas in the spectral profile'o;<Case 2, only

deviations in the‘electron spectrum uas evident. It is,
‘therefore, suggestive that the anomalies in the eTectron
and the ion components of the scattered spectra'are 1nde-
4 pendent Kege1(51 52) has shown that for a plasma whose
eiectron distribution function consists of two Maxweiiian
components, nameiy a background electron component and a
.smaii'fraction ( for example,jS-lO% ) of electrons with a
> I much:iouer temperature i ton example, 10'2 of the tempera-
-ture of the background component ) appreciabie enhancements
o in the ion spectrum will océur. However, for the plasma
; e discharges studied in this experiment the electron-elec-

(53) 0" -11

tron equipartition time was of the order 1 sec.

‘In the time scale of the sca}terino measurements, whic#’was Tom
about 30 nsec. ( duration of the iaser pulse ), the existen-

ce of & secondary component of co)d electrons s unlikely.
Furthermore, as the detai]ed profile of the ion- Spectrum 4

. ‘uas not m‘asured quantitative anaiysis cannot be performed
. . ,' T | ~ “"" -
P , . As the scattered spectrum is also a measure of the
4 o h-spectrum of electron density fluctuations (»Eq ‘2-6 ), the :
'—, present resu]ts can: be interpreted as an exterinent‘i ob-
’»servation oY non therlal density fluctuatiqns or waves, in’

) 3the plasmé. Dne further notes that the anomaious deviations,

.




in the electron components of the scattered spectra appear—
ed only as a modu]ation of the thermal prof11es Hence,
- the measured spectral p?ofile—&{&,w) may be considered as

the sum of two‘partsf a thermal component $ ](k,w) as

Therma
given by scatter1ng theofy and a non- therma] component

S (k w) which is def1ned as

,51(.'5.'“’) = S(_k_!w) - S

-

Thermal(i’m)

it follows then Sl(ggw) represents the spectrum of,nonl
thermal density fluctuations. Fig. 6<1 and Fig. 6-2 st
respectively the %ed—shifted and the blue-shifted sides of
S4 (k,w) for Case 1, and Fig 6-3, Fio; 654-§how the corres-
pond1ng sidgs of S (k,w) for Case 2. For'thé‘abscissé in

these figures, two frequency scales are shown, one indica-

ting the absolute value~of the.freouency'shift'and the other

indicating the frequency shift normelized‘to the electryn
plasma frequency “p 3 For Case 1, it is seen that S'(k,m)

" consistssof “peaks" which occur .at approximately. w_, 2w

p’p
2 5w ' 3wp and 4wp, whereas for Case 2, "peaks“ appear at

approximately pr, 3wp, 4w and 5wp .Thus, the present

‘results indicate that the observeo non&therma1‘dens1ty

" fluctuatiens are correlated with harmonics of wy.and when.

the electron density ( and hence, wp'l was thanged3:thex

anomalous "peaks" shifted in wavelength accordingly.
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‘made on theta-pinch plasmas

monics of wp: measurements made by Ludwig and Mahn

L e T 95

6-1.2 COmparison with Arc Piasmas,
. | . : .
A very interesting point about the anomalous 'scatter-

ing phenomenon observed in.this experiment is that'the de-

4

viations did not appear a's a single teature like *a “dip"‘or_
a resonant "peak" as observed-in other eariier measureménts

| 133’34?. Instead, the anomalies
are qhalitativeiy simiiar to-those'observed in several scat-..

(11 27,28,29,32) They'

tered spectra measured on arc p]asmas
contained muitip]e features and appeared as a modulation of _
the thermal spectrum Quantitative'correiation'between

these anomaiies is, however, unclear. "Specifically, the

-anomalies observed here showed, except for a single-feature

i
in Case 1, moduiations at intervals of wp, resul t§ obta;ned

by Ringier €and Nodwe11(27 28) indicated modulations at har-

(11) show

ed modu]ations at intervals of w /z Churchland and Nodwei]

(32) observed modul ations at intervals of w_/4 and finai]y, '

the anomalies observed by Ludwig et a1(29) seemed to be

%

unsystematic

\ .
% . ‘ -
- " T

Table 6-1 shows a.comparison bf .some basic parameters

.characterizing these piasmas. It s interesting to note

that all of these are coid denSe plasmas with very simitar

parameters "As indicated by the small humber of eiectrons

,in the Debye voTume, these piasmas are coiiision dominated'

e

By comparing the various equipartition times with the time

scale of scattering measurements\( typicaily 20 40 nsec as
A S
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. .
g1ven by the durat1on of the laser. pulse ), 1t TS segn that

the veloc1ty d1str4butions of the electrons ‘and that of the

. ions 1n these plasmas are-most likely Maxwell1an although

the electron’and ion temperatures may.be,d1fferent except
for the carbon arc plasmas in whicpfthe electron and ion tem-

peratures may even be equal.

In spite of the apparent quantttative 1nconsistencies, N

1

’the qualitative s1m1lar1ty between the anomaMes observed
in th scattered spectra as well as the close similarity 4
betwezn these plasmaslw1th regard tolthe parameters‘listed RN
in Table 6-1 may indeed lead one to speculate that the

' anomalods scatter1ng phenoménon 1s“probably a fundamental
and universal plasma phenomenon, at least in the case of a

K

. cold dense plasma.

6-1.3 The Plasma Approximation
y . In the framewotrk of plasma kinetic theory, there is
an important éxpansion parameter known as the plasma para-

R . meter, g, which is defined 3s

g = 3 -
- n )\D

where n AD ( =\ as- defined by Salpeter(zo) ) is the number
“of electrons in the Debye volume

?

Physically,\the plasma parameter is a measure of the
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i rat1o of the mean 1nterpart1cle pqtent1aL energy to the. ‘ '
mean p]asma k1net1c energy. An ideal ‘gas corre?$onds‘to ' ’
zero,potential energy'between partic{es. .Therefore, 1f theiz
p]asma parameter is smalj, the p1asma may be treated:jﬁ‘an

Adeal - gas of charged particles, that is, a gas with charge , ,;

density'and electric field but in which there.is no.inter-
action between two discrete particles. ACcorddngly, the‘
p]asna parameter may also be 1nterpreted as admeasure df
the degree to which. plasma or collective effects dominate

ove?és1ngle part1c1e behav1our The plasma state is des- ' o

cribed by equatjpns obtained from an expansion of the exact
many—bddy equatiqps‘in powers of g and the assumption g<«<l1
( or equivalently, A>>1 ) is ca11ed the plasma approxima-

vt1on

<

i

© .
3

In standard scattering theories, p1asma‘approximation

. is used and effe%ts ~to the first order in g are con51dered

(20) '

I
In SaIpeter s theory . this is seen'exp11c1tly in the

calculation of the density fluctuation, in which only terms

to the orderlgrare'retained. As for Rosenbluth and Ro'sto-

(23) Sorderid are obtai .

ker's theory , effects of the order.g are obtained #rom

‘ a’physical apprbach,'name1y, the uncbrreThted;dgqssed‘test-
.narticle formularism. ‘Corrections to the'cooderative elec- .
“tron fluctuations when A(=n An3) 1 have been considered by
' Theimer(54). ‘He concludes that deviations from the normal -
\A. 3 . o
' , Spectra w111 occur when (4n/3)neAD <0.5.. Measurements of
L
coherent spectra ( u>1 ) including both the ion ?eature and

. L L
.J . ’ i
' . ¢
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. the plasma satellites have.bgen made in the range of .A=2-10 - ..
,by;Rohr(ss)dand-no signiftcant"dgviatioﬁs~f}§m'the standard

'théory { A>>1 ) were observed. . Similar agreement with '

(56) - .

theory;was obtained by Kato who made measurements at

"A=2 and A=12 fo} a>l. However, aﬁ anoma1ous're5u1t‘for

A=7 and a=0.45 s‘gwing appareﬁt]y 5 resonant peak in the
sca;fered spectrum was reported by John et a1034) and it
was conjectured that the‘sta&dardwécattering;theories.wbich
assume'A?>}‘and cons{der effects-to‘QHe first order in 1/A
migHt'not'be appropriate when'A was of that order.

L S
A

'Far the measurement; presentéd‘here,.A=40, a=0,55 in
Case 1 and A=54, a=0.41 in Case 2. "Deviations wére again
obserbed gVen when A was~aimnst“an_order of.magnit@de
greater than that iﬁ the measurement of John et a1(34).
Although'thé‘deviations in these cases consjstéd of multi-
ple features raéher than -a sfngie resonant feature, the
p%esént results‘nonethel;ss suggest that {t is un{ikeiy T.
that the qbserved'ahomalous scéttefing phenomenon is due |
to the use of fhe plasma approximatidn'A>>1 ( g<<1 ) and‘:
thé’neglect of effects.of second and hjgher,orders.in 1/A

{g) fn the scattering theory.

L™
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electron temperature should be fuch less pronounced than ) '
t,

'a factor of ‘two, one would expect that, if the observed

'[qpomalous scattering’ phenomenon.yas due to grad1ents or

1a0 "

. 6- 1.4 Macroscop1c Plasma Structure. o 1 . A

In a plasma, spatial variat1ons of physica] quanti-'

ties are sources of free energy It is a natural tendency )

of a nonupiform system to’ re1ease thesextra amount of free

energy and thereby to approach a qniformustate of thermal’
edhiTibrium. Ordiparily, this is achieved through coili< -

sional brocesses "However, the sources of free energy may

calso drive osc1l1at1ons in the p1asma or efén«excite plas-

ma 1nstab1lit1es(57) . oot et

T N

As noted 1n Chapter 4, photographic study of the
plasma shows that, at the time of scattering measurements,
the p]asma co]umns were apparentiy macroscopically qu1es-

[N a‘

cent and uniform. Furthenmore,’1n the central region of

the plasma column where scattering measurements were made,,

éradfents asso’ciated with.electron density and possibly

those in the plasma boundary Efectron drifts, ff,p'
should a]so be sma11er in the central region.. Since the °
ratio of the spatial extent of the plasma fg’?he s&;ﬁtering -

region in Case 2 was greater than that 1n Case 1 by a most

g dritts, greater'degree of dev1at10n would be present in the <,

scattered spectrum of Case 1. Ev1dently, no such d1sparity ,

'was observed in the scattered spectra for the two cases.

LDne may therefore conJecture,ﬁhat the anomaly observed here

-

‘ 13 ) ! ! - .
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6-2.1 Effect of Laser Rediation -on the Plasma.

0 The* advantage of laser sCattering as a plasma diag-:

4

nost1c techn1que 1s that 1n genera] .the prob1ng laser \\\~

L}
- beam does not perturb the p1asma Howev r, s1nce the radi-

ation does 1nteract with the plasma, it s clear that at
some leveT of Taser 1ntensity, the pro ng beam could

\
exert an appreciable effect on the p1asma The ]aser can

heat the plasma through the process of inverse bremstrah-

(53)

ﬂung or the eTectric f1e1d of the laser 1ight can in-

. . e
\fiuence the motion of the free e;ectrons The‘former can
,fa]sify the temperature va]ue determ1ned from the 1aser |
scattering measurements and the’ latter can give rise to
non-thermal - density fluctuations in the plasma(az)
. ) o ﬁ |

E Assuming. the e1ectron-h1ectron reIaxation t1me is -

short compared with-the duration of the laser pulSe, radia-‘

tion absorbed by, inverse bremstrah]ung can be regarded as

.1ncreasing the p1asma e1ectron temperature The frtftional

1ncrease 1n eiectron temperature under this condft1o nd
the further assumption tha‘ heat has not been conducted

away‘duringéthe lasen/fulse;1s~g1ven by(sa)

-

~
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tron %‘EHS‘Ity in ¢m

cases of plesmgé studjed here, the fractiona1\jnqrease in

‘ electgon tempehature:you1d be less than 10,

“where E and W are‘respectively'the electric field and

é{"‘\ ‘r' »0
ES i - ' . ’ j
« - \ . : -, .‘1'. ° . K
’ ) » s - . 10"
N FE T N N hv S
(/ e g sonol (2ely A? (l-exp(-—1)} 1, ot
’ , T I T 3/2. ) . Te , a'l,

e ) B e

-

" where T is’ the electron temperature in eV, Ne Hs the elec-

E2d

3 Ze i$ the charge on the ions , Af is

the wavelength of the' Téser light }n cm, hv1 is the photon

energy of . the Iaser rad1at10n ( 2 fo; ruby laser ), ‘
I 15 the 1aser intens1ty in wa ey and At is the dura-‘

;twon of the laser pu]se Jh seca Accord1ngly, for the two_ T

-

- . -

-3.

AS fer the-co11ective eftect the mé&imum speed of a-

free electron acceleratgd by the gIectric field of the

(59)

laser radiation fs given b

a .

e E e 2 1, .1/2 P P
- 1 = N , ] . \ po - .
Vmax " m Wy .M oWy (.g €o- " m-sec

R4

§;§r1a requency of the 1nc1dent 1aser 11ght in units of
v

and -sec . In the present experiment, vmax was

which was only a fewlpercent of

-1

of the—ordex of 10 m-sec

the therma1lspeed of the eiectrons Since the deviat1ons

'of the order of electron therma1 ve1oc1ty, 6011ectfve k{;\‘— -
| fect shauég also be negligibte. ’

; B .
- . '
. . . r s
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6 2.2 Non &axwg]]1ah Ve1oc1ty Distribution of Electrons 1n .

the P1asma ,

In the‘frdmeﬁonk‘of the scatter{ng theory outlined in
Chapter 2, 2 plasma “is assumed such that the velocity d1s- ,

although their respective temperatures need not be equal.

tr1but1ons of the e]ectrons and the ions are Maxwellian

If the plasma- further dewiates from such an equil%brium
‘sfate, appreciable changes rn the scattered spectrum may
occur. In part1cu1ar,“the presence of sma11, seconda#"
‘components of cold electrons drifting in a background of

hot e]ectrons has been used to explain the ahoma1ous scat--

tering features in the electron Spectra measured from a
carbon arc p1asma(32)§{ Modﬁfication of the spectrum S(k,m)’
to 1ncorporate such a nonrMaxwe111an distr1but1on of e1ec-

trons in the p]asma is outlined in Append1x B.

.
)

! Ae an-example, Fig. 6;5 sshows the conve]uteq thepre—’
tical .profiles for a p]ashe-jn therma] equilibrium and that,”_
for a plasma with tyo arbitrarily imposed SQCon&ary} driff-

ing,~cold'e1ectron'components;f In the presence of this

particular non-Maxwellian electron distribution, the scat-
tered speetruh shows appareht1yfperiod1c osci]]aiionsi
Thus, it is coneeivab]e thab by 1ncorporating appropr1ate
" components of cold, dr1ft1ng eTectrons in the p]asma modi -
. fied scattered spectra ‘can be generated to fit the experi-'
mental data of Case 1 and Case 2 here. howe&er,.gfrthe

present, we do not understawd{if‘énd why small, driftigg

-




Fig. 6-5 Convoluted theoretical scattered spectra
for a plasma in thermal equilibrium
. ' ; .(solid 1ine) and for a non-Maxwellian
, Plasma with two arbi;rarijy imposed,
secondary, cold, drifting electron.
componénts (dotted 1ine). Parameters
of the'plpsmas are listed in Table 6-2.

)
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Tabfé 6-2 Parameters of the plasmas éonside%ed-

in Fig. 6~5, ~ ' . B
- - ' (

-

Maxwellian blasma:' . n. 1.6i1b16 cm'3

5.1 eV

\ ‘
16 -3

Non-Maxwellian plasma: 'ne°= 1.4x10°° cm’

. Teo? 5.1 eV

’

a=n/n, = 0.002

103

, - "8
yDl 1.14x10

\

b f\néa[neo = 0.004

= 1077
8

Vpp= 1.71x10 cm-sec

N
. |
»cm-sec'1
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,compenents of cold e]ectrons'shonld exist i; the plasmas
studied .1n this experirhent The above approach )f data

.. ana]ysis was not followed as it wou]d seem too arb1trary

‘ The quaht-ative aspect ’of the mod1f1cat.1on—1n the scattered

spectrum was nonéthe]eés'considered as a valuable reference.

A ) -

6-3 Summary and Conclusions. , . . -
A special speetrometer system-has been deve]oped

which allows one to scan 51mu1taneou51y the red- shnfted and

the blue-shifted s1des of the spectrum of 1aser rad1at1on

scattered from a p]asma. The system has also 1nt1uded in it
" density and temperature monitoring channe]s whereby'“shot 3

" to-shot" variations in the p]asma electron density and tem-
perature could be clogely Tonitored. thus effective1y over-
coming the probdem of-inherent p1asma non-reprodécibi1ity

“in po1nt to po1nt scanning me&asurements. Absolute va]ues

of e]ectron dens1ty cou]d also be determined from the den- .
sity mon1tor. 0pt1ca1 arrangement of the-system ensured

that measurements in all channe1s were made on the same .
l

plasma volume ‘Spectral reso]utions of the .Channels. scan-
ning the red- shifted and the b]ue shifted stdes of the scata -

. tered spectrum were approximately 6 ﬂ and S f reswectively

Using this spectrometer system, spectra of laser
b
radiation scattered at 90° from 2 theta-pinch pl’asma have .

»
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been measured. Two p]asma/jischarges were selected for the

<

present study; one was'formed at an ﬂqjt?a1,hydrogén fill-
ing pressure of 20 milliTorr ( Case 1 ) and the other was

. formed at a pressure:of 50 J?1liTorr ( Case 2.). In each;
case, scattermg measurements were ™ade during the n'inth
half cycle of the discharge and at a time correspond1ng to
the maximum compression of the plasma column. End-on pho-
tographs taken py an image converter cemera indicated that,
at the time’scattering meésurements.wege made,,thg,plasﬁas,
studied were macroscopically quiestept and homogeneous with-~
in'the scattering vqfume. As determined from the scattering

medsurements,‘ggramete?s of the plasmas were, for Case 1:

ne=(1.4010.1i)x1016 cﬁ'3, Te=(5.1f8'g)’ev, corresponding-

to a=0.55:0.04, and for Case 2: n =(7.7¢1.1)x10'> em™3,

T,_=(5.1:0.3) eV, corresponding to a=0.41:0.04. .

b 3

. The measured scattered spectra contained multiple

featO:es which'EEﬂSi;;q as fine structures of ;sci11gtions‘ﬁ
. superimposed,oﬁ the ermal profiles; Quaﬁitativ§1y, these
'anoma11es were symmetrical about the laser wavelength. En-l
hancement in the ion spectrum was observed only in the
spectrum in Case }f’ As”the/scattered spectrum is a measure .
of the spectrum of electron density fluctuations, the pre- ‘
sent’resu]ts can be interpreted as an exper1menta1 observa-

tion of non-thermal density fluctuations in the plasma. It

s’ seen"that these non-thermal fluctuations are correlated

with harmonics of the plasma frequency. Furthermore, the"
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qua11tativelsimijar1ty between the 360ma11es observed here -
énd those reported in measuremehts.on arb,plasmas as we11-’
as the close simi]arity Qetween these plasmas Suggest that
the anomaloug scattering pbenomeﬁon‘c9u1d be a basic plasma
phenomenon in cold, aense p}asmas. .The present reéults

also suéggst that the observed deviations from theory are

'probably not due to incompleteness of the scattering theo-

. ries in which the plasma approximation is used and on]y,éf—

—

fétt; to thée order Q, théﬁblasma p;rgmeter, ére considered.
Fihal]yw'the photographic study of f%e plasma diécharges
indicates that the anomalous scattering -was nbt caused by
macroécqpic non-uniformities invthe plgéma.

It was poiqted:out in the beginning of the thesis .
that the present work:is“a first phase of a formal {nvesti—

gation of the phenomenon of'anoma]o&s scattering of laser

"radiation by a theta-pinch plasma. With regard to futyre.

studies, there is always the possibility of improving the

.experimental instrumentation as well as techniques of mea-

*/ ' x
suremeént. On the other hand, it will be worthwhile to

obtain and compile a greater set of 90°-scif%gred.spectra

measured on fhe theta¥p1nch plasma over a wide range of"

~electron densities and electron fempgriiures. Such a col-

lection of data may provide a better undefstaﬂding of the -
dependenbe of non-thermal densify fluctuatfons on basic
plasma parameters. Furthermore, attempts should also be :

made to\meashre the spectra of laser radiation scattered at

!
. .
o

<



angles. other than 90°, that is, to measure the scattered

spectra corresponding to different scattering wave vector k.
b L4

1 From this, the dispersion properties of the observed non-

'therma1,densgty fluctuations may be studied, which may also
- ‘ '
lead to a better understanding of wave propagation in-:

5

plasmas. ' -

3

-

<

v
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APPENDICES

Appendix A - Ray1eﬁgh Sgattering Calibration.

. A-1 Density‘Mgasurement in the Density Monitoring Channel.
The intenslty‘of Rayleigh scattered 1ight measured in

the.dens.ity monitoring channel ( channel 3 ) is

= Np 0R4flokw) fT(m) dw

<
-

where No is the total number of scattering centres, OR ﬁs

the. Réy1e1gh scattering cross sect1on(6°), T (w) is the

- transmission profile of thé‘tha\ne1 and I (w) is the spec-
tral distribution of the laser 11gh$ def1ned as

3

I; = flp(wj dﬁ,A

I, being the’1aser_in§ensity.

d’

As the spectra] width of 1 (w) is much smaller than
that of T (w), "

+]

.flo(w)'&m = Tr(2g) jlo(w)dJ
;.TT(loy %

where Tf(io) is the transmission’of the channel at the Taser

-t .
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wavelength Ao - Thus,

I

R = Mg oor Tr{xg) I

L)

For Rayleigh scat;eﬁing measurement on a gas of pressure P0

at temperéture Td’

’
v

\
A .
~where K is the Boltzmann constant and Vs is -the scattering
volume. Hence,
. i

L0
I(P) = () Vg op T1(%g) I

h

o

From Eq. (3%1), the;ingénsity of Thomson scattered

1ight measured in this channél is

17(k) iiné Ve op I, TTrIS(K,w)WT(w)dw

Ly

Therefore,

-

I.(k) KT N P :
L2 o (D) (=) (L) n, [Sikaw)vp(e)de
IR(PO) g R ,Po TT(AO) - )

whereby the electron density can be determined. For nitro-

gen gas(la), (dRZGT)=38°‘. .

7




‘ ‘ 113
A-2 . Density Measurement in the Scanning Channéls. -

"F0T1OWing similar arguments descfﬁbed in the above
section, the intensity of Rayleigh scattéred light measureq
in each of the scanning channels 1 and_2 of fhe speétromer
ter system is |

N #

. P ' .
= (—9
IR(PO) = (K To) VS OR Ti(AO) ,IO o~

where i=1,2 and TI(AD), TZ(AO) are respectively. the trans-
"missions of channel 1 and-channel.z at A, . Y an
T ‘ If the transmission of the channel remaing constant
throughout the spectral range of the Thomson scattered -

>spec§rum, the frequency integrated intensity in the elec-

4ron spectrum is - ' ~

(o]

e Ve 1, T 0, IS,
' ‘ | ¢ _ , -

and usiné Eq. (2-17),

- ' .
. _ )
I (k) =n_V_or I_ T,(x ) (——)
’e. e s T "0 ‘%0 1+a2

Hence, - - ‘ ‘ . N

Po

).

1.(k) n oo
s (—%) B (

1R(P°) | ;fa o1 KT°

and the‘electfon density can be determined from:

L Y
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Appendix B.- The Scattered Spectrum for a"Plasma wit& Non-.
Maxwe111an Electron Ve1oc1ty Distribution

We wish to consider a plasma 1niwhich‘there exists,
in addition'to the backgrounﬁ electron component, two

e E secondary, drifting and cold e]ectron cqmponents Accord-

r | ‘ fqrm(32)

kil

b N foll) = - (1ma-b) oo (u) +afy (vvp,) + b, (voyy,)

where 1>a,b>0,

7

’

foo(v) = n (M ) exp{ ( v
go eo 2KT o 2kT

‘ o 01) = ngp (- )3/'2 (
f_(v-v = n exp{-

o " N 32
Fea(¥-¥pp) = ngp (2 - Y expl- (—_I’)(" vp2)%)
H i\:2 : :

2
KTel . .

e2

. | 'wheFe ¥o1° !Dz are the‘driftxﬁe10c1ties of the.twolsecbn-
'dary components; "eo’ "el’ ne2 are’ the densities of the
three components and T

i : eo’ T
the components. S ‘ : J"““ .

el’ é are the temperatures of

. -

.

Using this form of f oY), the screening 1ntegral
,G (w/k) can be written as(sz)

" . . i v

1n91y, ‘we consider an e1ectipn d1str1bution function of the’
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'Ge(w/k)'=,(1-a-b)Geo(w/k)h+ aGel(w/k) + bGez(m/k)

where
L
S 4ne2 k Vlfeo(!) )
Gogolw/k) = > f dv
‘ mk~ | k.v -~ w
5 ame? KV fep(L-vp) K\~ =
/G*~er(m/k) = l - d!.
m? kv - |
_ B 4nel KV Fep(v-vpy,) .
| and Gez(w/k) = . - dv
’ ' k.v - w

‘Thus, the scattered spectrum Sék,w) can be calculated usigé”'

Eq. (2;9).

C

¢
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