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Th1s prov1ded 1mpetus for deveﬂopment of a h1gher dens1ty p]asma and

, /
a more powerfu1 pu]s 1aser ‘C$nstruct1on of a ]0 20 Mw ]aser

1

new plasma fac11ﬁty in’ thé form of a magnet1zed d c argon arc’
operat1ng in the mu1t1-Torr pressure reg1on Chapter I conta1ns

.y

descr1pt1ons of‘the plasma- dev1ce and 1asers ,} gu,_ﬁ., : S

v- As the p]asma paraméters of the arc were not well: known,
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- a ser1es of probe’ and spectroscop1c d1agnost1cs were undertaken to

.
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ta] study 1s the subJect of Chapter IV
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A summary af some 1mportant resuTts of Thomson scatter1ng

i

theory is g1~en 1 Emphas1s is pTaced on features of cooperat1ve scat—"

r

ter1ng wh)ch resu]ts when the 1nc1dent waveTength 1s suff1c1ent]y

Tong to probe pTasma part1cTe correTatlons Poss1b1e magnet1c f1e1d

and part1c1e coTlls1on effects on th1s scattered spectrum are summar1zed,

Advantages of the carbon d1ox1de Taser as a source for co--
operat1Ve scatter1ng are. d1scussed from the po1nt of ~iew of pTasma
1nformat1on obta1nabTe and potent1a1 appTlcat1ons, as weTT as some
factors 1nvoTved in detect1on and reso]ut1on of. spectra

L)

The overaTT potent1a1 of such a- d1agnost1c prov1des motlva—

’ t1on for the deve]opment of a cooperat1ve scatter1ng techn1que empToy—

a°

. 1ng a h}gh power puTsed C02 Taser and a pTasma w1th eTectron dens1ty

: Tat1ng'to eTectron and 1on temperatures, eTectron dens1ty, ion charge7

14 15

Sn the 10 TO range» An 1n1t1a1 attempt to d%?ry out such a

o

scatterang exper1ment is br1eny descr1bed

o

2. 2 D1agnost1c 0verv1ew of Scatterl‘gA" T'Eg_%yi

4 1

L 2 . : S R N . @ ('

Fpr severaT years, Thomson scatter1ng has been estab11shed
as a usefuT pTasma d1agnost1c Potent1aTTy, the techn1que is very

powerfuT as, under su1tab1e exper1menta1 cond1t1ons, 1nformat1on re—*
I

/ D - . . . . SoF

o
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o

‘and dens1ty, magnet1c f1e1ds and partlc]e col]1s1ons may re’ obta1ned
'In add1t1on, the nature of p]asma wave modes, wave damp1ng and p1asma

turbulence effects may be Stud1ed
Emp]oyment of 1asers as rad1at1on 'sources for scatter1ng
‘resu1ts 1n exce]]ent spat1a1 and tempora] reso]ut1on = nom1na1]y g1ven

"by the 1aser foca] spot s1ze and the 1aser ON t1me Add1t1ona1]y, B

V -
there is the 1mportant advantage of neg]1g1b]e d1sturbance of the

p}asma‘.li’ L'u - ”'f"' ‘
. Lo * e . .<° .

quawbacks assoc1ated w1th scatter1ng bas1ca11y stem from the

»'extreme1y sma]] cross sect1on for thelscatter1ng process 1Soph1st1cated,

sensxt1ve detect1on schemes are usua]]y necessary to prov1de d1scr1m—

. 1nat1on aga1nst compet1ng plasma rad1at10n and stray 1aser 11ght a]ong
‘ w1th var1ous troub]esome no1se sources : B

« : S
' 2.3 Thomson Scattering Theory:

;2.3.11‘Scéttering-by a-S%hgle_E]éctfon

Thdmsdn scattering involves thefinteracticnvof charéed5 -

'part1c1es with e]ectromagnet1c waves. Charged dértic]es'are accelerated

o . ;
,by 1nc1dent electric: f1e1ds and rad1ate as, a resu]t The spectrum of

rad1at10n erm an ensemble oF scatterers ref]ects the average mot:on
[ ) - L .]

‘.-
L]

of‘the group; :
o InAFig 2.1, the geemetryrfor scatteringuby a sindle,electrcn
“moving w1th ve]oc1ty v, is shown The scattered E fre]d amp11tude 1s1:
i'proport1ona1 to the accelerat1on.caused by the 1nc1dent f1e]d uIn a

>*'p1asma of 1ons and e]ectrons, ‘the 11ghter eLectrons are respons1b1e

Q

Bl
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.F‘ig."2.1 Scattering of an eTectrdma‘gneti'c wave by é ;sing1e‘
S electron. no S LT
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for es>ent1a11y al] the scatter1ng

kvﬁs 1nc]uded by v1rtue of tou]omb 1nterac

electrons

. Referr1ng to F1

e o "h —Aﬁ B .‘ .‘ . _ . . o R -
- Ep T e g cos (quj r \moﬁ‘)~ g

o

i

:  tKh observer at pos1t1on P

 field) will, at time t,
: i o R 82 E"()'"
N S
- . —“S - m C21

R

.v “'

_ due to ‘?e}aCQeTerafioh

P T . [N . . X .
. » vt - " . N ..h

Informat1on concern1ng 1pn mot1on

t1ons wh1ch 1nf1uence the

g. 2., theﬁthidentfg;Fie]d is\denoted by

£

e,

¥.

. a .
o - BEEIR -

a- d1stance R from the e\ectron (1n the far.

see a scatnered E f1e1d g1ven by1

T
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"“?‘ﬁwhere ro = e /m cf

PR v'{/r»

.-:Sof the charge and that of the obserz}r.”‘v fv.f-hf>;*;¥_q§-ﬁmv

’ F1e1d 2 2 1s ca]cu]ated aSSum[ng |v/c| << 1, which'is sat1s-.

"f1ed in the 1ow temperature p]asmas used 1n these 1nvest1gat1ons. fThe o

R * ,»,‘.0"—0«
‘ amp11tude of K is then approx1matefy , ,;6%"'_;;-.“ f‘“f»w_,f‘.i.

A .

k= 2K sine/z T o gy

In a so]1d angle A Q, the observer w111 detect a t1me “*\5& 5

-»;averaged scattered power, for unpolar1zed 1nc1dent radiat1on, of

r,b -

"g:sEPSQ#'clr:? £ 2 s1nz 6"9_3_' watts . . . . (2.9). -
LS eTTe N e L
B ' ﬁ~,,] ~,jo".«%4_t s SRR o
e 2‘~ 2. 8x10 ]3~cm~is the'c1assical'e1ectron radius

‘V{i;and § s the angle between ¢ and’ 5. It 1s ev1dent that the scattered

,-!_power 1s an extreme]y sma]] fractlon of the 1nc1dent power.

7f2¢3;é;;Statterfng=from5ﬁlesma”ETeCtrth‘t SO
S e S SRR .

For an ensemb]e of N e]ectrons 1n a pTasma vo]ume V _the.

_ ftotal scattered E fleld is’ a Vector sum of the 1nd1v1dua1 scatteréd

.i'

"if1e1ds The scattered power is proport1ona1 to ‘;‘ o Af<.-'{;'.5.

H_(z?joa,i.
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Cy

ve]oc1ty>d1str1but1on.v The Debye 1ength 1s given by { j;

e .

> ' ‘ ".‘K" “.

a0

o -

the e]ectron denSIty

; On the other hand when A >> AD’ the 1nc1dent wave sees the
. \

S

'-where.k iy '1t2mann's conStanthTé}the_eleétrOn,temperatUre and né“f G

corre]ated mot1ons of e]ectrons; wh1ch ex1st due to Coulomb 1nteract10ns d;“

B w1th 1ons and other electrons and occur over a sca]e length of AD ,Thetf“

"second sum on the rlght hand S1de of eqn. 2 ]0 now prov1des a cons1der—“¢

e'1s usedsto determ1ne wh1ch type of spectrum w111 be observed " when'

:a < 1, the 1ncoherent e]ectron spectrum£$e5u1ts. Coherent effects .

‘f'_ab]e contr1but1on to P f A scattered spectrum under these c1r¢umstances

conta1ns frequenc1es representat1ve of 1on ‘thermal mot1on or 1on

<

acoust1c waves and e]ectron p]asma waves.: -.‘,9“’;‘ '";;' :uﬁ ﬁ".f.‘”

A parameter B

. ' ) J.y O AT c oL K _ - )

N
~

xf';

A:;, 0 0_ . o . hl‘ B ?egd;’- S rf*d(zl]é) p

i KxD 4n kD 51n a/2

o.make an appearance as a approaches un1ty and become dom1nant for

Ca >> "I. I ,,

e
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The focus of 1nvest1gat1ons dascr1§ed here1n has been on" “

such cooperat1ve scatten1ng efchts, td des1gn an o> 1 scatter1ng"

_ exper1ment for a relatlvely ]ow dens1ty p]aSma by ut111z1ng a suf-
e o f1c1ent1y ]ong wavelength sounce Specwf1t deta1ls of thls exper1ment

_ w11] be descr1bed Tater, for now, a brief out11ne of the features o

»

of cooperat1ve spectra 15 glven

- . R E : :
(: , ﬂ : In genera], scatter1ng of an 1nc1dent e.m. wave can be con-

g

s1dered to or1g1nate from m1croscop1c f]uctuat1qns 1n e]ectron dens1tm

At a g1ven obsevvat1on angle e, the scatter1ng 1s due to the part1cu1ar

°component of den%1ty fluctuat1ons n ﬂ(K m) for wh1ch K and w sat1sfy
- eqns 2“6 and 2. T Scattered power 1s re]ated to an: ense?b1e average
- of Ng (K, w) and th1s in turn to the two part1c1e corre]at1on ' ‘

"fuﬁctfe ?-3 4

For a pLasma of e]ectrons and 10ns of charge Ze th1s

R g N AU :
| R L LA S A AL A S I
<<~1Q (K, m)l ;> —— ‘-.%g'_. : (21]3)f.,
/FKHG-GI | T .

U In thermal equ111br1um,-£é'f are. the Maxwe111an ve]oc1ty d1str1but10ns

© .. . of electrons and ions at T, and(Tﬁ. jG; and G are. funct1ons of ws Ky i
’fe,T1 an'd a. °_:." . | . - ] R

¥

Sa]peter has eva]uated eqn 2. 13-as ahfunctﬁon of the scat—-3f |
:A ter1ng parameter a, and has prov1ded norma11zed p]ots of scattered power
. versus frequency. In a. funct1ona1 form, the norma]1zed spectra can be

I expressed as - Q._A,d* . r- : T 5



S : (@ o ,
) =Tl P> = I S I "
Pyle) = @ QUw)|™> = == 5 ) T, (=) . (214)
SN ST e 1) TR e
_where we K ve i . Q is a normalization-cqnstant -The r functions?

h give, the bas1c shape of scattered spectra f0r &gky1ng o and B para- . -

.meters, where
2 - \.%
Z-Teu .

Ti.(] .+a_)‘,(_,'~_ L. e,

Eqn 2 }4 pr0v1des an accurate descr1pt1on of incohereht-spectra,.whi]e

'for cooperat1ve spectra 1t is good for g < V3. For. the scatter1ng

<
"

1]

exper1ment eventua]]y carr1ed out B was = 1. 2, suff1c1entlw laow to
"a]1ow use of the Sa]peter approx1mat1on
Integrat1on of eqn 2.14 ovef a}] frequenc1es shows that total;

‘VSCattered power.1s prOportlonal to N (1 + z a )/(1 + (Z + 1) o );}’ .f

. consequent]y, the effect1ve scatter1ng cross sect1on 15 a factor of -

two. lower for the cooperat1ve case than for a <1 scatter1ng (when Z = 1).~

IfxComb1n1ng eqn 2. 9 w1th th1s dependence the 1ntegrated 5cattered power

[
~

' becomes, for the o >> 1,°1=1 case of 1nterest
. r 2 R . . S
PS' 5 Po g osin SaQ watts o o _(2.]6)
where. P = CE-ZA/én;%S thelincﬁdent'power.1n:a;beam of area A, n

e"—‘
‘N/V and v = A- B , e _ -
For the cooperat1ve case a >> 1, the- seccnd term on the rlght

hand side of“gqh 2. 14 represents the 1on feature of the scattered
. spectrum, Scatterlng or1glnates from the corre]ated mot1ons of e]ectrons

! Which”sh}eld.the jons. - The f1rst term represents scatter1ng from e]ec-"

10



tron pTasma waves‘which have frequencies'in the range -of “pet?

.

“(47\"’\

e e W . iy e AT e e R e e Y PR I Re ST AT BTN WORE s R S
. . . R : 3 ) i W A

s R

s o
e /m )‘ ec ”. . .
¥ #len

e v e
" The value of g 1ndicates"%he spectral shape of the ion fea-

ture, thCh depends upon the magn1tude and damp1ng of ion acoust1c

waves: 1n the plasma. When T T. (g = 1) acoustic waves have 10w

'amp11tude because of strong ion Landau damp1ng The spectrum is flatx

' topped with a frequency spread cqrrespondlng to ion thermaT ve]oc1t1es

As T becomes >> T . the resonance 1ncreases because ion damp1ng

decreases so that a more pronounced sp1ke appears 1n the spectrum at . M

/k-re ‘3T, R
S (2ay)

vy = K ‘ -t .
B \' m, . . ' L ‘ '

“in'th1s regime,» B (w/w ) g1ves a qua]1tat1ve p1cture of the‘spectrum, .

._2ﬁ3.§“vMa§netic Field Effects on Scattered Spectra . R

in that it pred1cts the pos1t1on of the reSonance but not the correct
ampT]tude In add1t1on, eTectron Landau damping becomes the dom1nant
damp1ng mechan1sm for T >> T o “i ‘ | |
Host of the scattered power in a cooperative spectrum is

conta1ned in. . the ion feature {ntegrat1on of the first term in eqn

2. 14 shows that the power in the “pe sateTT1tes 1s " T/a ,of the tota]

'scattered power. “'

.

inca magnet1zed pTaSma, eTectrons and 1ons execute c1rau1ar

: mot1ons about B f1e1d T1nes at the respect1ve cycTotron frequenCIes

=

: ’h“mlv;"' :

1

ai -
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G, ;B
g, 4 =l (2.18) ’
1 m . L L
e,-'c‘ . . - Lr v
o r&

“ The spectrum of eIectron dens1ty fluctuat1ons will contain Four1er<
jomponents correspond1ng to these frequencies. Consequently, features

ok the scattered spectra from magnet1zed p]asmas5 6 may. d1ffer from T

the\B 0 case.

\ .
\ rn order to observe these magnet1c effects 1n scatterlng,. ,}'

the 1nc1dent wave]ength should be ]ong enough SO that

\ 0‘Be i (53. Tge,i’ 2. I .

-

(2.19)

_where Y /he 4§ and may be cons1dered as an appropr1ate com-

~Be,i" . e i A
ponent of- r in Fig.- 2 1.when there is a magnet1c f1e1d B in the b f : . t
‘direction Th1s cond1t1on means that 1ncident rad1at1on is able to
_probe the” p]asma on a sca]e length > the scale of the ‘organized :
component of Na f]uctuat1ons due to magqst1c f1e1d gyrat1on effects
Narrow1ng of scattered spectra by a factor cos ¢ is the genera] resu]t
in th1s case, ¢ belng the ang]e between B _and K .
o Stnce, ,for norma] values of A emp]oyed 1n scatter1ng experl-s

"ments, extreme]y 1arge B f1e1ds are requ1red to obtaln the forego1ng

‘situation, {eqn. 2.19.1s_equ1va1ent to 2 i/me i > 1) the-more phys1e ’
o ‘ . LS . . -

S calTy.rea]izable_situationbis ag .f<<~1;‘51n this case, K st be

e,i

within an angle s‘in»»"T aBe,i of the perpend1cu]ar to B ‘to ob;erve

magnetlc effects in the spectra If th1s cond1t1on 1s met the port1on

‘of the scattered spectrum carried by 1ons w111 be modulated at mu]t1p]es
of Q and that carr1ed y e]ectrons modulated at mu]t1p]es of Q o? the

degree of modu]at1on,dep nding onsthe perpendicularity of E_and g,,




N
.

‘Erperimental‘obeervat1on'of these effects-depands'updn scattering

detectiqn system des1gn. In all cases, 1ntegrated scattered power

1s not chqnged from the B = 0 case. . - .A"( "; A gt

'2.3.4 Collisional Effects on lon Spettra

[

e It has been predicted3’7 that appreciab]e narrpwing of the
ioh feature of’ cooperative spectra w111 occur for o \"'
v» ) ' . ' '; . N “ ) i ] . . B
i - 1-1‘ ) T . e . . C .
. i ey, . L (2.28
1 - . N . . ‘. ' - ’
e N\ : - Ly - o .o -
where v 15 the ion- 1on co]l1s1qn frequency This'is equiyalent to'»‘ ‘

i- -3
A /(4n A j sin 6/2) > 1 where Ai 3 15 the 1on .jon - col]fs1on mean

free path, SO’ that exper1menta1 observat1on of the effeét 1s restricted . B

. to h1gh density’ 1ow temperature p1asmas, and re]at1ve]y long probe

$ g
,‘wavelengths8 For example, ne 2 5)(10]6 m'? andWT N 1 eV wou]d be

| requ1red_to;obta1n “ci

>1forx = ACOZ—’lOGpm, andn'>'lx'!

'1..

_3‘ , h . .0 . * . .
em 7 for A, = 6943 A.‘ T

2.4 Scattéring with €O, kasers (. . 'l .

The great maJor1ty of 1aboratory scatter1ng exper1ments have

, ;been carr1ed out w1th the’ g1ant pu]se ruby laser, (A 6943 A) wh1ch
;can prov1de severa] hundred megawatts of power 1n a T0- 20 nsec burst..
. *The pulsed CO2 1aser (A s 10 6 um) -as a scatter1ng source has some

.;"A'm d1agnost1c advantages over the v151b1e 1aser, espec1a11y w1th regard

- to Observat10n of cooperatlve phenomena 1n lower dens1ty, h1gh temperature

PR T T R RIS TR L AR A PR B L b L L DU R ki
; . .

L . LI coe 1
. " ) ¢ ¥ e
. , 13 .
.
R ‘ . . . L
: B ‘
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when a ruby probe 1s used Considerably more 1nformation becomes .
- available if an effective €, scmmng ,System is omplo,yod ih s"!tuctiohs
whure the ruby could only be used to determine T. I N

-

_ To present an 1mportant examp?g, recent research into the .
heating of 10]4 cm -3 density plasmas to thermonucTear temperatures
(Tokamak machlnes) has produced a need for ad 1t1onal diagnostics in
order to gain an understanding of heatingfprocessesn Present metheds o .
1nc1ude a << 1 ruby scatteri‘ng9 to meésure T but d ns1ty measuremente .: ..
are poss1ble only with an abso?ute 1ntensity < calibrated detection - -
system ’Nlth a 10 6 um laser and T, 1 keV, a > 1 scattering is’ L . o
“poss1b1e for o< 4° and cauld yie]d T; as we]l*as T and Ne w1th no . L
"v:‘absolute calibration requ1red In addwtion, coherent scatterﬁng from )
, .enhanced electron and ion waves could be used to- study turbu1ent heat—

1ng 1n toroidal p]asmas. F1na11y, the ]onger wave]ength wou\d pennit

"
’ _-magnet1c modulatian scatter1ﬂb experlments prov1d1ng a means of deter-
mining B f1e1ds in Tokamaks ‘ ]
The C02 1nfrared 1aser was adopted for the scatter1ng experi- ‘_-
*', - R ~~
ments descrlbed in this work, 1n hopes of develop1ng a suitable techn1que :
,fBr cooperat1ve scatter1ng from 10]4 10 p]aspas e T
. . / “& - @ R "'.. -
» - ; - Bes1des ‘the potent1a1 1nformataon recovery ?Gther factors .

tend to make cooperat1ve scatter1ng at 10 6. um an. attract1ve propos1t1on

- As the most. powerfu] coherent source 1n tbe intermedwate and far 1n— a ; s

frared, the CO2 pulsed laser can prov1de power 1eve1s of > 109 watts,

2

’ :comparuble to- ava11ab1e ruby powers In obta1n1n a. cooperat1ve scat- .

¢

: tered spectrum, use of,;he 10 § um. source permits view1ng at a much ) o

larger ahgle 0 than wougr be poss1b1e with a v1s1b1e Iaser;,.An 1mportant

s o M B . R L
— . . ' . . - ¢




' consequance is"grently reduced s‘;ray tht probtems "in detcc‘tion. wmeh. a"
S ?or small angte scattcring. could Be a déciq;ng fector LiN rogards L
experimental ~feA§1‘b:H1t,v‘.ﬁ', dthen ad%ntagaso resu%t duu o largor 8 {' |

; i : ‘o
for longgr A .\-Cofﬁectfonsso11d angle A n'increases at laast as e vo
.‘ I

A A incr¥gse ~ as Aqg%,#herebytrequixed resolutfon A X/AQ 1s proportioﬂal

—
[l B

. \
R N and 1s thus a- less demanding rqguiregent at 1onger wave]engths.

o- IR mqnocuromators and Fabry ~Perpt 1nteferometers of quality and

.o.l*'

eff1c1en¢y equal to that of visfble 1nstruments may be used to provide .
. the necessary resdJution of scgttered spectra.‘ .':‘J ‘
' “o' 4 ' .
' . .~ These benefits belp to bflanceglowef detector reSpon51v1tj LT e

and greater phaton 90158 fdr/Tqrum detection than fOr the vigfble

Y

-Photoconductjve IR detectors are capable :of a few amps/watt responsiwb
o]

v1ty ps comp%red to a few xle4 amps/watt from photomu1t1p11ers ?Thfs ’
' ”dtfferegce 1s sl1ght1y of?seQbe hwghef“ﬁetector quantum efficiency at’

Qo' A K

10 pm (m 40% versus N 75% at 6943/\) Plasma em1551on, whlle often

the 11mit1ng no1se source for ruby &aser scatt€r1ng detectlon, Xs not a
L

probTem at 10 um because of the x i dependence in bremsstrah1ung in-

2 o ~ 9 - o 5

tens1ty A more ser1ous no1se problem exmstSoin the 10 um reglon )
vw1th regard to‘plackbody room temperature {300o K) rad1at16n p1ckup by
detectors wh1ch are‘commonTy cooled to 11qu1d N2 temperatures (77° K)
cpoied opt1ca] bandpas§%f1lter 1mmed1ate1y‘pefore the . detector ch1p,‘
keep1ng “in m1nd°tﬁe requlrements for transm1ss1on of. seattered photons.
“,; Another factor worthy of ment1on 1s lncreased absorpt1on of

v longer waveiength radiatlon wh1ch may lead to’ unwanted d1sturbance of
. the plasma This subJect 1s dxscussed in. deta11 dn: Chapter V wherelh

&

v
¥

o

o

does and as 02 for sma!t 9 qu>a given cgopergtive u; spectgal widths i ;,\

or lower Such no1se can be reduced however, bycplac1ng a s1m1]ar}y _ _°f7n{

i A
-, N
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it 1s shouﬁ'that 10.6 um absorpt1on pvesents ho prob1ems in th1s regard

for no éyh few xlO15 3;TTé'> a“few eV vand»tocussed CO2 1aser in-
,~tens1tjes of.up to 1010 watts/CmZV'ff.Jf ‘"?_;_'”_ 'f L !
‘; L 2.5 Qgg,SCatterianfrom'éfHoTiow'CattheiArc Plasma | o vaQ);.
: . § ﬁ§;'“ . .

R e :,-a R .
/76;3 : ¢ . . .
T
' .
* ‘ .

Or1g1na1?y 1t was proposed to observe Thomson scatter1ng

l“fromAa ho]low cathode argon art p]asma1ghav1ng T é 5 eV T é 0. 5! eV
3

E fand a max1mum e]ectron dens1ty of ax1013 4}f~3 A 1 M, 200 nsec pulsed ,;_'; .

'_CO2 1aser served as rad1§t1on source (see Chaptey III) , The p]asma ‘ i

chamber was des1gned such that e1ther o O 3 oroa‘— 2 scatter1ng
"cou%d be observed from an - 1nteract1on 1ength of 1 cm over a so11d ang]ev
‘xof 3x10 ,sterr From eqn 2 ]6 the 1ntegrated scatébred power ex—
~:;Lpected 1n the cooperat1Vevease was 5x10 -8, watts _ Unfortunate]y,'eff1-.n~‘

. c1ent co]lect1on of th1s rad1at1on by the detect1on opt1cs was not

fnnsqab]p and photons reach1ng the detector d1d not produce an observab]e

.signa1 above the ex1st1ng background no1se and stray 1aser 11ght

/

in order to prov1de suff1cient scattered power for reso]ut1on
of spectra, it was dec1ded to 1ncrease both 1asethower and p]asma

.dens1ty Deve]opmeht oF a new p]asma fac111ty and 1aser system fo]]owed A .
and th%se are descr1bed “n the nexf Chapter _a§“ R N o - ‘;‘-\ At

o -
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The devé]opment of a ]O kw gaqnet1zed d c. arqon arc: p]asma
e
is descr1bed Des1gn of the arc chamber and e]ectrodes was such
. that 10ng term stab]e operat1on was poss1b]e Probab]e p]asma dens1ty

‘was a few X 1015 ”';3

s perhaps two orders of magn1tudé greater than
the ho]]ow cathode arc dens1ty Hagnet1c f1e]d prof11es and pressure—
volt- ampere character1st1cs for the arc are g1ven A rellable T."

: f method of ‘arc str1k1ng is a]so descr1bed _ .-"'-'<af‘" “‘.,1"1¢;

Parameters of CO2 TEA 1asers 1ntended for use 1n.scatter1ng

‘-exper1ments are summarized rh part1cu1ar, two schemes for 1ncreas1ng

the or1g1na1 i MH 1aser power aze descr1bed Resu]t1ng temporaT

pu]se shaoe and mave1engvhfspeetqu} iurUHHdLIOH 1s presented ,f-‘ﬂf»

| 7?332 Argen Arc P]asma'Fati1ity' f:

e

Q.;;V

- 3.2.1 enena] Requ1rements',~ B “,"i_,. i" I

The deve1opment of a p]asma dev1ce su1table for a: CO2 Thomson

scatter1hg exper1ment fo]]owed to some extent the des1gn of’Jassby]

for a ma@net1zed d c. arc 1n argah gas. A steady state p]asma was

4

more desxrab]e than a pu]sed dlscharge as spat1a1 and tempora] re- f'



-

produc1b11 ty prob1ems were e11m1nated 'Also the existence of thé,’_' . vfzf\nf
steps 1ead1ng to conyers1on to a h1gher current h1gher "ﬁ" 1'
dens1ty arc. I _ | ' . 1

A p]asma dens1ty 1 -2 orders of magn1tude greater than

that 1n the hol]ow cathode d1scharge was des1red Thus operat1qn

L in a few Torr of gas was necessary and at -d.c. currents of severa]

b

' hundred amperes , Argon ‘was chosen as the work1ng gas for two reasons.

F1rst the" re1at1ve]y Tow 1on1zat1on potent1a1 (15 7- eV) resu]ted 1n

m1n1mum e]ectr1ca1 dwss1pat1on for a g1ven p]asma dens1ty. Second, S

1ts chem1ca1 1nact1v1ty made for. max1mum electrode: ]1fet1me, a” {
factor wh1ch m1t1gated aga1nst hydrogen : Q' : '-r;-‘ ;‘ o f

A . The avallable power supp]y was a we]der un1t wh1ch cou1d ‘
dr1ve over 300° A at 40 Vv w1th -a ]00% dutymfactor 5. A 1 cm drameter vg' .
tungsten t1pped e]ectrode s1m11ar to those used 1n 1aboratory p1asnﬂvdb |

Jets2 1n1t1a11y served as‘a- cathode and a f]at 2 5 cm dlameter copper

| S not ava11ab1e to dr1ve greater magnet1z1ng currents. a stronger B

°3.2.2 Initial Development =~ ‘. T o

s L R R,

‘PTate_was used for thevanode. ‘;'fﬂ S '._'> T Lo - ,"'”f“ -

~
P
1

:s o k >‘ - ?.‘ W T R o

° «

F1rst attempts to str1ke an arc us1ng a 2 kV rad1o frequency o

(RF) f1e1d to pre1on1ze an electrode gap of 10 - 15 cm were unsuccess~

‘:fuT, It became ev1dent that the 0 5 kG ax1a1 magnet1c.f1e1d of the

ho]]ow cathode arc was 1ndﬁequate for conf1nement of a discharge 1n {

th1s h1gher pressure range. The e]ectromagnets were powered by a .,'f~ﬁ}{
o IR °

120 V d. c. generator and d1551pated 4, 5 kW. As a larger supp]y was '

»

o .



, in F1g 3 1.

ment ‘of 1ong term operat1on of such a d1scharge

. ) : : ' a

s .0

f1e1d was produced by 1nsert1ng m11d stee} po1e1p1eces 1nto the

- bore of each magnet, These stee] cores were tapered such that

o .

6 cnﬁ Ha11 probe measurements showed B =. 2.5 kG at the minimum f1e1d

_,po1nt, an 1ncrease of a factor of 5. The f1e1d prof11e is p]otted

R 4 " .

T o
°

w1th the stronger conf1n1ng f1e]d, 1t prqved poss1b1e to

‘Str1keka stab]e arc, 1n1t1a1 success occurr1ng for # 1 Torrf‘I ?

"._’the f1e1d was focussed in the e]ectrode gap, wh1ch 'was. decreased to““'-

;: 19+

250 A and V 40 V. With th1s establ1shed the next step was. ach1eve- o

7

" 3.2.3 Arc_Chamber 'and ETectrodedDestgn

toei

RS . Lo
.. . -

“An a]umlnum vacuum chamber was constructed (see F1g 3. 2)

mw1th suff1c1ent water coo11ng to maintain wal] temperatures be]ow

o

e

"Pyrex w1ndow

357 C Further chamber de51gn features for accomodat1on of scatter1ng,

-

"measurements on the arc. are d1scussed 1n deta1]\1n Chapter VI -~ Also,

»

see, F1g 6. 3. Exposed faces of the po]e p1eces were eoo]ed to avo1d

o

r‘-p0551b1e deter10rat1on of magnetlc propert1es through excess1ve heat-“
i ,
‘1ng A port was prov1ded for connect1on to a 500 2/m1n mechan1ca1

: pump capab]e ef evacuat1ng°the chamber to < O 1 Torr To afford a

o

’~f~v1ew of the d1scharge as wel] as enabLe general access to the chamber

f1nter1or, a 12 cm d1ameter port was 1nc1uded and sea1ed w1th a th1ck '

0

tungsten cathode eventua]ly adopted was 1 cm’ 1n d1ameter, s11ver

E]ectrode des1gn was of pr1me 1mportance The'2%1thoriated'
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Ahf_'solde

7,’.f/m1n
‘ ca11y

3.2

'h order
through the chamber, although shorter term Operat1on w1th a stat1c
*backf

'~from

s I"tg P
red to. a 2 5 ‘om d1ameter copper tube and water cooled at 15

to ensure no boil1ng occurred at the hot end S1m11ar water
€

iso]ated from the pole pieces. , ‘;7; 2 L. 3LW'

‘,\\ o o : ’ N e

fEiectrica]véharactertsticsi'\- R SN d A

s IR ‘ T SR
{ R
,

Operation of th1s plasma fac111ty forgrer1ods of severa] hours v

was poss1b1e, arc current and vo]tage ho]d1ng constant w1th1n 5% fIn o

to avo1d bu11dup of contamnnants, gas was pumped cont1nuou51y

111 was a]so poss1b1e L1fet1me of the tungsten cathodes ranged :
50 to 100 hours depend1ng on the arc current

A stab]e arc/cou]d be estab11shed in pressures rang1ng from

:';0 5 Torr to 10 Torr., Eor lower pressures, the we1der vo]tage was 1n-’

*,fsuff1c1en¢ to susta1n the arc, wh11e above 101Torr, the magnet1c f1e1d

. trode

"+ dropp
'ﬁ'was J

r'?.j_Fig.

Tt

".ﬁvar1e

= [f]ow was sUpp11ed to the copper anode. Both electrodes were e1ectr1- d SR

S

1was apparent]y too weak to ma1nta1n an 1on*‘ed—cotumn l' n £ ct, fo r‘

-

RS BN 250 A,.the current Ehannel began to bulge m1dway between the e1ec-

s when the pressure rose above 4 Torr.a In add1t1on,,1t was

':f;‘observed that operat1on at any pressure was 1mposs1b1e 1f the f1e1d

ed- be]ow 2 kG, further 1nd1cat1on that the max1mum f1e1d strength

ust adequate for conf1nement A photograph of the arc is shown in o

Arc volt amp character1st1cs are d1sp1ayed 1n F1gZ;3 4 for

us background pressures. In contrast to Jassby s arc, it was. ;'

L f
urrent channe] was more cdnstricted 1n the h1gher voltage mode and
;“ﬁ7taftf¢ai frhxj },f;'fﬁ“eVr‘fff{”}“‘i " ?‘_-r' e

.'found that two stable modes of operatwon existed fOr a glven pressure.s}~'ia

L | .Thefc



3 Torr, 1=265A, V=30 V.

rgon arc

 Photograph of

Fig. 3.3

o
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: thenna1 em1ss1on appeared to be. confined to the t1p of the tungsten.-
cathode. "In the more common 1ow vo]tage mode, therm1on1c ests1on
from the ent1re cathode surface was observed

- ' .1

Very law frequency (0‘5 Hzih f<5 Hz) rotat1ons of the -

'~,_CUrrent channe] about the anode- catho e ax1s have been occas1ona11y '

"’ - usually not present urider the P-I-V conditions mentioned above.

~~observed Th]s 1nstab1]1ty has occurred on]y in the 1ow vo]tage mode.
vfor P> 4 Torr and I > 150 A A deta11ed study of these rotat1ons |
has not been done. There may be some dependence upon the exact arc

1ength or - the shape of the cathode t1p because the- 1nstab1]1ty was

3.2:5 Arc Striking

A capac1t1ve d1scharge c1rcu1t for. start1ng the arc 1s in-
',cluded in F1g 3. 2 it was adopted due to the unre11ab111ty of the RF

- voltage for th1s purpose._;RF str]kwng was  difficult at the']ower.backf

”f;vent di ffusion of jons from the e]ectrode gap.

" ground pnessures;and generally became;]ess successfut'aS'cathode wear e
'iﬁcreased | | . | |
Two basic factors are 1nvo1ved in str1k1ng such a h1gh current
» arc.. Ion1zat1on must occur®in-the e]ectrode gap to prov1de a current
:ffpath for the Tow vo1tage main supply and must be. ma1nta1ned 1onq
yenough to initiate therm1on1c emission through cathode bombardment

vahe overa11 process is aided by the' magnet1c f1e1d wh1oh tends to pre- -

‘\\ce,/{ssentlally 100% re11ab1]1ty 1n start1ng was ach1eved by

d1scharg1ng the 250 uF capac1tor C &cross the e]ectrode qap A cur-

AN X L A b Rl LR ST AT



i )

' irent 11mit1ng series resistor R] = 7Q stretched the discharge time to

: severa1 milliseconds. A 500 V charge was norma11y sufficﬁent to- strike :
7theaarc. ’
| 1 Stab1112at1on of arc. e]ectr1ca1 parameters typical]ywoccurred

w1th1n a few seconds after start1ng, with volt- amp va]ues being repro-a

. duced on each start for a. given ‘argon pressure.

.323 ;992,?“1?ed Lasers for Scatterjng__.

3.3.1 Osci]1ator¥ Amplifier System

Te

The or1g1na1 1aser osc111ator constructed for use as a Thomson

scattering source was of the he11ca1 TEA d1scharge type3. This prov1ded ;

a peak laser power of 1 ‘MW or an 1ntens1ty of 5x107 watts/cm2 when
focussed through the plasma ax1s by a 50 cim. foca] length m1rror. Para-l
meters for this 1aser are 1nc1uded in Tab1e 3. 1 - '

-

A Rnoowsk1 orof11e UV pre1on1zed TEA d1scharge unit 4'was'con--

26 .

structed for amp]1f1cat1on of’ the osc111ator output Th1s type of d1s— )
&~

‘charge has a peak smal] signa1 ga1n of > 0. 04 cm j, but the high 1nput ~

power dens1ty from the osc111ator gave r1se to saturat1on effects OVer

a path 1ength of 160 cm (tr1p1e pass through ‘the amp]ify1ng nedlum) an
energy ga1n of ~ 7 and a ‘peak power ga1n of 10 were obta1ned for the
‘.TEA osc111ator 1npbt Thus, some temporal sharpen1ng of thé\QSC111ator
..pulse occurred Osc1llograms of a typaca] oscillator pu]se sha e and that
,of the amp11f1ed beam are._ shown in Fig. 3. 5 (a) and (b). respectﬁve]y A

h'gold*doped german1um IR detector ﬁbth a r1set1me of < 2 nsec was used to

i.-
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l WELzeAL “|osciLLaTor | Two.
JboTea R°G°"5KI AMPLIFIER. | DISCHARGE
/ | LASER— A“PL‘FIER - TANDEM . | OSCILLATOR |
ELECTRICAL'» T DT P
- |ENERGY INPUT| - 25 250 7 25/250. | 25/250
” ADISCHARGE E/P ' - — ——1
| PARA- . (vo1 ts/cmTorr‘l' 16 .36 - 16/36 | 16/36
METERS  |He:CO2:N;  |'g5:30:5 | 72:21:7 - [85:10:5 . [, o
% by volume) RS IR r 45T :21:
U 3. - |50x5x3.7cm3 R : '
""“tENGTH y _JACTIVE 3.3 ) 6.7
: (m) L VOLUME |
) AXIAL MODE | _ .. — —
SPACING . ||* 45 - 45 22
‘ ’ (MH;). S SRS : . - :
“! caviTy | BACK MIRROR |ALUMINUM N ALUMINUM | ALUMINUM
T [REFLECTIVITY| : T ek ‘
PARA- (%) i '~ 100 -7~ 100 ~ 100 -
- | BACK MIRROR ‘|- N
| METERS: FOCAL LENGTH 10 L1000 |10
m i - . ~ o
FRONT MIRROR GERMANIUM |GERMANIUM | SODIUM - -
~ |REFLECTIVITY| =~ 5o | CRLORIDE
, FRONT MIRROR}. . .
FOCAL LENGTH| = - -
= _(m) - ° - —
T . | E?§§GY .} 0.45 3.0 2.3
| outRuT. - 6 " — 1 1
PARA- TRANéIT?EN'- P(14)-P(22) P(14)-P(22) | P(20)
1 - |TRansIT Ree) R
"METERS . - = - .
o | : BEAM » .
RN DIAMETER (cm - 07 .]'%;\ 0.8
\ ~ [MULTI-SHOT o _ R
SR 0.9 T e -

TABLE 3;1

PARAMETERS oF co2 PULSED LASERS USED FOR SCATTERIMG |
-t STUDIES. -
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obta1n these temporal profiles. Osc11loscope bandwidth was 20 ﬁﬂz

{17 nsec risetime) 50 tﬂbt 05c111ator se1ftmode-lock1ng, whieh was

1,

present 1n varying degree} from shot to sho& was e1ectron1ca11y in-

tegrated out. For th%ﬁz 3m cavity length ‘the longitudinai modq

spacing was 45 ‘MHz, Amp11f1cation removed a consiﬁerable portion of

the mode-locked pulse structure N - LT

Re11ab1e synchrontzation of osc111ator and amplifier dis-

-3

charges was required both to. p1ace the osci]lator pulse near the .

peak of the amp11f1er qg1n prof11e°and to prevent arc1nq 1n the Rogow

sect1on A graph1te anode was emp1oyed in this un1t and tiny carbon
part1c1es in the active vo]une provﬁded s1tes for’ 1onxzatfon via

absorpt1on of osc111ator photons If suff1c1ent osc111ator power uas
generated pr1or to in1t1at1on of the amp11fier d1scharge the re;u)t

was 1ocal1zed pre1on1zat1on and’ subsequent arc1ng 0

T

', : Low J1tter (< 50 risec) varlable delay e]ectron1r trlgger

c1rcu1ts were used to set the opt1mum synchron1zatlon of- d1scharges>=

uTh1s was a]so dependent on long term, regulat1on of spark gap pressures

.

L3

' in the d1scharge circuitry..

¢he he11caT TEA Iaser cou]d.osc1l1ate’bn one of severa] ]0 um
P branch Coi\;xansat1ons, but P(20) was selgcted by.cav1ty mirror :

ot adJustment, s1nce the narrowband f11ter used 1n comjunct1oh wwth the-

o,

detector for scatter1ng measurements had max1mum transm1ss1on at th1s
12

wave]ength (w 10. 59 um)
- tﬂon and transverse mode pattern were preserved
1as1ng was obsgrued to occur 100 - 200 nsec sqoner than for xhe

osc111ator alone. This was. attr1buted to a photon 1nJect1on e fects,

whereby random photons generated in the amplif1er act1ve vo]ume entered

. the osc1llator cav1ty, 1nduc1ng an ear¥1er galn buildup. f 'o; o
z Sl e LA

L

- W SRR S 0
Wi Coe e N [ A

3
Paa

In amp]rf1cat1on, both the osc111ator trans1-

N1th the TEA amp11f1er,

e v
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~Fig. 3. 5 (c) ",e;',
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The amp11?1ed beam was 50mewhit ]arger in cross- section than

the osc111ator output (see Tab]e 3. 1) Stronger amp11f1cat1on of the ,A='

1ower power edges of: the 1nput beam was: the probable cause wwth an

f’- 50 Cm m1rror, the beam cou1d be focussed<¢o a 2 mm d1ameter spot
1n the plasma chamber, for a resu1t1ng peak 1ntens1ty of 3x108
2.

watts/‘

o

t_C Further amp11f1er parameters are’ 1nc1uded 1n Tab1e 3. 1

. . S

Y

S0

03.3.2 - Two Dﬁscharge'6{7'Méter Oscillator ()v

et : o S, : - - . : .

Comb1nat1on of the two d1scharges 1nto a. 6 7 m osc111ator ;
cav1ty W1th a NaC] eta]on for output coup11ng y1e1ded typlcally 2 3
Joules in-a pu1se of 20° MW peak power About ha]f the energy’was 1n ;
the 1n1t1a1 ga1n-sw1tched sp1ke.v A typ1ca1 pu]se shape is shown 1n i

I~ R

.': Las1ng was observed on1y on the. P(20) trans1t1on Bezause'

the same 10 m foca] 1ength back m1rror was used in th1s 1onger cav1ty,

the output beam diameter was sma11er than that of the oséﬁ]]ator -
amp11f1er conf1gurat10n. It cou]d be focussed to approx1mate1y a 1 7

m’ spot in the p]asma arc, Tor a peak 1ntens1ty of 7x10 watts/cm2

g D1scharge synchron1zat1on ‘was ‘again 1mportant for the r%asons.. -

stated'prev1ous1y Tbe 8% feedback was suff1c1ent to generate osc111a-‘

t10n w1t thep1n,d1scharge operat1ng a]one (m 0 09 JouTes output
-and peak power of a- few hundred kW) _— f”.‘bf-’f”. ,‘"
Both osc111ator - amp11f1er and 6. 7 m osc111ator were used '

“in Thomsor scatter1ng measurements. o - ]'}, L 'f_1-§ if ;

 l ) _,... . - . . oo



: gldent source Mu1t1 shot scans of Taser wavelength spectra for the :

", 3:3.3 Laser Line Spectra

' sar11y be Tess than scattered spectra] w1dths : Assum1ng ' T eV 1on
.temperatures in an argon pTasma, the jon feature of a cooperat1ve

,scattered spectrum is. of the order of. a few A in W1dth for a 10. 6 um

lissed in Tab]e 3.1. Apparent]y, the TEA TaSer Tong1tud1na1 modes

.:_spectrum is cons1derab1y w1der than that of a s1ng§e puTse
»r1n obta1n1ngwscattered spectra, averag1ng over many shots was necessary
. for s1gna1 to no1se 1mprovement (see Chapter VI),‘the character1st1c
‘ ‘dinew1dth to be contended w1th was that of the mu1t1 shot spectrum
pAs measured Taser T]new1dths were onTy somewhat 1ess than probab]e

scattered<w1dths, convoTut1on of prof11es was. eventuaTTy necessary for.f

:,operat1on are g1ven 1n Chapfers Iv and VI It was'not poss1b1e to '

5scan qu1ck1y enough to observe s1ngTe shot spectra.,~Linewidths quoted‘ﬂ

’,]menta] w1dth (0 3 A FWHM) from the w1dths of dep1cted exper1menta1 f

“‘prof11es, assum1ng Lorentz1an shapEs<uLiﬂJ,£ases

A T R . .o

s X 2
o . -

Monochrunat1c1ty of the Taser output is 1mportant for use
Ll
in Thomson scatter1ng exper1ments s1nce the Taser T1new1dth must neces-

'

o.

A}

0) trans1t1on are shown in F}g 3 6, and: spectra] W1dths (FNHM)

woqu vary from shot to shot so that. averaged over many shots, the

6 7. S1nce

accurate reductlon of eXper1mentaT Thomson scatter1ng data._'

The spéctra in F1g 3 6 were obta1ned by sTow scann1nq of an .

1nfrared Fabry Perot 1nterferometer Details of th1s 1nstrument s

°

| in TabTe 3 T ‘were caTcuTated by subtract1on of the Fabry -Perot . 1nstru- )

31

6. 7 m osc111ator was N equaT to that of the: osc1TTator - amp11F1er

Al N N . . N . K R i

G

contiguratwon i

s
SN




rfor, (a) helf.ca]
aser (simi,]a




.+ _3.4-"Conclusions

o

. . . ; R -
w1th 1ncreases 1n 1aser power and energy, and 1% plasma den-_.
s1ty, the outlook for Thomson scatter1ng was considerab]y br1ghter. "
o In the f0110w1ng Chapter, deta11ed measurements of arc p1asma para-" e
_meters- are. documented pnov1d1ng the necessary 1nformat1on ?or deS1gn .
-_pf‘the scatter1ngyexper1menti o
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;]A}carrﬂed out us1ng e]ectrostat1c probe and spectroscop1c methods Be¥

T, Le . CHAPTER IV, -
© o © pROBE AND SPECTROSCOPIC DIAGNOSTICS =

[
"

4.1 . Outline

6~

;°’

'*fsmdes prov1d1ng some usefu] know]edge wh1ch wou]d fac111tate the de- - S

f,s1gn of Thomson scatter1ng exper1ments, use of these d1aqnost1c T

'"-‘g_techn1ques served to 1ncrease the” body of data for th1s type of p]asma

f-arc,,' : ‘ °.:_ 1 ",'_ , o
o : 2 . LA a : B c{ o ’ ' N . L
P]ane w1re probes were des1gned fqr app11cat1on to extreme ;

Q

: »:heat f1ux cond1t1ons and 1n add1t1on were swept throuqh the p]asma

to prevent probe damage. E]ectron dens1ty and temperature prof11es

~’of thé arc cross sect1on resu]ted from reduct1on of probe data Effects o

'-of electron -ion col]1s1ons and the magnet1c f]e]d on the probe 1 v . }_»”

curves have been cons?dered IS o h f‘”t IR RE T

C

Spectroscop1c measurements were made in’ both ax1a1 and trans-p

f' verse dlrectlons Broadenxng of s1ngJy 1on1zed argon spectra] 11nes

"-f'was recorded by scann]ng w1th a v1s1b1e Fabrwaerot 1nterferometer

v

Eand 1on temperature was 1nferred from the therma] broaden1nq contr1bu€

“':vtlon ' The degree of Zeeman sp11tt1ng of these trans1t1ons as we11 as»

5.

- some argon neutra] 11nes y1e1ded magnet1c f1e1d strength Tn the arc ,;

- e L.
o

Measurements of the p]asma parameters of the argpn arc were R



Rad1at1on from 1mpur1ty hydrogen in the arc chamber was de- o

";:tected and broaden1ng of the H 11ne in parttcular was measured 1"’

T;Some changes in. arc character1st1cs due to add1t1on of traces ofi:“ -vféﬁ”r; s
h/drogen were observed T_': B A A
PR “’ . -

'4}21;Probe'MeaSUreMentsljf

DoubTe ended tungsten w1re probes were constructed andf .

lfmounted .on the shaft of a smaTT d c motor The assembTy was pTaced iv‘f

<«

~7«;11ns1de the arc chamber by attachment to.an access port cdver pTate v:? p;dt';'f>i§;

(see F1g 4 1) These probes W%re 1nsu1ated everywhere by a]umlna f_'d ;/hl;"-}'
and boron n1tr1de w1th onTy the1r‘$1at t]ps exposed (see F1g 4. 2)
Spat1a11y resoTved measurements of swept probe currents have enab]ed )

)determ1nat1on of n and T prof11es of the arc cross sect1on approx1-'}n

ﬂmate]y m1dway between anode and cathode , T,~~s-_ “u; .

422 P‘""\‘v"be_ Theory -

. ; " = . MR Al.‘,_ . . . . . “ X '.‘ ) 'Y',: $ . .. : %
Tl T T T T e T 2

4

W1th an’ assumed Maxwe]]1an d1stp1but1on of eTectron ve]oc1t1es, S

_'coTTect1on of e]ectnons by the probe shoqu vary accord1ng to
LI we PR e R L (4.1
e G e e T e , S - ,
. . . N ) o . -7 | o QA'.> T ' ’ N N +

t*:where Vp 3¢ tg; probe potent1a1 ~The plasma'densityfisfcertainﬁx figh -
o .~_f“ws SR S PRI
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k)

-enough Q§at the Debye 1ength is neg11g1b1e compared to m1111meter

d1mens1on probes
.ber dependent on t
- the saturat1on,1o

by' -

-~

Current co]]ect1on under these cond1t1ons shouﬂd
he product of density and partnc]e ve10c1ty, thus

n current to a strong]y negative probe is est1matedrf

Iis.a
%ere Ap 1s the p
found from the s]

‘ 2n {Ie‘ ) ver

'4 ne‘ e QZkTe ) 15 ] me) ;5 T : . ‘ o N l -‘ e; .
— e~ ,l -£) . A_ amperes = - {4.2)
-3"10? TXme /M R R

‘e

4 \f
robe .area 1n cm2 The e]ectron temperatur‘can be

ope of a 1ogar1thm1c p]ot of re]at1on 4. 1 that 15;

sus Vp -has a slope proport1ona1 to T ]

‘4'3;3, EXberimentai Method L e . e

' Probes were pos1t1oned to sw1ng through the arc-approxfmateiy. ,

2. 5 cm from the cathode tip at speeds in the v1c1n1ty of 10 cm/sec,

decreas1ng the probe duty‘factor to n 10%. A slower mov1ng probe '

. was 11ke1y to me]t or break apart ue to the extreme]y high heat f]bx .

from the arc In

- 1ncurred damage in the form of crack1ng of the a]um1na‘1nsu1at1ng tube. -

5. Because the probe

(< 10 cm . from the

fact the relat{ve1y h1gh speed probes occas1ona11y

apparatus was in such c1ose prox1mity to the: arc.

<

ax1s) it was necessary to electrostat1ca11y sh1e1d

the r1ng and brush (F1g 4 1) from p1ckup of . large e]ectron currents

when the probe was b1ased strongly pbs1t1ve w1th the, sh1e1d grounded

through a high’ re
demonstrated the

otially no p1ckup

sistance, tests w1th a dummy probe (no exposed surface)
effect1veness of the e]ectrostatic sh1e1d, as‘essen-i

current Was detected for any pos1t1ve bias vo1tage.

38
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Desp1te water coo]1ng, it was not poss1b1e to operate the f?ﬁm:_>..
motor for more than 10 sec in the presence of a d1scharge Con- -Ef;w
”sequent1y, the method«of operat1on was to set the bias vo]tage, str1ke
";‘the arc,.then sw1ng the probe through the stab111zed p]asma oo]umn,
‘record1ng the repet1t1ve current waveform Later in th1s 1nvestlgat1on,

a slow vo]tage ramp was ut111zed for the probe b1as anq 1t was poss1b1e L
. to obta1n the ent1re probe character1st1c curve in l 5 sec. At the

' same time, an add1t1ona1 feature was 1ncorponated intob the probe des1gn

- One end was hooked to face paral]e] to B f1e1d 11nes, the other end
dfaced perpend1cu1ar to B as prev1ous]y If some an1sotropy 1n‘tharged
-partgc]e f]uxes ex1sted, it coufd be expected to be ev1dent in’ the'

current col]cct1on of such a probe.

&

.'4,2,4 4Experimenta1 Results

Osc1llograms d1sp1ay1ng var1ous spat1a] prof11es of probe b
current correspond1ng to dlfferent probe bias voltages are 1nc1uded ;:
in F1g 4. 3 These §how tHe- arc to be cy11ndr1ca1]y symmetr1c w1th
respect to propert1es which may be 1nferred from the probe current.
Typ1ca1 probe curves show1ng 1on saturat1on, e1ectron saturat1on and

trans1t1on regions are p]otted in F1g 4 4. Carry1ng out the eTectron

o

temperature and dens1ty calcu]at1ons accord1ng to eqns 4 1 and 4.2
»led to the Ne - T prof11es of the arc cross sect1on shown in Fig. 4 5
' t)The vo]tage-swept doub1e ended probe was tested at’ pressures

.of 1.3,3 and 7 Torr and F1g ‘4.6 contains osc111ograms of probe current

versus bjasavoltage. Actua] probe. vo]tage is determ1ned by subtract1ng

'the'VOTtage drop acrossxRL'(Z.O Q). Resu1t1ng electron temperatures

PR Pt . B | TR LT AR WA
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K 250 mA coTTected by th1s probe corresponded to a dens1ty of 2 BxTQ

: ind1cat1on of ‘the 1n'

»1ncreas1ng pressure. .'Av‘f'-f~ I e e /<

' therefore c0u1d not be ué’d to measure T d1rect1y.,v_,

. 4.2.5 Discussion

N @ o' 7. ) AV B < ~ -
are’ 1nd/cated In these cases,.‘ e'paraTTeT end of the probe faced T

robe faced the anode. Th1s techn1que has;ff
-he d1sadvantage that at1a1 resoTut1en is Tost and onTy ax1a1 C

1nformat1on 1s obta1nab1e

AL .
: A ,

Ion saturat1on currents were measured for a range of backa

J

ground pressures us1ng probes fac1ng perpend1cuTar to the magnet1c ;A'

: fier and the resuTts ‘are recorded 1n TabTe 4.1. The han w1dth§ of

Su.
these\saturat1on current prof1Tes are aTso tabulated and gnve an‘ V

"n)the arc current channel d1ameter W1th° v

S . E
. ,.e R R . . B - A(

_ At one po1nt, an attempt was made to use a cy11ndr1ca1 probe

Af; of Tength 1. T mm and d1ameter 100 um Ion saturat1on currents of o

15
-3

Cem™ assum1ng T 3. 5 eV Unfortunately, th1s probe and others s1m11ar

é&
“to it me]ted 1mmed1ate1y when b1ased to coTTect eTectron currents and

e

D DS

¥ . . - .. e

‘ - » . . s . E X - \ ) '“' ‘f;’
For operat1on at 3 Torr and w1th arc currents 1n the range
;)

of 260 A - 280 A, peak eTectron temperatures of between 3 and, PRI

(on ax1s) haVb been measured w1th the plane probes fac1ng perpendxcular Mﬁ:;.t
- to B, the tegperature fa111ng to 75% of the pea%>vagﬁﬂgfscm off‘ax1sf B
Peak eTectron dens1t1bs were (2 2 5»)x‘ll;é 3 fa111ﬁ§ to 30% oﬁ th1sf" E
L T cmvpff axis. For I > 250 A peak T was ~ %0% Tower at 7 Torr thanl"




‘i;rff yre‘bion.«This wouid appear to.j1e]d the best estimaxe of Te since th]é ’;5; e

o

'ingtfeatures associated w1th current cot]ection by the piane probes.i i

i73:~curVes appeared to exhibit per”%ure" feature, two straight- = E?"a R

”f-;in the regton where V.. was

T R AT { CENETDNRE S N IERE N SUPON. SULI S PO °g - - Q" ay

i o
o o i .
Y . A . . .
. . o e
: o ERRE ‘ : 464 o
[
. “ @ ® . o
- 7 e : . ° 3 © e
K o ° RS L . :
" . .o .
: P E K o . . ©
«l' . L3 uo @ 2, .

‘ 5at 1 5 Torr, whiie maximum density was~greatest at P =,3 Torr, fa]ling

© B ol a . . °

Tobyy 50% at 7 Torr. LRI T ;' IR R A

: - . El A . - o “ -4 Seg e
0.: M) N n . ' * . Q

o o RN

?yi As weii as show1ng comparabie peak eiectron temperatures,_’

£

o a

'_gthe doub}e-ended probe col]ected approx1mate1y equa] eJectron saturation e

ice,fcurrents, taking ;nto account the different areas of‘the two probe tips.t°5':fw;;“‘
'}a_;_(see Figs 4 3 and 4 6) Thus there appeared to b§ no directionai e '°Afi BT

& o o
. ,

Eiectron tempe;atures were taken from the straight Jidn a!_i”f~:ﬁ"
T ‘o s gh. ;5' .. el
tion of the zna(I ) versus Vp curves anothe e]ectron current R

2 o.v

’ regibn of the probe curvegencompasses co]ﬁettion ofe the maaorit% of -5»_4' ©

. ao»'v J

thefcurrent carriers, therefore the hulk of the e]ectron d1§tr1bution 1"5

o
N

.0

*;should be charactgzized by such a ‘rmperature Many of the prdbe 'J”"

v

:?,11ne segments on’ the 1 ga

in Figq 4, 7 A higher *’, r was i%dicated from(the prQbe curvev

P

_ S the plasma floating Poténtiai than {ﬂ; )
"from the region where e]ectron cur

O o o

ent dominated It 1s lakeiy. t;‘_.”

a

"ufhowever, that the® thher temperature is not representative of the e .QFAF

e g o, :

) bdﬂk of the e]ectron distribution Since it is derived From coi]qction ,f" L

'fﬁof a comparativeiy sma11 fraction of the—e]ectrons, namely those in °‘,f

=

'.the high energy taii of theﬂdistribution function which may not be

} 'Maxwe111an- . e . - , et __~~.)‘-~-: "o'_‘

v Interpretation of sw1nging probe data shouﬂd be p0551b1e in
"fvterms of conventionai probe theory, but some modification to 1nc1ude
~; ;the effects of charged partic]e co]lisions and magnetic fieids,may also e

1 be necessﬁry, especia]ly with regard to the magnitude of eiectron

3 e -
. - ..o_‘

I S
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Te-- BeV

CALCULATED FROM e :

THIS SLOPE > "ON AXIS -

1 P =3torr
S | =275 A

. V=34V . .
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Te > 15 eV : '
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THIS SLOPE e
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’* Vd (volrs)

Fig 4 7 Logar1thm1c probe current versus probe voltage curve
:-.show1ng "two temperature" feature ' . .




o compared with e]ectron thermal ve]oc1kqgs'_ ‘bl o

;fOr Ie;

“a c0111s1on1ess, f1e1d free theory would pred1ct

? Apart from magnet1c fleld effects, when Coulomb encounters between
?'electrons and ions become numerous to the po1nt where mean. free paths B

gare of. the order of or. sma11er than probe d1mens1ons, co]]ect1on of

.factor given byz

m M

Ny . sec

e

it

3.5 'ev,%-agd,"e‘wc_t_ron;dr'ift“ved'pgiti,es' o

N . avand 1 L T R
, =3x10°J - 4 1x105 cm. B S - 3

Rat1os of - e]ectron to Ton saturat1on current of 30 - 40 on -

o

d

o

e]ectron currents shou]d be: 1nh1b1ted with an est1mate of the reduct1on

S T T e T e

'*where A 1s the e]ectron 1on co111s1on mea& free path and d 1s the probe '

N.d1mens1on 'JI i 1s the saturation current 1n :Ee co111s1on1ess ‘tase.

1850

ad

A;;;dturatQOn current. Probe ve1oc1t|es oF m»1000 cm/sec were 1ns1gn1f1cant L

v ~
, eD_ ’.An(3 9.1‘... | v‘sec ST R
. fA’fOf'ne = 2x1015 -3 aﬁd~J- 100 A/cm ; and so Should have hQQ "9911q1b1e =
-.effeCt on Lurrent CO11ect10n ,"ﬂllv -:t ’ -;"':_ e

aXis and 50 - 60. 1 cm. off ax1s have been observed (see'ng. 4.4); wh11e;iA E



; g e]ectron . For ne = 2x10]5:cmf3band_T 3. 5 eV. the it f p iS~
( .)-1“ 15(k T ) D (. )'-'
o A =(n o ) = _ 0 45 mmo. 4.7)
| i e-i Jeeit g, e4'.'zn-A T A
" where/ an A 15 the Cou]omb 1ogartthm and A= 12n Ng D3 Note that
e Ap = 3.1x)07\ c¢m (eqn. 2 ﬁT) for-T = 3, 5 eV and ng = 2)(10]5 3,” . -Jbb >

. wh1 h 1s very sma11 compared to probe d1mens1ons, as mentloned Tn the
- 1‘;;‘d1 cu551on on probe theory In calcu]at1ng A 1t 1s assumed that the:
- lfrf‘p\asma coTumn is essent1a11y fu]]y 1on1zed on ax1s and that e]ectron A
'0111s1ons w1th swng]y charged ions dominate. Th1s approximate vafﬁe ,
fof A is comparab1e to the d1ameters of p{ane probes wh1ch have been used
Therefore co11is1ons a]one cou1d possxb1y reduce I a1though it 1s
- d1ff1cu1t to ca1cu1ate the extent of the effect To f1rst order, the
'entire e]ectron d1str1but1on shou]d be affected by c0111s1ons ina . . “f\ : i
_ s1m11ar manner, consequently, theqprobe curve may st111 y1e1d the 7 |
;;,approx1mate e]ectron temperature K ,: ' ’v, 'f 'v-ﬂ.f ':4 . _? '5:1
‘ In & suff1c1ent1y 1arge magnet1c f1e1d ‘the effect1ve mean -
| - free path of charged part1c]es is g1ven by the1r Larmor rad11 and
._'and saturat1on currents may be reduced 1f probe d1mens1ons are appre-f'
'7) : ‘c1ab1y greater | For Ar If 1ons in a 2. 5 kG f1e1d the gyrorad1us is
i:.m 0 5 cm, therefore the f1e1d shou]d have no 1nf1uence upon I1s H°W‘:“.f'

-3

- ever, the e]ectron gyroradius rB 1s ~ 3x10 cm << d and I may -

:consequently be reduced An order of magn1tude est1mate of this de-
crease ’ from consideration of ch;ssical partic]e diffusion rates, -




o

'fprobes have up to now not been employed in such:an arc p]asma, and

v‘ 4.§\*thtcs for Spectroscopic Measurements

; : : ' 5 S "%_°i 3.f,'5_.h; : A o
Ie-s.:_‘ . 1 =’(l’,) 3/2( e Mg Cce an A) - (48)

o, Ieso Qe ‘Te_,i. ) ‘. 2 B (k T )3/2 ..‘.. ) ) . _'

' where Qg -\eB/m ¢ 1s the cyc]otron angu1ar frequency and 1 i,is thJ’
'ie]ectron ion c011vs1on t1me For ‘the present cond1t1ons, Qé'£e i;;'g’
d"wh1ch 1mp11es a cons1derab1e decrease in I _ ,
”1; ;.y' The observed drop in I from the co1r1s1onless f1e1d free .

case is perhaps exp11cab]e 1n terms of a comb1ned influence of co]-

.‘.

- 11s1ons and magnet1c f1e1ds wh1ch both serve 10 retard the progress
"fof e]ectrons towards a b1ased probe Again 1t is 11ke1y that the
‘b;approx1mate e1ectron temperature is obta1nab1e from the stra1ght 11ne v
:vbport1on of - (I ) versus Vp curves It was poss1b1e to prOCLSS
:current and vo]tage raw data such that resu1t1ng errors 1n the p]ots of

:7F1gs 4. 4 4 5. and 4. 7 were’ Jess than 10%: However, it is very. dif- .

F1cu1t to: app]y an overa]] ]1m1t of accuracy to ‘the probe techn1que

. ‘because of unknown p]asma probe cond1t1ons To our know]edge, b1ased

-Spectroscop1c measurements of 1on temperature d1scu5sed 1ater 1n thws
,‘Chapter 1end credence to a p1cture of a. p]asma w1th T > T1, and

‘isupport the values of T obtained from probes

e S

Opt1ca1 systems were set up for obsérvat1on both dcross: and

along the axis -of the arc Kn bpth cases the opt1ca1 train 1ncluded a

5]/4 m Jarre]]-Ash m!hochromator, a p1ezoe1ectr1ca11y scanned Fabry- ‘

Perot interferometer and an RCA 8645 photomu1t1p11er w1th an- S 20

B N
”'further corroborat1oh of the probe resu]ts wou]d therefore be desn?ahie
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photocathode Deta11s of the’ opt1ca1 setup are shown in Fig. 4.8, \

L
AN

For transverse observat1on, 11ght Was. co]]ected and co111—'
' mated by a mod1f1ed Cassegra1n1an system w1th an f = 8 2.cm lens

:prlor to a 150 X 150 nm monochromator entrance aperture, it was

- poss1b1e to view a B. 25 mm square p]asma cross- sect1on extending e

- .mine magnetic fleld values.

d

through the.current channel. Resu]ts are therefore -averages of pro-
pertfes'over this‘s{ght-1ine To'facilitate axial observation; an .
anode was constructed conta1n1ng a centra] 1 mm d1ameter aperture
-‘sealed by a sma]] v1ew1ng w1ndow In a]] other respects, th]s anodel
'was 1dent1ca1 "to that descr1bed 1n Chapter ITI. The opt1cs cou]d
then view.a cylinder. of p]asma extend1ng from anode to cathode and.
'dvesu1ts are aga1n averages OVer th1s llne of s1ght

Monochromator resn)ut1on was “ 10 X at JOOO‘X, suff1c1ent for
1so1at1on of most argon spechra] 11ﬁes The.Fabry-Perot_1nterferometer_
‘was scanned~by app11cat10n of a high -voltage ramp to a.pdezoé]ectric
drive upon whwch one of the m1rrors was mounted. Tuo sets‘of mirrors
were used, one”pa1r hav1ng 90% ref]ect1v1ty at 6900 Z ano the other f
- w1th 99% ref1ect1v1ty at 4800 A, enab11ng reso]ut1on of spectra1 ]1nes

"from 4200 A to 7500 A/

<

4.4 Line Broadening and Splitting
- Measurements of the:broadening of Ar II spectraTh’nes3 were
;carr1ed out - in order to determlne jon temperatures in the arc. Neutra]

.argon 11ne53 have also been observed in the anode and cathode reg1ons

as we]l as the area per1phera1 to the current channel, ahd'Zeeman ,

4

j sp11tt1ng of both neutra1 and jon transitions has been used to deter-



» The Doppler w1dth of - a spectra] 11ne of wave]ength A em1tted

by- part1c1es hav1ng a Maxwe111an ve10c1ty d1s€r1but10n is
A X :‘V7 68 1077 M oL o ' :
p.~ 7-68x 0 .A.(T/M) A FWHM; - ;:' “ (4.9)

for A 1n A, T in eV and M. in a.m.u. Gaussian 1ine'profi1es resu1t
when th1s is the don1nant broaden1ng mechantsm For Ar II, M = 40
and broaden1ng of v1sab1e 11nes for ~ eV ion temperatures is:- < 0. 1 A
V When a magnet1c f1e1d is present, each spectra] 11ne 1s sp11t

j1nto severa1 components, the exact number depend1ng upon the quantum
‘,numbers of the upper and 1ower energy 1eve1s ‘of the part1cu1ar trans1—
tion. These components may - be d1v1ded into 2 groups, usua11y ‘denoted
by T and T, accord1ng to their po?ar1zat1on When v1ew1nq perpend1cu1ar
to B the T components, po]ar1zed with E parallel to B, are flanked
on eachls1de by a group of o components wh1chhave.§U perpendicular
to B. EaCh a group>1s shiftedbfrom 1ineAcentre by approxfmate]y

N, = )\2 =._4,66x1o“‘° 2 A - (.4..10)“
_for A in A and B in kG When viewfng paraile] to B' on]y'thelo com;
ponents appear, both groups c1rcu1arfy po]arlzed and separated by approxi-
mately 2 A A Exact separat1ons of 11ne components may be ca1Cu]ated
from quantum mechan1ca1 cons1derat1ons For B = 2.5 kG and A in the
v1s1b1e, Zeeman sp11tt1ng of argon trans1t1ons WaS comparab]e to their

Doppler w1dths, and was therefore cons1dered in. the unfo1d1n9 of

'experimentalwprof1}es, e



" 4.4 - Fabry-Perot Resolution =~ - o S

With widths and shifts of '~ 0.1 A to ‘contend with, Febry-‘
Perot reso]v1ng powers > 5x10 were requwred Such reso1ut1on was -
eas1]y obta1ned as h1gh ref1ect1v1ty mwrrors were emp1oyed in the _
| '1nstrunent " e T o A //;

The free spectra] range of a Fabry -Perot is _given by

ESR = A2/2d S 9 A DI

Ld
i.

where d 15 the mirror separat1on | Te pfeVent over1apbing of erders,.
typ1ca1 FSR of ~ 0.5 A was used correspond1ng todn 0 3 cm. - For
- exper1menta1 runs, ‘exact m1rror spaC1ng was determ1ned by comparlson :
iof measured wavelength separat1ons of c]ose]y spaced Ar II 11nes W1th
o data from aceurate wave]engthAtableSB. o | _ .
,s;OBtjmum;finesse fofdhirrors_of-ref]ectivjty_R\is ‘ -

T

Fen RQOR) e sy

~and the'upper_1imitrof resolving power is then

U AF _2nd /R , o ana
RP = F5R = x»(lfR) | _‘ o o (%f13)

For d = 0.3 cm, RP 3.9x10% for R = 0.99 at 4800 A and. 2.6x10° for
= 0. 90 at 6900 A Both_figuresdare«then-much h1gher«than requ1red '
- o ; ‘ |
reso]v1ng power. o

In actual pract1ce however, RP may be 11m1ted by the qua]ity

Y

e n esichcds |
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ofslight~1ncident upon the mirrors. This is expressed as

P = (Z/Gdiv) : . .

A

:(4.)4):
Y : o : , . - 5 '.,
where‘ed.v is the full angle divergenCe of incident 1ight For trans-

verse observations, 2.mm irises before and after the Fabry-Perot
‘cavity and separated by A~ 75 cm 11m1ted e to < 2 7 mrad. Thus, RP
for b]ue spectrum lines. was dlvergence - lim1ted to ~ 5. 6x105 whale RP
' for.red‘]1nes:was reflectny1t{ - lifited. For.ax1a1:observation, light
‘divergencejwas 1imited to w.1~mrad'by‘the.anode'tube and aglimmfihis.
._pr1or to the Fabry Perot | | e L
‘ Interferograms of both HeCd: and HeNe laser a11gnment sources :

are shown in Fig. 4.9. In most cases,. 1nstrument broaden1ng\had neg-

~'11g1b1e ‘influence on observed spectra1 11new1dths.

- 4,42 Experimentaf Results

£y o
nterfer%@igms of some Ar IT Tines observed transverse to the

% & cont
e gw

1n Fgg -4 10 - A polaro1d p1ate was included:

"; no components i Some Ar IT lines -

Zfs n ﬁme was v 30 sec/FSR A 10 Hz Tow pass

The'contribut1on of therma] Dopp]er broadenxng to. Ar Il 11ne-

an 1on mepegature of 2 eV (¢ 10%) From the sp11tt1ng of Tines it was
found that B‘ 2 5 kG a]ong the arc axis, which compares favorably

J._

56

TN

' 7 =W1dths measured in both transverse and ‘axial d1rections corresponds to v

73
l'w
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- be ‘
w1th the Ha11 probe measurements of f1e1d strength (see Chapter. III) ‘ vt

Prof1les of the 6965 A Ar I tranS1t1on (F1g 4, 12) showed that neutrals

3

o ~ex1sted din reg1ons of lower f1e1d strengths away fromathe ax1s wh11e

ax1a1]y they appeared to be in c1ose prox1m1ty to the eleetrddes

(‘BQ'= 2.6.k6). - . SRR T
4.4.3 Discussion . B T R o ..
I ) . ] T : N ] . ,/ : . :

Instrumenta] Stark and Zeeman effects ‘have - a]] .been taken

1nto account 1n detenn1nat§§n of the Dopp]er contr1but1on to line. o

’

broadenlng Broadenlng due to the non Doppler mechan1sms was fouhd

VT?~”_, td be exsentlally neg11g1ble in- near1y all cases, w1th the resu]t o e

that the Dopp]er contr1but1on 1tse1f cou]d be determ1ned to. within
;]OA accunacy Stark broaden1ng parameters were taken from Gr1em5 us1nq o

ﬂl‘kvelectron dens1t1es found from probe measurements Unfo]dlng of lwne

s

-shapes was accomp11shed in- part by use of the Vo1gt prof11e56, wpxch

”¢resu1t from the comb1nat1on of d1spersxon and therma] broaden1ng effects.

In a1most a]l cases, Stark broaden1ng of Ar II 11nes for Ne 2x1015

S cmf3‘1s much 1ess than that due to therma] effects ' If 1on temperatures fd’kh

were s1gn1f1cant]y 1ower than 2 eV,-ne wou]d have to be at 1east an h;\ f‘;\

-order of magn1tude greater te exp1a1n the observed broadenxng BLE terms '

.o 0

‘;of both Stark

nd oopp1er effects. For example, the A - 4806 Aae T
;11neeha§ A AD 0 083 A for T = 2 eV and A xStark = 0 003 A for ) ;v}tgfi;iﬁfua
35eV TorT 14ev AAD—OOGQAanda 7
,‘f’]i,] ”_'exception of the far wings T = 2 eV 1s cons1dered a re11ab1e f1guret .[Z L
llw' &, [ _»’,e‘" ‘ ‘ R S B N \ \

'
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Looon ax1s, and therefore rather constant 1n the current channe]

490 &, P=3 Torr, T, = 1.4 eV. and B.= 5 KG.

For pressures in the 1. 5 to 6 Torr range1and'currents_greater o

than 250 A Ar 11 broaden1ng was constant w1th1n 10” . Since-T'

averaged over the arc cross sect1on 15 comparab]e to the on- ax15 temp-

»eratures, the T prof11 across the arc is un11ke]y to be h1gh1y peaked |

.
Ar 1 11nes 5uch as 6965 A have\more pronounced Stark broaden-

1ng than most Ar II 11nes However, the measured re1at1ve w;dth of the‘~

Ar I 6965 A ]1ne was. about ha1f that of Ar IT 11nes, more. ev1dence

that neutva1s observed on ax1s are pr1mar11y 1n the e1ectrode reg1ons

where large temperature gradxents ex1st In the curregf channel between

node and cathode 1t is. 11ke1y that 1on1zat1on is afhde% ylete.

&

: o
-Jassby7 estwmates 98% 1on1zat1on 1n the core of an arqon arc w1th I

é.S‘vadrogen tmpurityvin the Arc

A sma]] percentage of hydrogen was present in the arc chamber -

- ;under normal operat1ng cond1t1ons ' Th1s was ascertawned by 1dent1f1cat1on o

w

"j:of the H 11ne (6563 A) through Fabry Per@t 11ne broaden1ng measurements
".No other Ba]mcr Tines were found 11ke1y because the1r re]at1ve1y weak

f’1ntensat1es were swamped by argon 11ne and contunuum rad1at1on

- /
Introduct1on of sma]1épartia1 pressures of hydrogen wh1]e '

- LF o

mon1tor1ng H 1ntens1xy showed that the 1ntr1hs1c 1mpur1ty 1eve1 was_

"_typ1ca]1y < 1% It 15 11ke1y that hydrogen trapped in the tungsten ,}

”;cathode const1tuted the maJor 1mpur1ty source The bott]ed argon

gas conta1ned t;)n]y‘r ppm H2

An 1nterferogram of the 1mpur1ty H, 1ine isfsh0wn—1n Fig. 4.3, .

. . ‘0
.&as'observed a]ong the,arc_axts Measured tota] w1dth (FWHM) is ] 1 A.

oo . LT a
P ST .
L e AT . .

o e L e . A e e . .- - . ' g
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: The 1nstrument w1dth is O 2 A Broaden1nq ¢ due to a chb1nat1on of

.H; fine structure an4§2eeman sp11tt1ng (B 2 5 kG) in

.data

4“'Assum1ng Lorentz1an Stark and 1nstrumenta1 11ne swapes, a tota1 Vo1oh+

‘H f1ne structure, Zeeman, Stark and Dopp]er effects From eqn 4, 9

!

the Doppler contr1butug\1s 0.5 TH A for TH in eV wh1ch 1s 0.71. A

4

63

for THf- T 2 th Nhether or. not T{ 1ndeed equals T :5 uﬂcprta1n S :{ e

se the W1dth‘

DO

to 0.75. A Extrapolatron,of Gr1Emts ta1cu1qjed hu Stark broaden1ng
3 -
5 15

y1e1ds A ASt rk 0 14 A for n = 2x10" ¢n

-3 and T = 3.5.eV.

V‘w1dth of ~ 0 95 A resu]ts, wh1ch is W1th1n 15% of the measured w1dth }3

' measured H prof11es For. transverse obsevvat1on,

As several factors 1nf1uenre the broade 1nq of the H 1ine, : .‘ e

1nc1ud1ng the exact 10cat1on of the em1tters, 1t i

very - d1ffcu1t to af‘
-draw any f1rm conc]u51ons regard1ng temperatures ahd densfties from o

measured H w1dth

~was ~ 0. 8. 3 however, em1ssion is from req1ons hav1ng a wide range of B

Z»temperatures and denswt1es.' :

' hydrOgen upon arc character1st1cs With the arc op\rating in ﬁtsdhioh

o Some further observat1ons wers made conce*hing the effect -of

‘v01taqe mode (ng 3, 4), add1t1on of 19 Hy ;nvar1ab1y-caused.an‘imf

med1ate sw1tch to the 1ow voltage mode of oﬂeratwon

If'operating’iﬁ

the Tow voltage mode, add1t1on of 1% H2 resu ted in la- slfght arc

<

vo]tage decrease and current 1ncrease (typt§a11y ~ 3% chanqes)

- 4.6 " Conclusions. Lo T

- ments and cons1derat1on of energy equ1part1t1onxt1mes, t is p]ausiﬁ1 g

- % .
| : : ‘
On the bas1s of the probe. results, Dd&p]er broaden1ng meas| <eﬁkw

a

e ‘




that eIectron and ion temperatures are d1fferent thg eIectrons belnq

" " 64 v.

"the hot;er,spec1esw Ihe equ1part1t1on t1me11 may be wr1tten as
| h C 3mymy k3/2 R ,Ti".‘_v-Te, 32 o .
T S == (415
' eq - 8(2")i 2 4 an /\/, -\ My “‘mef ( J) .
With s1ngTy 1on1zed argon 1ons, th1s reduces to. Q
‘j N , N . N .
: L . . 3/2 B L e
C L = f —— : : o e (4
AN eq; e A \Tax0h e - A
v ,') . . ) ' :
for.T. Te ﬁn eV and Ng dn cm‘?. For N = 2210]5'cm'{: éfev and
- T = 3 5 eV, t 6 usec, which is comparabIe to the ion I1fet1me.;}

q

’ determ1ned Iarqe]y by charge trdnsfer c0111s1ons w1th neutrqls Tak1nq o

4xIO13 cm 1n the core of the arc (m 98% 1on1zat1on), T o= (n

‘3':g:vi)‘ 15 usec, a be1ng the .charge™- transfer croas sect1on]2,' Th1s .

“f1gure i I1ke1y an upperbound on the ion waet1me For dbmpar1son, a

L4

ﬁeCOmb1nat1on time (l/ﬁ n ) estwmate for th1s ‘plasma 1s LV msec,
lwhere B o1s the recombxnat1on coeff1c1ent for arqon]3 Thus,‘lt 1s

un11ke1y that ions are ab]e to therma]1ze w1th respect to the eIectxon>

_ S /e

in the t1me available to thed.” - - e
The values of ne Te and T determ1ned from probe and qpectro-
. scopic d1agnost1cs resu]t in.a max1mum pIasma pressure of 15 - 20 Torr )
;on ax1s.» Th1s compares w1th the magnet1c presSure (B /8w) of v 35, Torr
%or B;;-Z 5 kG. That this f1eId is just suff1c1ent to conf1ne the arc

' ~has been observed (Chapter III), the caIcuIated magnet1c to plasma

Tmeoisel T S



_ C O CcHAPTER Y /
, L |
ARC PLASMA "PE.RTUR!BAT{:(.)N BY A HIGH POWER CO, LASER
, _ ‘ ~
5.1 Outline

Aneinvestigation-was carried out to determine the possibility

65

'of‘arcfp]aéma,perturbations.by the'high-power co, lasers to be used in’

‘Thomson scatter1ng experIments In particular, electron'heating'in

“ojthe foca] volume via lnverse bremsstrah]unq absorption was studied. A

simp]e mode] _was adopted wh1ch assumed electron therma] tonduet1on to

"be the domlnant d1ss1pat1ve process. Numerica]‘ca]culations based on

: ._thlS mode\ showed neg11g1b1e T 1ncreases for the 1aser 1ntens1t1es

'used for scattet1ng Exper1menta] observat1ons of Ar I1 tine emission

Y

supported this conc]u51on

e

5.2 Iﬁerma]'Conduttion«Limitgd E]ectron_Heatigg i : h : ’; s

" e,

Invefse bnﬁmssthahlung absorpttoh of radiation by pTaSma-is
‘a much more eff1c1ent process at 10 um than for visible wave]engtns,

_: the absorpt1on coeff1c1ent havwng a A2 dependence One of the con-

cerns then, ‘when using a h1gh power 1nfrared source for scatter1ng is

‘ the poss1b1e perturbat1on of the plasma and LOHSEQUEHt d]StOFt]Oh

'of soattered 1nformat1on

_ | S1nce the laser pu]se times of .1C0 - 200 nsec are very much .

" shorter than e]ectron ion equ1part1t1on t1mes (eqn 4. 18), absorbed N

‘photons wou]d 1ead to e]ectron heat1ng on]y dur1ng the observat1on

. ‘t]me for scatter1ng As the arc is a]most fu]ly jonized in the

Ay

i
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'nelghhorhood of 1ts axis, there 15 little. opportunlty for laser in-y
du(ed ionization. Lven if .this process dld occur, density pertur—
bations would be a,few percent at: nmst and therefore of small concern
for the scatter1ng exper1ment In fact the dom1nant electron energ;
loss is prov1ded by thermal conduct1on whlch severely }1m1ts the ele-
vation in T and. therefore any 1on1zat1on and co111s1ona1 transfer

_oF enerqy to 1ons ,_" .
| A crude est1mate of the e?eetron heating -may be obta1ned by

,equat1ng power absorbed to the rate of change of the k1net1c energy

2 ' of free electrons in the 1aser focus.

q(ne,'T A) P (t) . -3 = . . o .
A — - % 4T (?--lléf\tTe) S (5.1)

th -

| P,(t) is the laser poWer’andiA P szis the focat area. Thejabsorp—

tion coefficient a« is.given by’

Cow
;O W '
(81)¥/2 n2e®  BL 11 - -P-;:-\
» \ V3 | w i o '
o= ‘ o ‘ ’ (5.2)
‘ ' P4 3/2. - - v ‘ o ' :

3¢ w, (m KT )

Y.

éﬁ%* s Far -the ex1st1ng plasma conditions, wpé << w, = ; thus
Gn//?'— an A is glven by] en (3. 9x1014 3/ ) for T in eV and
_10_35'n.e2 en A A S e . -
o= T 372 o cm . L - .t 95;3)
~ e . ‘ - M . .
for T_in Vo ng inen3. 7
tor Te 1N €% Ne 1N . e

| Integration of eqn. 5.1 with'respect to. time for Ne -

constant leads to an electron temperature at the conclusion of the

66



laser pulse
: . o o

| -35 - 2/5
1 + 5x10 neLo wn A :

ef ° eo

3 Ae Teo

}Qhere'TeO-is‘th equilibrium»éfectrop temperature and ko isvthe laser ;
energy. For Teo = 3:5 ¢V, ne\= 2x10]5‘cm"3, M6l= 3J and A :-3x10"2‘ |
cmz, the resu]t is Tef = 5.5 eV, a‘consfderab]e‘perturbation.

Of course this'cé]éUlatioh provides gbr ho thermal losses
from the focal yo]ume duhfng the heating time,v An important process .

- , . . s‘{) . . 9
to consider is electron thermal conduction, whereby heated electrons

will diffusefﬁhto their cooler surrouhdiﬁgs. ThelcOefficiént‘of

electron ther@gl,GOnduction is given by]
L 5/2. o SR
= _:.;l?_le_..__ Y@_t..t.s.‘ ’ ) (5 r)/ ’
“e A cm ev . ~ -0
| T v .- . \ A. .

for Te_1n eV. :

If, irdeed, the temperaturéfca]cu}atéd ffom eqn; 5.4 was

ever established, the thermal conduction loss rate

- . Cvatts .
Ve x VT =k VO T, —5= : Lo (5.6)
. € ¢ © ® o ' ’
(' .
would be of the order of 106_watts/cm3 so that absorbed laser energy

. could-bé\dissipatedlin a few'nsec."Sincé‘this is 2 ofd?fs of magnitude
. fastef ihan the laser heating tfme, the.fealitemperature rise_fs |
Tikely ~ 2 order&dfﬁwgnitude,lsgs than-fhat CQlculafed assuming no .
losses. * - A | ‘

’It,fs therefore assumed that a sﬁeady'staté is quiékly .

™



Vs
) reached in wh1ch absorpt1on is ba]anced by thevma] conduction,
10—35 ne2 an A PO&t) 2 o » :
. d ‘ + ve T =0 : -
R el e B

Because @ the axial magnetic field, cross field conduction lasses

e -

will be 12ass than that aiong fie]d lines by a'factor_(r /A - 10,

e-e
~[Therefore a onc dimensional model 15 U%EM ‘to descr1be thermal d1fFu51on

[

1osses (see F1g 5.1) so that

VT s S5 T | R L (5.8)
: /

s - ' - P
) y

With this approximation, ‘eqn. 5.7 may'be rearranged to réad

4“7 |
. e 8 :
—f e . S - (5.9)
dz? Te-‘r o S |
“where
3.2x107% (g R (1) -
g = T A : ‘ : ' (5.10)

Note that.fqr sma1] temperature’changes,,Ke';‘cbnstant in z which has
been;implfcjt]yiassumed in writing eqn. 5.6.
One integration of eqn. 5.9 yields

i | o Yoo .
—& = _ 28 +"constant) : - (5.11)

AR 3
dz L3 Te .

The boundary conditions are -

68
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‘ | (5.12)
.
@ L3y
. .ﬁé”‘
& & (
“Teo o (5.13)

where Teo is the unperturbed temperature In adopting boundary
condition 5.13, it is assumed that outs;pe the heat1ng zone, T, w111
decrease to the!equ111br1um value T over a character1st1c scale length

for thermal conduction. The e]ectron mean free path, A e’ is taken as

, e~
this scale length., For |z|Z L, the 501Ut10n,15‘then
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where T_(0) is’the-maximum.tehperaturéféttafﬁed dn'theliaéer axis.

%

_Expansion of T, ( ) ina Taylor ser1es abqut z = O results, for T (0 -

Teo << Tgo» in an approx1mate io]ut1on Fors}z{ g L

€ ;1'\_.

To(L) + —=p— A SN C R 1)

Tolz) = Tl

“;Numefical soiutions df eqns 5 14 and 5 16 have been carr1ed

out and the’ results checked by numer1ca1 1ntegrat1on of eqn. 5. 15

Temperatures and dens1ty (2x1015

cm 3) near to those of the actua]
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//grgOn—arc‘parameters vere cons1-)“ hd éa]cu]at1ons for 1ascr 1nten—. i :
}/(_ sitjes up to XOTO*watts/cm2 were done‘ Sl ) ) ., | ; .
o fij o Resu]ts are shown ‘in F1g 5. 2 »For*intehsities'usedkin}fhe',5‘ .
| ;- prescnt Thomson seatterxng exper1ments (up to 7x108 Watts/emz);Athe
T perturh:£1ons-are apparent]y neg11g1b1e ' | B :
RS AT R : .
I % h e :T;;. : . i S L .
i 5.3.%Experfméntal~0bsegvatjOnsfand,Discuesion» . -

? o | »ir%?A, f' MA_‘eA, %. s v* | “ﬁ .%
, Emlss1on 1eve1s from Ar II trans1t19ns 1n the laser'Plasma .A;’h :

S # 1nteract1on valwne were mon1tored 1n an attempt to ver1fy that e]ec—_-.";-ié?ﬁ

: j?‘:itil}:'thOn ?eat1ng w1§ 1ndecd sma]l L1ght1~as collucted'by the Cassegra1n1an ' o

e .f_’? te]escope and a;T;4 m Jargg]l Ash monochremator prov1ded specgra1’d1s»‘ “;h;é;ﬂ

' _jhi,bh; pers1on\(w A0 R resolutlon) pr1or to detecf1on by a phoLomu1t1p]Ter } | ';;.

j‘, "wh1ch was loaded suff1c1ent1y to observe events on the t1me sca]e of -
Ry c;oz mse,« pulses. Do 0/ L o Ny o e
ee Ar 0 ]mes moni tored 1nc1uded 4348 A, 45 904\ 4610 A 45 G L

'_;‘f'_} and 4806 A For laser ;nfens1t1es f. 5x107 waﬁ%e/emz ‘ '- 'Zv
; ,?.h>=;~ cmz,‘thereﬁWere no: obswrvable changis in. the em1ss1on 1eve1 from anM’x; i - o
of these transitlon; when ‘the’ 1aser wa's flred Typ1ca] s;gna1 to n?1se T' ffi}
N . Wigr these 11nes was (15 2Q)/1 S0, thatve 6% ehanges 1n em1ss1on were ’ _ .p;;
5 _;jf”. detectab]e The nowse }1m1t appeared to: beﬂdetermlned by f]uctuatlons ifh'j-; 3‘;3
o 1,if in plasma arc, ¢cnd1t1on&; ?,/.5fi'3' ,ff‘gyffieh'.;ji?7ﬁﬁ,(:‘i ifﬁ‘eh_{:iiﬁ,g “u:}?
- j;;i‘.,ieoh“ﬂl AS the 1ntens1ty 13 of em1SS1onxfrom a. g1ven trans1t1on 1<:" R -_;vﬁ
;’%L{_;;?;\j ;propoht1ona1 to e E/AT where E 1s the»energy of the ugper 1eve1 jv‘ ,1; ?
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i o "For the Ar II T1nes mentloned E/k = 20 eV so that AI/I 5.7 AT /Te T
‘:"for T ‘ 3 5 eV” As 1ncrease5qu'& % in T1ne em1551on were reso]vab]e, o
L it may be poss1bfe to conclude that 1ncreases 1n T, are & Té ;jf[ .»,b RS
v‘f *?”",; HR . i R In emp]oylng such an argument it 15 assumed that the h1gh |
‘ energy bound e]ectrons are 1n equ111br1um w1th the free eTLctrons <MIn .
- fthe case of - Ar II th1s is- veasonab]e as the energy d1fference between;_

‘the bound Tevels and tﬁe cont1nuum 1s smal] compared with the ‘bound

-

'fﬁf‘; [j?‘ ‘Teve1 energ es themse]ves (m 20 eV) Therefore, the Bothmann factors* o ;7 \g
echs are hkeTy to beﬁasdnab]y ag'un*ate

A rough est1mate of the reTat1on,between Taser 1nduced 1on1za'

'for the5e

',:'tion vid changes 1n T may be found from the Sagg equat1ons In the

case of nArII >? "ArI"nArIII as 1s Tfkely in the present argon arc,

'¢:  ,:w | changese4n~heutra1 and doubly 10n1zed dens1t1es are very sens1tf'vl'

4

439 changes 1n T -, Exper1“énta11y;°however, 1nsuff1c1ent Ar I ’d Ar III




[

for elect.on heatwng. o

Wlth the experxmental results for Ar II 11ne exc1tat1on 1n

[

'terms of T .1ncrease supported by the thermal conduct1on mode] ca]- ‘

cu]at1on 1t is concluded that the arc temperatures and dens1t1es

L

determ1ned by pro%e and spectrosCoplc d1agnost1cs are preserved under

1

'.cond1t1ons of the Thomson scatterlng exper1ments. - o .
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- aspects a]ong w1th ept1ca1 detect1on components are descrwbed 1eadfﬁg to .

 CHAPTER- VI

" COOPERATIVE THOMSON SCATTERING EXPERIMENTS

”,“B}T Gutline

N]th known exper1menta1 ya]ues for temperatures, dens1t1es and

1

f1e1ds in the p1asma, and the avax]ab111ty of a 10 MW 10.6 noe pulsed CO
hlaser, the type of scattered spectra cou]d be determ1ned and steps taken

to des1gn an opt1ca1 e]ectron1c system for detect1on and reso]utlon

[ i
N

.thereof. L o ...'; T yue
o A - ) » 3 } “‘__ _

’

In th1s Chapter features of the expected cboperwgpve scattered

spectra for the argon. arc p1asma are d1scussed Plasma’ chamberiﬁfructura1
* K

v
_.d0519n of a su1tab1e v1ew1ng~system fer Thomson scatter1ng qi%haractex1s— “j?,

f't1cs of the 1nfrpred detector are noted expected signal 1evels are cal-
»cu]ated and the 1nf1uence of var1ous n01se sources is determ1ned Observed
: s1gna1 and. norse ampl1tudes are g1ven and factors caus1ng d1screpanc1es‘”'

' from expected va]ues are deta11ed Therma] stab111zat1on of the Fabry—
t:Perot 1nterferometer emp]oyed for spectra] reso]ut1on is d1scussed ,A_'

h method for s1gna1 to no1se 1mprovement in pulsed informat1on 1s descr1bed

' '”;fuv Resu]ts of spectra] scans are comparedgwﬁth calculated prof11es
~r,wh1chsref1ect the. 1nf1uence of the f1n1te 1aser 11new1dth and the Fabry-
'A_iPerot 1nstrument funct1on Cons1derat1&ﬁ 1s gllfn to the app11cab1lity |

e

_of.thi§¢C02 scatter1ng techn1que to Tokamak pfasmas j‘

e
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6.2 Scatbered Spectral Shapes,
4 , S e
! " . o . . o v ’ s -
Spectral features o~f Tight scattered fiom- the argon arc plasma 7 -
using a COZ' laser as. 1nc1dent source ma"y be deternnned from a know]edge
' Ry .

Cof the pmtlcle dens1t1es and temperatures as weH as the magnet1c -
held atrength in the plasma : Takmg Ne = 'n]. = Lxm]') cm 3,‘ 3}3 eV -
and T 2 2 eV the scattermg parameter u (eqn 2.12) has a’ nnmmum value
' of 2. 7 ror 0 = . Thorefore, cooperatwe spgptra wou]d be observed for

40

) any SLatLermg ang]e The p1a>n1a chamber was des1gned w1th a v1ewmg

LY

port at 300 to the 1aser axis- through the arc, thus, elt@er 300 forwar*d"" s

scat‘t(# or 1509 backscatter cou]d be observed for@mhé’ 10 4 and?.

2.8 respectwe]y ‘ PR ‘ _' E o

ﬁ’ * X The bulk oF the scattered power appears m the ion featu‘

&
) these spectra the tota1 w1dth oF wmch 19 approx1mate1y

kbl e 2
wh‘ere v a)s the- iean 1on therma'l speed This evaluates to:4.3 A (FilM)

for [ n}f‘s 'andl 1 A for o =30° . : e e ;

pdrt1cu]ar shape of the don- feature is descr1bed by the e

~

. parameter (eqn 2. 15) wh1ch equa]s 1 3 for{‘?g(f@%and 1. ? for 0 1500 ﬁ
and the expernnental cond1t1ons prevaﬂmg Ion acoust1c waves are
strongly damped therefore and the spe?:tra wﬂl appear rather f]at topped

in both cases P N A '_ s =-.fﬁ*"'?" T "@@” |
A ‘ P]asma f‘requency satelhtes appear 1n these c erative spectra

| : and are shif“ted frem hne centre an: amount g1ven by theﬁspersion - ;. S

re]at‘ion f"or 1ong1tud1nal oscﬂ]ations in the plasma. In terms of fre-—




.h j!&‘,

‘quency, for o >> 1y SR T D R S
| opo3T 2\ ' -
AMw = £ . i
( e Te .
| e b e (6.2)
.‘.. }i . - e
) 3. ,
i 9
. mpe T u? ) :
“which becones 1.2 wj, for « =-2. § and 1.0 pe for a=10.4. Forn, = §

15 -3 12
2x10 cm 7, wpe 2. q 5x10° ©

'”sec;] ‘The waveTength sh1fts are then .
e .

. 0. 18 um and £ 0,15 uutfor 0 z 1500 and 0 = 300 respect1ve1y

The avawTabTé 1nfrared detectorbwas equ1pped w1th an opt1eal

¥

f11ter whose bandpass was 11m1ted to 0. 14 um (FNHM) centred at 10‘6 um.

‘1on cyclotron frequency to a typ1ca1 scattered frequency sh1ft is of the._ ‘

B order of ¢x10 Therefore K must he- w1th1n an angle srn -1 (4x10

: cyclotron fine structure

D : B
Unfortunate]y, the mnall percentabe of scattered pOWer 1n each satell1te

(<5 5% for 0 1500) comb1ned w1th Tow f}TtEr transm1ss1on at the wave-A
- lengths of 1nterest rtndered detect1on 1mposs1bTe _ .
: The presence of a 2 5 kG ax1a1 magnet1c f1e1d‘%bes not ther . .;,

the shape of the ion teature 1n thé scattered spectra The rat1o of anv,

4 -

0 02° of the perpend1cu1ar to the d1rect1on of B 1n order to observe ion "
R T

Yy oo . . . . . v L Yoea
J\

- . - » .
STnCL the detect1on opt1cs were set up to coTTect T1ght from f,%’
an annu]us defwned by fuTT angles of TT 6° and 3. 3°, no magnet1c modu- .

Tat1ons w1TT appear 1n the ion spectra] feature Even 1f Tight w1th the ,"'

: appropriate K vectors could be ana]ysed the modulations weu]d have a

[« 3 Ca
characteristic waveTength{separat1pn of < 10 -3 A so that no reaTistic

2 ‘ "
e e e<‘-‘=

”JTe‘Te to observe them
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SCATTERED INTENSITY- (ARB units

- Fig. 6.2

'Theoretical ion spectra for o = 30° forward scatter
(a) Salpeter spectrum I‘B(\) for'a = 10.4 and 8 =.1.3,«
A X = 2.2 A (FWHM) 3, (b) normalized IBL(\)' the actua1 '
ipegtr;l? for a 1. 2 A Lorentuan laser _hne, A 2 8
WH s .

79
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Col]1siona1 effects should not influence ,pvctrar ?hapes

ejther.' Character1st1c mean free path tor 1on co]11s1ons w1th othe v e

-1 o

iqns.is~w 0,1 mm, (from eqn. 4.7, with Aoy

€0, laser wavelength. From cqn, 2;20,'acé . 9x10'3 for 0 = 150° qnd.

ey s h . ; . : '
~3x10 2 forua 300.. Thus, no collisional narrowing of the ion feature

i/Te) >» than the

should occ

L)

Salpeter's I functions (the ¢ lisiohless,'B a-OVcase)
'advquate]y descw1be the ion spectra for the Lx1st1nq plasma, Lond1t1ons

InvF1gs 6.1 and 6. 2, the l‘ s are p]otted for 0 F 1JO° and 0 = 30°
* Pu]sed C&ﬁvlaser Tinewidths are not neg]iglb]e compured to
_ sf ‘

the ‘ndths of t%s;o ion spectra The ]aaer spectrum was therefore

ol
4 et

“Folded into the ?Z prof11es, the result given by

BJ’M | “, R I O

"" . , IR

théré Ki is a norma1izahion Cdnstanﬁ .NumgrfcaI;évanation of this

COnvolut1on 1ntegra] was carr1ed out L ) Was appréximated hy‘a

"Lorentz1an prof1le of measured w1dth (FWHM). 1.2 A (see F1g 3.6(5)).

lFor the CO2 source used, IBL represahts the actual scattered spvutrum

Results are plotted in, F1gs 6. 1 and 6.2 along w1th'the respective mono4‘

}chromat1c source Spacpra. Note that the shape of the 0 = 3d°bsbect%um

is affected considerably more than_that of the o = 150°°spectrum:

o . . -
6.3 Experimental Design
P e '
% ’ . . .
6.3.1 Input Optics =~
- Vﬁh ‘_ A complete schematic of the optical des1gn for scatter1ng



4

. , \ .
is. shown in Fig. 6.3, Gold coated optics were used to couple the 602

Taser beam into the plasma chamber which was provided with Brewster

angle N«C1 windows for beam entry and exit. A 50 cm-focal length gold

- coated mirror focussed the radiation.on arc axis: measured focal spot

' 1. 75|wn diameter sta]nless steel ball wh1ch s1mulated the scatter1ng

t : . . . *
‘sdze was 2 mm for the amplified beam and 1.7 mm‘for the 6.7 m oscillator

. output.. ) . S o , - - "

Input path~a1ignment was done with a He Ne 1aser'which passed‘

through the CO2 cavity and 2 subsequent irises prior to focuss1ng on a

o

4

volume High stab111ty CO2 1aser m1rror mognts ensured that d1scharge

. »% .
shock waves. d1d not mlsa11gn thc cav1ty 1n ‘the 1ong term L B
.6.3.2~ Collection Wptics T ,

A Na@; w1ndow mounted at 30 to the laser ax1s afforded a

view-of dﬁ53caftéY1ng plasma’ vo]ume Light co]lect1on and co]11matxdn
‘v_ was accomp11shed w1th a Cassegrainian te]escope (see Chapter v): The

.effective co]lect1ng d1ameter of the 20 cm radius -of curvature mirror .

was 10 cm when placed. 50 cm from the laser p]asma 1ntersect10n Light
co]11mated by the 2 5 cm- d1ameter 3. 25 cm focal 1ength concave m1rror

_was eventual]y focuased onto the 1nfrarpd detector by a'6.5 cm focal

i

length NaCl lens. ~;f‘ L v "\\ ,
Magnificati@h of the CaSSégraiﬁﬁan\sysfem is given by
) PR » l ) [ X ) ‘Qf . — '0_
el R T2 o . ‘ L
R s I R T Y
s ‘ S /o
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®here o is the distance from the SLattcring centre to the collecting
p

mirror, R is the radius of curvature of this mirror, f] the Tocal 1ength
“of the col]1mat1ng mirror and f, that of the Naé1 lens. In this case,”
= 0.5, Given a detector chip of areq 1T mn x 2 mm, a 1as§r plasma
ingéractionvwidth of 2‘mn ;nd a length.of'4 mm/s?h‘30° = 8 nm could be
viewed. » | - | ‘
The Cassegraimian co11ected 1iqht with séattering angles 30°
* Saﬁo, thus prov1d1ng suff1c1ent resolut1on for the a parameter. vFoﬁ

:‘150 , a.would remain constant to within x 1.5%) for 0 = 300, .the

range of « would'pé from 8.7 to 12.9, a * ZQM var1atlon.n The s%lﬁd

angle subtended by phe’¢011ecting mirror was o o . .ot
A QE ———— A i 2 ngp sterr . (6.5)
, 7. 7 2 | o
A - 50 cm : \

- . o - .I : . o \

Here, A] is tﬁe area of the co]1e6ting'mirror and A2 the area of the
» . . -

col]1mat1ng mirror shadow upon it. e o . - \ \

|

FPOm eqn 2.16, the detectaB]e scattered power, 1nteqrated

‘6;ér all wave]gngths i€, for rez 8x10 -26 cm2, ng = 2x10]5 cm -3 &. Ny B \\

0.8°cm, A Q= 2.8#10’2”$terr2,'P0 = 107 watts and s1n2 5 = 0. 9 4 f

="T.6§10f5'T6*watt§ f' ;,‘;,’ T (6.6) f

o

where T is the tran5m1ssion-of the co]]ect1on opt1ca1 tra1n Th1s

1nc1uded a NaCl v1ew1ng window, gdld«coated surfaces and a NaCl 1ens, SR

5

1 3x10 watts‘h"‘.

o




Do e L o

6.3.3 Stray Laser-Light . I IR | .
L » : ' ‘ ) m
aﬁ;nce 10 MM laser powers were being utilized, seVera] measures. y
y

-ken to ensure that stray laser light d\d not enter the’ optica1
swawp the scattemeq powor ]eve]s P]asma chamber waITs were
B SN b]ack to a)d in the absorptlon of stray C02 11ght . The exit -
Wster w1ndow was equ1pped with a dump to trap Nacf surface ref]ec—.
fons of the 1aser A con1ca1‘y1ew1ng dump was prov1ded»oppos1te the .
e v1ew1ng w1ndow 'It was designed‘SUCR’that light ineiffiﬁijégyl/its
| b]ackened wa]]s suffered many ref]ectlons and c0ns1derab1e absorptlon
before ex1t1ng A b]ackened conevw1th opt1ca1 baffles was 1nsta11ed
“so as to prevent 11ght from any line of s1ght other than that d1rect1y
through_the scatter1ng vo]ume from reaching the Cassegra1n1an - External
tor the chamber, the laser. beam was dumped agalnst a b]ackened 1nc11nedb_‘
wa]] a dlstance of oO cw from the exit w1ndow : o ¢
: | ; N o o A
;,§35.3.4 'fgbrx:Perotblhter?erometer ResoTution, B | e f?

A

" 7 Laser input and Scattering detectioh'optics were mouhted on

h

&

an’ a]umlnum table 1so]ated from the. plasma chamber and assoc1ated v1bra— .
rt1onc due to vacuum pumps, etc Isolatxon‘was 1mportant espec1ally for '
the Fabry Perot 1nterferometer - the Tnstrument wh1ch prOV1ded the

- hecessary spectra] resolut1on G1ven that 1on spectra were 11ke1y of
the order of a few A 1n w1dth reso1v1ng powers A/AA in the newghborhood

o \ of 10° wer, requ1red‘ o j; *’.‘,¥ »({” @f;‘:vtibtl

N

£




o

' '

- . ) ) . w 8'«‘

AR . . ' - s
\

in the 10 unvrnqion‘ These eta]gps were mounted and the Jinterferometer
Operated in the manner descr;bed 1n Chapter 4, X ;

B ‘ x
o ’ In part1cu1ar, 2 A resolut1on was de51red for ana]ys1s of

[e)
0 ]“Oo backscatter and 1 A rosolut1on foz the narrower 0 = 30o for-

}ward scattered spectrum Light *rom a low power (w 1 watt): CW LOZ laser.
‘was focussed oh the sta1h]ess stenl ball . and’ scattered into the Casse-
gra1;1an for purpoSes of 1nterferometer a11gnment For a reflect1v1ty
R of 99%, a f1nesse of 310 was poss1ble but only for perfect]y coili-
;n?ted 11ght wh1ch was not ava11able In facb the. Gas egra1n1an was
ahgn@d such that mean qu ang‘w dlver‘gence of He Ne taser hght scat-
tered from the stee] ball was 9 mrad The free spectraf range (FSR) of .
the 1nstrument \ /2d fOr backscatter1ng wzth eta]on separat1oé d f_ﬁ -
“:‘0 23 cm was 245 A A f1£esse of" 120 qu*ob;axned, 1mpLy1ng 2 A (FWHM)
reso]ut1on Epr“fbrward scattentng,, .= 0. 52 dm was used and f1nesse_.m‘;_higp
'o4~108 obta1ned for 1 A reso]utxon 4 L1new1dth70f’the a]ignmentulaser
contr1buted negﬁwg1b1y to these va]ues. Max1mLm trapsm1ss1on ach1eved -:" ‘; -

Lt O'r .
for 2 A resolut1on was 129 and 10% for 1A resolutlon In Fvé 6 4, an-.

s . P

' ose1llogxam of a typ1ca1 pe1nt source reigra?ce functlon 18 [hown 'Kn
. ying the detector S gnal to P

Prof11es were obta1ned by appl




TRANSMISSION " (%)

e T T L L R
: oI \ o {, I,
F1g 6.4 Po1nt source 1nstrunent piof11e for. the Fabry Perot

_«. interferometer showing 1 width used’ for resalut1onv“

of 8 < 30° forward scatter

SR
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. 6.3.5 Tabry-Perdt Thermal Stebilization © o0 o oL W

A
, » R
VAN

e

i prob]ems a\USE\thh regard to ]onu term ma1nt\hance of optlmum f1nessé
: 'and transmass1on IL uas d1scovered in the course of 1nvestlgat1ons

\\;Q% i thar the resﬂhance p031t1on wou]d drlft substant1§11y (many W1dth52 and
. - . N -I

the resolutwon deterlorate (to > 2 (A\) ), typica

)

Ny ayer a perlod of

a half hour S1nce precaut1ons had been taken to 1=olate aga1nst mech~ _»

P an1ca1 v1brat1ons, therma}\effects were suspected and 1ndeed found tG S

[‘_ ) . - ‘.
N ‘be the source of troub]e o _5\\\_ SR o _
N R SR

Thc 1nterfnrometer body was conutructed of a]um1num wh1cH hasﬂb'

< 2

T oa therma] expans jon coefF1c1enr of 2. 5x10'5/°C 141th ‘the eta]on mount5’>°'

e ,va7 »separated by a, few cm, a 1°C change 1n temperature cou]d mean a. chanqe
zn.eta1on separatﬂon of the order of a mncron, wh1ch-1s ZOW of(a FSR .

‘3'*_In add1t1on, ‘the . p1ezonlrctx1« crysta] stack'had a‘te‘j}

,f‘ = c1ent of 10 6/OC and a lenqth of 3 ol 11 for a change in- 1ength of-0: 03

T

\7,f; ; um/OC Accurate quartz crysta1 thermometers mounted ‘adjacent to the

N

3&-‘ Fabry Perot cavxty showed typ1ca] fThctuat1ons of x 0 SOC OV“P ha]f

o Sl To a]lev1ate th1s prob]em, the 1nterferometer was enc]osed in

N\ \\a Ehywood box 1nsu1ated en the )nter1or by 5 cm th1ck styrofoam evexy-

'uhere except for 2. 5 cm d1ameter Tight entry and ex1t apertures Once-

Qealed from exter1or a1r curreﬁt&i ‘the box and contents reaghed therma]

k11 1ted to < 10 2 °t/hr Therefore, the box served as a rather effett1ve
. - v
’ the ma] 1ntegrat0r, and Q- correspond1ng 1mprovement An 1nstrument sta- :

-'b1]1 y was: observed . "f

‘re coeff1—~1 E

-4\\‘ hour per1ods BERE _'. '."" S :‘I : ‘; ‘i - '.

Because of- the h1gh 1nterferometen~resoLut1on requ1red, ser1nu3{J

K]

R eq 111br1um in about 1 hr, after which temperature f]uctuat1ons were :‘ :‘_h

[ PR =

P K o

i el R i



toa
A e
‘\

.. As an add1t1ona] breéautyon agafnst any drlfts duy1nq the

course of spectra1 scans, a refcrence path was Tnc1uded qn the opt1cs.
By means of a removab]e m1rr0r wh1ch 1ntersected 11qht from the Cas—

“

scqra1n1]n, the resonance pos1t10n cou]d be per1od1ca11y chO(kod durang

exper1menta1 runs.®

L . . 1 N
. NI S ) !

6.3.6 .Infrared Detector  *. . .1

TPl

~  For aTl scatter1ng mcasurements, the IR detertor used was'a. = A ;

mercury dopod gorman1um (GeHg) photoconductwve dev1ce Detectors of

“

th1s type are senswt1ve to’ the near IR wvth a 1ong wave]enqth cnf off ﬂ’It

o

at o 14 M. They must be coo]ed to < 30°K and therefore 11qu1d he11um.’

P

“ud{ uscd as the’ ref}1dgerant As prev1ous1y ment1oned, a cooled narrow-}

band fl]ter was 1nc1uded 1mmed1atp1y bcrore the 1 mm X 2 mm’ deteetdr'

R dctectors are ef course, sen91t1ve to heat rad1ated by . o
tbﬂ surround1ng enV1rdhment Tne‘t11ter is necessary “to 11m1t the B
opt1ca1 bandw1dtn-cf thxs background rad1at1on and the photon no1se

zssoc1ated w1th 1t whtle ma1nta1n1ng transm1ss1@n at the wave]engths

of 1ntere5t Detector sens1t1v1ty is’ 1ncreased as a d1rect consequence AR '\,;

of background n01se reduct1on U1th f11ter th1s detecﬁbr had a respon-:°

1ty of 2x107 vo]ts/watt at 10.6 pm when a 15 V b1as battery in serwes .

TR

. w1t a,‘.MQ resistor was connected across tﬁb chwp, Detector rﬂse t1me | :eb-ff
was malOO nsec w1th proper 1oqd1ng, about equa] to tﬁ“”ﬁaser pu]se r1se “
| -«t1me Measured detectqr res1stance was Vv 3 Ma. d
- T e 5 >



jrnspans1v1ty, the 1ntegrated scattered s1gna] may be ca]culated E -

.'factor2 was taken as 1 2 and w1th Z ], ne = n?@i 2x]
uv»3 5 eV V~‘#,(O 2) (O 4) (1 5) em? » A Q 2 8x1e” -2 sterr‘ahgﬁa A ~’_
e ‘ti :

" laxio” > i, Pb

\‘,
t

L 6 4 S1gna1/No1sn Ca]cula ns v R “"Vtih:' L

e s [E < . 3

MR Y

. o s ) L . . : . B . L er o el K «. . . b '. o ) : i
o . . RN - - O‘ R . s N . . . B v

. Lo ' | '
' . .

G1ven the expected scattered power ]evel and the de ector

coe
L4
.

“,-per1monta]1y, it was convenvent to work vith a. 180 IQ b1as res1st0r
'and 15 V blas battery W1th detector output. capac1t1ve1y coup]ed to
| :a TePtron1x 1A7A preamp11f1er (R = 1 Mﬁ# the net IOdd\was 1oO ku

Undcr these cond1t1ons, detector response to pu1sed C02 r3d1at1on was
S

".1 2x10 .J%ﬂts/watt R1set1me of tho ]oaded dntartor p]us?pngamp}1f1er

was 5 usoc, and the s1gnaT’ﬂecay time was N 40 psec . For the\srat— . ”': '

ateved power Found from eqn 2. 16 'ntnqrated scattered s1qna1s wég]d be
f‘ﬂ58 mV For 6 % average Fabry Perot transm1ss1pn over a 2 A bandpass

: N
1n a 7 A w1de spectrum, a typlca] resolved s1gna1 wou]d be 2 7 mv-..

1

RPN

'Aga1nst th1s 51gna] 1eve], the amp11tude of . no7se voltage due to. var1ous

: sources was then cons1dered' [' . S 'a." .
h;_; Three poss1b1e or1g1ns of no1se wh1ch cou]d hamper recovery

of p]asma scattered s1gnals were eva]uated these n01se sources are all

"randonr1n nature ' Plasma bremsstrah]ung radrat1on s cons1dered f1rst /

‘ufor“T in eV A in cm and Vp 1n cm At 10. 6 um g, the free free. Caunt

15 43 T oL :
v 0 ’"Te =
e

'X,ll

] 3x10 =8 watts 1nc1dent upon the detector wjth'a”:r

[

;_For a vo]ume V .of p]ésma, the bremfstrah1ung em1tted per. unat wave1ength /
per un1t so]wd ang]e 1s] ‘5'¢( L
SO ‘ ' hon. . 4 v~ . | VAL
p oo =36 42 . ei - 1.24x107¢ P _watts. e :
Pb\i 2.1x10 9z = L EXP (~*73T7r——f——)v 4n.. cm sterr /(6.7) 4
. AT Te_ ) 47 e . e - i
. / N ' ".'
3
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o awd 10%=transm1ss1on{v:b”~ 1. 3x10 =1 wat%s, produc1ng b, 54 uV of h .C.

B um, he = 1. 87x10 20 J Bremsstrah]ung noise power is therefore pr

: cuss1on of detector chara%terist1cs, nam

Lo o . o
M Loy
1 A

RN Y

~;»-detnFtor responswv1ty at d c _of ( x]O vo?ts/watt) (LS'V/9 V) (150 k@/

eVer, pTaC1ng the'Fabry Perot in the opt1ca1 path drast1ca11y ]1m1ts h',

\

the 1nc1dcnt bwemsstrah]ung watts For cxamp],, a FSR of 245 A 1mp11es S

7 Fabry Perot ordens 1n the coo]ed f1]tcr bandpass For 2 A reso]ut1on

’ . : : oo, . st . ‘» f"
vs1gna1 o ._v-w o A ‘

.

P "-'51_ Due to the sta£1st1caT nature or bremmsstrah]ung em1ss1on, the .

-

‘ T 2 NQ) = 4 ?xlo volts/watt 54 mJ wou]d appear across the ch1p How- *‘éf‘,; i

A
.

»>

d.h. emwss1on witl be accompan\od by a raanm noise’ 1eve].j Uswng Poisson v

' stat1st1cs to descr1be these-fluctuations, the po1se power 1s g1ven by

S

B [ N T ‘ A v .

\
.
-
-
T
w
.

- L . A . . i
© . A “ . AR »

whern hv 1s the photon energy dt the wave1ength of 1ntereqt FOr TOQG;
N

‘. 4x10 =15, watts/Hz The 5 usec r1set1me 1mp11es a SJStem bandw1dth

(S

- of .70 kHz, and assum1ng a respons1v1ty of 4 2x10G vo]ts/watt ~a no1se e

e 4
.-

‘ vo]tage of 1.5 uV resu1ts wﬁth eta]ons in the\opt1ca1 path

s 2
-1n'all e]ectron1c systems,. Its RMS amp11tude 1s g1ven by

f’ . o R ) . . R L , s -

e @meterts e

- where R is. a res1stance at temperature T K and B is the eleotricalfbandét
width. For R = 150 kn, T 2950K ang B85 70 kiz, Vyg = 13 w. o

Aﬂthfrd no1se source 1s that QQQfded to ear11er 1n the d1s-.

k. L " L . o . X . S
. L . .
’ et S e
4 e, f‘a 3 L8
- ] “V». L,
\ | =
AN . R

Anothon no1se source 1s Johnson thevmal no1se wh1ch appoars AN

y f]ucxuat1ons in room temp—','T S
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Y

L L H i . L c s -‘. S " ‘i'
‘ IR N V"VQ. . ,‘v'i_ c»-;:” ‘ o B A ‘ S .
) N . L ~«l. -\\ sl " I - v
. i erature b1ackbody radmat1bn.v Th1s may be troated 1n a S1m11ar manner
- T ~ : el

5to the bremsstrah]ung - d c. em1ss1on\1eve1 plus attendant statis-

‘ilszﬁﬁﬁ 'tical ho1se The Wein P]anck radiation 1aw gives the blackbody 1nten51ty ’2:34"
= fw"'at temporaturé T°K as ‘ o - R

8

- ’ ' | - 4 - * 4 ‘ : 1
L (xy 0) = 1 2510 ~exp (1‘42¥]0 )'5'1 e ‘wgtts |
- : T = o um ‘Cm ‘ Ste‘?rr

Pl . -
[N E- ) B "V -

S ' 2
for A in pm Detector des1gn was. sUch that the ch1p of area 2x10 -2, qk'

%

- subtended a. so]wd angle of O 1 sterr For a f11ter bandpags of 0 14 | NG

Y m, the em1ss1on 1nc1dent on the detector from a 295°K env1ronment 15 B

p .
2. 5x10 Z watts From cqn 6 8 the associated noise powe is 1. 9x10 ]%.

6.

watts/Hz N wh1ch for 70 kﬂz bandwwdth and 4 2xTO vo]ts/witt respons1—*

v1ty means a. no1se vo]tage of 210 uV RMS across the detector ch1p Of;,.ﬂ -
‘the random no1se sources, room temperature rad1at10n 1s qu1te c]egr]y T
"dom1nant The ca]culated n01se 1evels, then, apbear to be cons1der- | B
:h.f'.; 7; * ably qma11er than expected s1gna1 levels. . - .fd ‘ . I

‘ *”\2 ¢ 6.5 Experimental Noise Levels- =~ - S T

Measured no1se 1eye1s were reasonab]y c]ose to the calcu]ated
amp11tudes For detector bias. vo]tage of 15 V tota1 broadband no1se p\

1nput to a Tektron1x 1A7A preamp11f1er was ® ]40 uV RMS For VBIAS "by

E3S

4 S V the noise; 1eve1 was Nt 50 uV RMS There was no observab]e glf—~

847 ' \

ference in these 1evels for p]asma OM and p]asma OFF the conc1u51on . S
' be1ng that rbom temperature'background no1se 1ndeed pr4d0m1nated and \
- bremsstrah]ung and tﬁermal n01se wewe Sma11 bv compar1son ' Inhehentkbg -
RN -ETET
. b & - “' s e L]
e - AR B /lﬁa' - . s ERREEEE .‘ ~,v.. ) ; r%\a‘
R AT LS S R T



oscilloscope noisc fqr_these measurecments was- v 7 uV RMS, a ncb]1qib!e ’,

o ., o \\ : o . o ] T L 7/
S cantribukion.T e e T S .
e R S~ _ : SR
\ e T ' » }‘ ",'
6.6 Experimental Signal Levels - o : . , .
< . R AR S e *
. . . ! . . X X o R . . . ¥

v [ .

Ohsorvnd scattered s1gna1s vere. apprec1ab1y ]ess than antw-uﬁ

.c1pated 1evn1s ‘_AjﬂaJor faotor contr1but1nq to this. §IQ“P£1OH 1nvolved
'the exper1menta] scatter1nq volume, wh1ch vas. fOUnd to be sna1]ev than.

the 1doahzed vo]umc gsed m pre\’)us s1qr\aT calcuﬁtmns The opt1ca1

,»,system wasxges1gncd to- 1dca1]y 1mage a p]dsma crosr secthp of 2 mm x

‘4 m on the detcctor ch1p, whﬁﬁh for viewing at 30O to the 1a°er ax1s,_‘

ftrans]ates into' a scatter1ng vo]ume of 25 mm3 for a 2 m focal spot o

,d1amete 7 Deta1Ted measurements showed that the observab1e scatterﬂng

1 Al

"volume was ~ o5 mm3; a factor of-5 sm&]]er

«" : K

D1vergence of 11ght reach1ng the detector was 11m1tod by the

2. 5 cm focuss1an1ens apertur 'wh1ch in turn def1nes the observab]e

,:p1asma cross sect1on perpend1cu1ar to the Cassegra1n1an ¢x1s Hh11e use

% /
ST of a 1arger lens wou]d have undoubted1y 1ncreased 1ntegrated scattered

A

s1gnals, it was pownt]ess to do SO because of Fabry Pero 11ght qua]:ty

Ca e

" requ1rements = As ment1oned in Chapter 4 to ach1eve a reso]v1nq power

R., 11ght 1nc1dent on'Jhe eta]ons must have fu]] ang1e d1vergence 1ess

%, which 1mp11es Odiv '— 9 mrads for 2 A resoﬂut1on

: \ -

the Cassegra1n1an ax1s, ]1qht d1veﬁggnce may be ‘calculated from con51d- ,

_‘erat10n of the 1ens system shoWn 1n Fig., 6 5 which represents the de—

tect1on opt1cs S1nce 2 h = 1'9d19 ‘and 2 h ¢ = 2 h ¢1 -

For source po1yts a d1stance +h measured perpend1cu]ar to .

&

. s o
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:,:)

l)div (bld f] o

For o =50 cmy I =

i

0.
div

p]usma Cross- svct?on of 1}2 nn by 1 2-mm.

: 3
tering volume is 5 onm?,

o 2h 1

2h
~

12.5 cm and f

9 mrad for h = 0. 6 mm, which 1mp]1os a dxverqence ]1m1ted

-

Depth of field along the CassegrhihiAﬂ axis does not further

Timit thq.volume.

sources at a-& A . Since
L .
dl-_d «\
do '-ﬂd\) \ o-f /
then
1 |
Al = -5 Ao,
5

This.may be seen by considering the divergence from

g << g

N

K 94
(6.11)
J3. 25 cm,weqn 6.11 yie]ds
The resulting wsefu] scat-
(6.12) -

(6.13)

Light from o * & 1S now d1vergent upon passmg through 1ens 1. Images

<«

are formei at d1stances L from lens v wh1ph satisfy °

A ! +L :’.I_.
fieal L f
i.e.
I, = ne [ ee
AT 1
D1vergence is given by ed1v = a/Ii

o

NY

-
° (6.14)
] (6.15)
: Cwwn v b
‘a ii%ﬁﬁéiaperture df lens 1. =



\ . . o . . . .. ()()
- x\' . h

Substituting eqn. 6,13 into‘oqn. ﬁils;ttoe resuft ig’ .

/' - P

‘ 2 Tl NN
| oo, | v 20 o . ' (6.16)
. . f] g : ‘ .

- . -

For O4iv - 9 mrad, quol . 0.75 cm for a 1.5 o divorqonce-limited
depth of fuo]d, much groater than the effective laser- p]asma column

< ‘ -

1nteract1on 1enqth
‘ Another factok which .decreased experimentdl signal- Tevels

was detoriotation of detegtor performdncc. ‘When larger ClO V- 15V)

bias levels were used, electrical breakdown acroséjthe_detector chip

occurred and random noise spikes of up to 50 mV amplitude were observed -

1.

in the output.' To avoid breakdown eqtiré]y,'a bias voltage of 4.5V
. i ) ~ . - ‘

wvias employed .in all scattering measuremerits. Since the 3.3 times
decrease in responsivity afféctéh signal and‘noise'(room temperatﬁre

- background) eQUaT]y, the loss in oveka]] signallto noise was 3ma]1

L Electr1ca1 breakdown of the detector was at£r1buted to pra-
bable adsorpt1on of water vapour on the surface of “tire: chip. A bakJng’

.procedure4=was attempted with the hope of»evaporat1ng the water con-

E 2

. taminant and . restor1ng detector performanco This broved partially
successful in that noise sp1kes were redu%ed to ~ 1 mVy for 15 V bias.
‘However, t h1s mV no1se proved too much for re]1ab1e signal process1ng V!

-énd Vv = 4.5V was used in a]] exper1menta1 runs.

BIAS
'a ' Tak1ng into account reduced scattéring vo]ume and.detector

<

respons1v1ty, the measured integrated scattered signals of 3 to 4 mV

were within a factor of 2.7 of the rev1sed ca]cu]ated_va]ue,of

Pt



Vi ‘ . . .“” ' / -

P ] 3
' e 4.5 V. *5 mm (6.17)
158 mV L3 v AR i — = 9 _6.my . .
: A 25 mm>  * _

'Considvving the numerous fattors 1nf1uonc1n9 ‘this calqg?atfon thé"

agreenent is fairly rcasonable.

W

.

S1qnal from integrated strav laspr l\qht was (4 £ 1) mv for

'u = 15002 and (13 + 3) mV.for o = 309, The necessity of the precautions ;

taken to reduce stray light was vividly illustrated by “removing -the |
'eray light cone-whereupan backgnound signal ihcreaied 2 orders

of maqnltude .. S -

Inteqrated scatter1ng was of approximately tho same level for

*

both o = 160° and » = 300, - Arc conditions were P = 3 Torr, V=32V
and I.= 275 A, and subsequent) Y viere taken for these ar. parameteérs

as well. Earlier 1nvest1gat1o\s/r7 150°_backscatter using tho 1 M €0

2

. . LT L = _ ’
4.5 Torr pressure rangés a]]1ng to ~ 507 of maximym at P = 1 Torr and

- v
L]

remaining within 20% of maximum for 5 Torr < P < 10 Torr;

L4

6.7 Experimenia] Fabry-Perot Insfrument Functions | )

, o ' ¥

. . " .
a . . b

»

g

I For a given eta]on separat1on, Fabry- Perot prof1les for an

extended source are broader than correspond1ng point source functions.

- . .

Careful measurements. were carried out to determ1ne prof11es for the

entire scattering volume, The scatterlng ball was moved across the

Vp1ane of the laser-plasma 1ntersectlon in a ‘grid pattern w1th the .
point source functiou*redorded at 0.3 mm intervals Summation»of thesé
R

_ y1e1ded a resu1tant 1nstrument funct1onT¥Lr the scatter1ng volume,s1nce

“the result for a g1ven plane through this volume would be the same as'

. =
. . . -
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scattering with 2 A point source resolution and etalon separation
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A 3 A Fabgy-Pe oﬁ bandpass with 6% a?qra‘?lg transmission placed on a ~ .

o -
" P LI . *.

that for any ather parallel Plam' - PoW 2 A afsf 1 A poﬂnt aﬁourte reso%u—

tlons exlended source msolutgfons of 3 2 A and 2. 5 A respectivg}y were 50 °‘ .
, obtained The extmded source cprnﬂ ?et‘m p!om ﬁ Hg. 6 L T e
- ."o ‘ \ . o o 2 % ‘
° . : ¢ o , a .
N . . 5 ¢ v ? ¥
6.8, Enhancomﬁnt of Siﬁnal/r{gié__ : : P S e e N

\ Experiuental scattored s!gﬁals wgre suffdciently small that o

L

placement of the Fabry- -Perot in- the optical pam rehuireé ddditiona) s

¢ 09
n.oasures to nnprovg the’ resulting 3iqnaT t.o noise ~ Far: 150 backscat;er. )

'7 A wide s?)ect m would pass 2. 6“’ of tn,e integra%ed siqhal - aboyt QU . -
[} .

jcr 30 fomard ccatte.,\", a2’ A baﬁ’dpass wit,h &7 averaqe trans-‘ >
F 0 . °’ 5

hission placed’ on a 2.5 A widé spetErum woyld re3u1t in a anignal of - o

2175wV peak amplitudg With SD pV gws nojse voltage ‘in both cases,

,c 8o ; :0.
Sm was 1. 8 and 3 5 respec;ti,ve]y IR :
[}

A P. A R. L qu’car 'm;e%rator uas used t&‘ 1mprove these S/N o.

ratios This instv"ufnent accepts a voltaqe wavgform consistfnq J)f s1q- se

o

nal + noise and amalyses the Wavéfo,rm for' a, thne Atzaevaluétlng its

)
average valuecin thfs m.terva] ° The averag?ng process ts *characteﬁ zed° °

by a time constahto .o lnformat1cfh is, stdred m the form of a d.c. vol- A i
ﬁ =]

tage. AfRer a tramo ofgn pulses are supphed to the boxear 1ntegrator .

1nput channe] the d c outgut voLtag°e wﬂl have reached a va‘lue progom—
[
.08 . o

o

'tmnal to “the mean g:aveform ampl?tude durmg A’t. T e

S~ ; . ée E
o . _‘o %. th N <

o .

k]

. - ; ; - -nAt/T o ¢ L o , " “ e
Vour = Ymean s € YT T -0, . (6.18) " ° .
El ° ’ < o ’ - s = ° <
3.6 et : hd s : S
B . il - i

N o ~ 2 N N i ) . . I ¢ :‘ ;-3 B
Ire the process, the average of the noi“seQ compé’nept is computed as well. s
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“ s indiCated The 1A7A

- scope wvas ut111zed ino

: 'aged touobta1n each spectra1 p01nt Ten samb1es‘per pofnt-were-take

- To protect the boxcar 1ntegrator Tnput circuit, the noisé sp1ke (see

‘plac1ng the detector to- preamp11f1er cab]e close to a fast ground

R v e . : .l - . .
R - R Lo . ’ L o Y
I e . - e
R . . . : , . . I S :
. i . " yeor - . .
° r/ . * — S o . st

M

" For: random no1se, thts averaqe approachcs 7nro as thn numbor of data

S

.‘\‘c, .
.1nputs becomes very 1a ge ,fFor n Lamo?es he S/N of the 1nput ano—

- form is 1mproved by n’ when nAﬁVI < 1 11near av§‘9g1ng

“In .Fig. 6?7, the. eTectron1c sefuo _For s1gna11@rocnss1ng

amp11f1er output of the Tektrontx osc11lo—

b

@ cr to 1ncr se S1gna] ]eveTs to. meet 1nput "

. 'sens1t1v1ty requ1rements of the boxcar 1nteqrator Preamp11f1er output o

’1m>cdanco was 1 kQ,and boxcar 1nput 1mpedarce 100 kv Preamp11f1er

,/

gain. of- 1 3x10 1ncreased s1?na1 amp11tude (and n01 e) to 100 mV

}eve]s

For spec, *scanS'of'TSOO'backscatber;'ZO‘shqts‘were aver=

in the1case of 30 forward scatterrng : Boxcar ON t1me wa5°15 usec,,

.ﬁn;synchron1zed to the scattered s1qna1 w1th a J1tte| of < 100 nSec //”\

(Fﬁg 6:8). An~averag1ng t1me constant T of 300 usec was used. Re-

"su1t1ng S/ for backscatter1ng ‘was ] 8" (20)2 8 and 3. 5 (10) = 11'for-‘ﬁ

g

.forward scatter1ng From eqn 6.18, boxcar output levels were 63” of
L

'the mean swgna] &np]1tude in the backscatterwng case and 407 of the mean -

[P

'for..orward scatter1ng ST _,:.th»' L i \

There was one ‘more - troublesome no1se prob(gn wh1ch had to be

AN

dea1t with ' Th1s vias- pfckup from the CO laser” h1gh vo]taqe d1scnarges

¢

| hF1g 06 8) had to'be 11m1ted to 1ess than 2 mV at ﬁhe -TA7A 1nput Thorough '
%

e]ectrostat1c sh1e1d1ng of the getector cab]e gpd b1as box, a]onq w1th ER

served to suff1c1ent1y 11m1t the p1ckup | Interna] detector connectlons“

4 . . o

e
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were protected by‘a'oUi1t-1n radiation.shiejd.

6,91.g92.Laser Scatterlng-Resdlts and Djscoss1on'j—*s\\.
"For’ 150 backscatter1ng, data fvom 4 spectra] runs are shown

1n~£1g 6 9 The 10 hw CO2 osc111ator amp11f1er vas the rad1at1on source

‘w1thh B 2 5 J 1n a s1ng1e pu]se Rorward scatder1ng data from 2 spec—
-tral’runs are shown in Fig. 6.10. The 6 7 m COQ osc111ator vias the 1n—-

'Vr1dent source w1th v2d per pu]se

Ind1v1dua1 data po1nts represent the d1fference between n/'

12

shots w1th p]asma ON and n shots w1th plasma OFF at: the wave1ength 1nd1- :

cated. In th1s way, the contr1but1on of stray 1wght was. removed The

”vFabry Perot 1nterferometer was seen to attenuate stray 11ght a factor ,"

of 2 -3 more than the scattered s1gnaJ probab]y because the scatter1ng

source ‘was, much more 1oca11zed than the mu1t1 sources of stray 11ght.

Such sources were 1ocated 1n the p]asma chamber on]yv as the detector and
3

Fabry Perot were compﬂete]y sh1e1ded from externally scattered 1aser

11ght ' Th1s vias checked by ach1ev1ng a-zero readxng on . the boxcar 1nte—'

'grator for n shots H]th the Cassegna1n1an output b]ocPed

In F1gs 6 1] and 6 12, the experwmenta] data are compared Wit

h-

ya

v

/

w1th ca]culated scatter1ng prof1lcs Vert1ca] error bars represent
stat1st1ca] amp11tude dev1at10ns If there are m data po1nts of j"'//
ordlnate value x w1th approx1mate1y equa] absc1ssas, the devwat1on
_of a s1ngle read1ng.1s_g1ven hy A ',w@; - . n.‘ dl/_
o /m'; BN é\ - T R
=y Ax; - E e (6.19).C
\ 3= i o
. (ln__'l)l o
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AxFWH-M ff92 A EXPERIMENTAL |~ |
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amannd
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P=]

0.

SCATTERED INTENSITY
|
§

SRR WAVELENGTH SHIFT (AL

" Fig. 6.11t Compamson of exper1menta1 and ca1cu'|ated spectra for
: 1500 ‘backscattering. Calzu]ated spectrum I s
1nc‘|udes the effect of a 3.2 Lorentzian’ mstrument R

functmn L . :
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Jg:= 300 forward scattering.

'funct1on AN

o

SHIFT (A)

: Fig. 6 12 Compar1son of exper1mental and ca]culated spectra f

: Galculated Spectrum I (x)
includes “the effect of-a. 2.5 A Lorentz1an 1nstrument
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whorf is. the mean valuo of X s.' -Hori'zontal 'err'or bars desaribe(the -
uncea awnty in. tho Fabry Perot UﬂVL]anth aett1nq, : @

* To obtain the calculated scatter1ng prof11es, convol%tvon of
the IBL $ (F1g§. 6. 4@(1\6 ?) with the Fabry Perot &mctmns T (\)

for the scattering volume (Fig. 6.6) was carried out. The convofut1on

[} ) L ! e N > [ ] )
integral is SO . b
. B . . ‘ . - . EE’ fia . .
1,00) = K _[m L O Ty (A-2") da’ o T (6.20)
- ’ . . : ‘ . e ‘ - ‘ » (

where K2 is a norma11zat1on constant. The‘I‘.functions for‘o = 1500ﬁ

and 9 = 30 were computed numer1ca]1y, approx1mat.ng T (A) by Lorentzian
~ curves of FWHM 3.2 A and 2. 5 A respect1ve1y
Convo]uted w1dths of backscattered and forward scattered spectra
. were found to be 9.2 A and 4 3 A Agreement w1th the exper1nenta1 back- .

‘ scattered spectra] w1dth (m 9. O A) is qu1te good, wh1}e there is. a 30%
d1fference between thP ca]cu]ated and exper1menta1 w1dth (w 5 7 A) for :

30 »forward qgatter1ng; Such «a d1screpancy is not surpr1s1ng 1n v1ew v-.. -
ofatheicon51derab1e 1nf]uence of laser and. 1nstrumenta1 w1dths upon th1s<
’ narrower spectrum.. H'. Py - o

d Unfortunate]y the rather 1nd1st1nct.1on acoust1c resonancee

,are.ea511y masked unless one employs extreme1y f1ne reso]ut1on S1nce
.the usefu] scatter1ng volume decreases 11near1y w1th 1ncreas1ng »
~ RP, the task of recover1ng the e = 150° spectrum would be very d1ff1cu1t
with, say, < 1/2 A reso]ut1on un]ess laser power was correspond1ng1y '
uincreased. The ]aser line 1tse1f smears out the features of the 6 = 300 \

‘A1on spectrum.

- The exper1menta11y obtawned 8 =‘1SOQ ion sbettrum exhibits the

S ¥ -;";T.a- o ", L }g._ o
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broadenlnq X peeted for 2 eV argon ions, g1ven that’ 1nstvumenta1{prof110 o
effects are pred1ctab1e Since spectra] w1dth var1es as T 2, ]0; |
error in A X\ 1mp11es a 207 uncertainty 1n T
Both “forward and backsﬁattered spectra are s]1qht1y skewed
towards the 1ong wavelength side of line. centve Such a skewing may

be due s1mp1y to the stat1st1cs of 1nformat1on recovery, or to some -

s]1ght‘systemat1c error-in Fabry Perot.a11gnment_and‘hence instrumental- -

shape _ - ., s _
' f br _' These ngu]ts const1tute ‘the first resoﬁvezkscattered,spectra
Vand measuremenf of thermal ion f1uctuat10ns us1ng a pulsed C02 laser
as 1nc1dent source The techn1que sholld prove suitable for prob1ng even °
1ower dens1ty plasmas, as present]y available CO2 pu]sed laser powexs
are 2 orders of magn1tude hwgher than the 10 MN 1eve1s used in these
1nVLst1gat1ons Exper1ments w1th hotter p]asmas would not have the
str1ngent reso]ut1on requ1rements and assoc1ated d1ff1cu1t1es of the

’ -

present one..

6.1Q;eCooperatjre COZ;Scatgering'frem a‘TpkamaknP1asma'

Return1ng to the discussion: (1n Chapter 2) i# scatter1ng from
Tokamak p]asmas, it is now poss1b1e to out11ne the des1gn parameters for~"
‘a.COZ small angle seatter1ng measurement. o _

As'sumehe = 1014 cm -3 with Te = Ti 500 eV (easevl)vand Té =

2 keV (case Zf A deuter1um p1asma has Z 1.

Cons1der case 1 f1rst -For a=1,8 5 8 is required: The

scattered spectrum\w111 have.an_ion feature (B = 0.7) with 25% of the
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scattered power and an electron feature containinq the romajnder. 'The
\E fon feature is’ a]most Gaussian in shnpe w1th a FUHM (eqgn. é L)Vof "
\16 A THe elnctron Spnctrum is flat-topped with a FWHH of ~ 1400 A
znote v /c << 1, so-there are-no reluatwnstlc effects) . gl
Collecting Tight from an annulus defined by ha]f angles of

\ |
4.8§ and 6.8° (for definition of «) implies A @ = 2.3x10°2 sterr. Now.

e 2 , . : .
T PNy 2 5in2 6 4 9 watts (6.21)
= 1 + (2 + 1) ol
“Taktng P* = 108 watts,'t =1 cm, sm2 S « 1 (forward Scattering)'yte]ds

- -5 -
PS 1. 2x10 watts P + PSe

Suppose that the Jlaser beam is focussed by an f = 50 cm 1ens E
e .L&;f )

to a 1 mm djameter spot anq,scattered light 1s.col1ected by an f = 25 cin f .
Tens Tocated‘SO‘tm from the laser f0cus‘ Then the co]tect1ng aperture : |

has an 8.5 «<m inner dlameter and the laser beam must be somewhat ;ma11er\

5han th1s in order that 1arge amounts of stray light do not enter the

'co]1ect1on system Exce11ent d1scr1m1nat1on aga1nst laser stray 11ght 1' -

is of pr1me 1mportance _ } -

7 A model of a poss1b1e co]]ect1on reso1ut1on detect1on system

is shown in F1g 6.13. - A Fabry- Perot with 3 A reso]ut1on (e div < 10.6
mrad) is needed_for the,1on component and‘a monochromator with® 250 X
reso]utién for the electron portion pf’thé speetrum.- The lens- system -

is-set up for M = Tfand~supplies lightvfon the Fahry—Perot with full angle
d1v < 10 mrad from a:l cm depth of f1e]d and a 1 mm focal spot (eqgns.

6:11 and 6.16). - | : . -

\ B A

Detector no1s% 1s background rad1at1on T1m1ted Because of

\ . . . T

. -\\. 1'1";‘ o -‘;‘:‘ - : .
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lover ne and higher T » plasina hremsstrahlunq'}s at least 3 orders
of mdgnitude less than the(\:n the argon arc scattering system. A

1 mm x 1 mm detector. subtending n (1. 52 cmz)/12 52 cm2 = 4, 5x10'2

sterr is required and a 0.3 um bandpass filter is needed in froat bf

-13

the chip. . From eqns. 6.8 and 6.10 the noise power: is l}3x10 watis/

{2172. With e]cctrical_bandwidgh and 15 V bias responsivity T before,
Vy = 150 V., L

0pt1ca1 transm1ss1on for 3 lenses a?d the Fabry-Perot (SV)\
is 3.9%. For a 3 A bandpass, the transmitted scaptqvedgpower is

3
.039 Psi X ——

>o,>o

- 2.2x1078 watts - . ' (6.22)
16 ‘

.

resu1t1ng in a s1gna1 of ~ 260 1V on .the detector and S/N of 1. 7

J
.For the electron spectrum an overall optlcal ttansmlss1on

of 39% (SD% for the monochromator) would yield S/N of 50, as Peo

f psi‘ A beam- splwtter cou]d prougide an alternate path to a second de-
N »
tector for s1mu1taneous recovery of electron and ion spectra. Electron

S/N would then be 50 R and jon S/N 1.7(1-R) where R is the beam-splitter

feflectivity. R = C.1 would be appropriate in this case. A better situ-

aticn, would likely result from utilization of a multi-channel detection

v

~ — . ,
system, whereby\ information is accumulated in the fewest‘po§§Tble number

of shots, assum1ng sdff1c1ent S/N in each channel.

Determination of P /P and T  enables calculation of n,

because th1s scattered power-ratw5 is a function of a, which in turn

depends on ne and T . )'

.‘\ For case 2, 8 = 2 9° is requ1red for a = 1. 'Discrimination
aga1nst laser 1jght is even gore cruc1a1, as the CO2 beam d1amgﬁgr must
? ‘- ) ) ; .

‘-



\

* o
+ - o K - a

eertainr; be ; 4.4 un For X dedinition, ldqht from n = 2.9° 2}0.50\

1nay/be cpllectudafoe I 6x10-3.;terr. Far thig scgtterinq ndle.

speétral widths are equal u:3w05e in case 1, “The lens dportureg of’ ) S

Fig. 6.13 may be halved, otherwise the optics aré!similar.! This

doubles the dllowabf@wdvpth of fiefd,f(?ladoquate Fabry-Perot resolution’

and allows detector destyn such that - ”d 't 15 a fdctor of 4 less than

previously. Cnmb!ned those %wo factors overcome the decrease in cwl— ©
'

lection solid angle so that S/N ratios remaxnﬁequal to thpse calcu-

lated for case 1.

To analyse ane furtheg situation, consider a = 2 Scattering

for Case 1 (T = iu= 500 eV). The qptical system,and detectors for “
c&se 2 may be used as 003.2.96. From eqnf06.21.oP§ - 5x30’6 watts "
for L= 2 cm. Now, Hdwever,'P;i v 0. 65 P and Peo * 0.35 P ° .'

o The 1on spectrum has ? R 0. 9 and is approxxmately 12 X FUHM, “9 -

Q
Electron plasma frequency 5ate1]1tes are 1nc]udcd i the electron

spectrum and are located * 450 A from 11ne centre, inyterms of fncauenty

the shift is ab0ut 1.3 Yhe Assumlng Landau damping is the domlnant . -
: _ [ : . 0 3 ) 0 - .”
broadening mechanism, the width of these resonances is ~ T00 A. Either
. 0 <
a high resolution (~ 25 A) monochromator or a relatively tow resolutfon -
] 9 R N —

'Fabry Perot would be sufficient to resolve this port1on of the spectrum

“used for 51mu1tanecus recovery of spectra, S/N reduction dependent

e

o]
For the ion spectrum S/N with 3A Fabry Berot resolut10n,(poss1b1e

ife ¢2cm) is v 5.. In the electron spectrum, abott 1%4—Pse is in
’ ’ ’ ¢} 2, v

.each satellite. Using a Fabry-Perot with 25 A resolution and 10% aJerage
< N ‘J (< . ke

transmission, S/N': 1.4 may be obtained. Again, 2 Optica1 paths may

the part1cu1ar d1v1s1on of scattered Tight by a beam splitter. Fur

o

improvement of S/N in all cases may be rea]1zed W1th a multi-shot
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‘averag1nq technlque S1m11ar to that descr1bed earlier.

i

In a- Tokamak toriodal maqnet1c f1e1ds may 1nf]uence spectra]-

features. For exanp]e, cons;Ber case 1 w1th 40 kP and the CO2

ﬂi

1aser axis perpend1cu1ar to: A]e]d 11nes : Qy1s comparab]e to we in

act n /w O 9. Consequent]y, the e]ectron soectra] shape may be

) jobservab?y d1fferent fr n -the fweld free s1tuat1on and.B field 1nforma—

t1on may thus be ava11ab1e For fhe 1ons, Q /w = 1 4x10 Z.sb that K-

must be w1th1n 0. g% of the perpendqcu1dr to BT For ;bevehosen annu]us e

° . 4.,.‘ -

of scatter1ng anq]es, K 1s w1th1n 1. OO of the perpendlc ar to B . %b
=T

wodu]at1on ‘of the 1on spectrum w111 occur w1th A

o

MOD ¢ 0. 1 A probab]y

too f1ne a structdre to be observab]e.

k | The fore901ng conS1derat1ons show that CO2 cooperat1ve scat—
ter1nq from present day’ Tokamak p]asmas is feas1b1e in genera] l Success L~j
of tne techn1que h1nges upon the ab111ty to d1scr1m1nate eXceedtngTy

wel] aga1nst 1aser stray 11ght, a]ways a form1dab1e prob]em in, small’

“ang]e scatter1ng Another concern 1s, of course, opt1ca1 system com—"'

patibfj1}y-h1th fhe ToRamak_phys1cal Tayour. vv'~ ~ ‘v°



CHAPTER VIT .. . -~ e

-SUMMARY AND CONCLUSIONS

. The magnet1zed argon arc fac1]1ty wh1ch has been constructed.’
| has served as a usefu] Taboratory sounce for the study of plasma pro—vp
, pert1es and the deve]opment of d1agnost\c technlques Th1s steady |
'ijstate qu1escent p]asma 1s a conven1cnt ]aboratory source for 1nvest1— -
egat1ons into such arcas as turbu]ence, 1nstab111t1es and 1aser heat1ng;"
. P?pbe and speCtroscop1c measurements were carr1ed out 1n
',order to- oxped1te Thomson Scatter1ng exper1menta] des1gn ‘ They have a]so
lserved to expand and estab11sh the-body of exper1menta1 data for the J“
.arc p]asma parameters .;. ffl : f,,‘f_ A |
B1ased probes have been operated under extreme]y h1gh heat

fgux cond1t1ons and 1n an 1nterest1ng new regime- affected by both.

charged part1c1e col]ws ons - and magnet1c f1e1ds Spat1a11y reso]ved

e1ectron dens1t1es and temperatures have been determ1ned for th1s type

~of arc forvthe,f1rst;t1me. Further 1nvest1gat10n cou]d ]ead to a more -
. cohp]éte’uhderstanding:of'e1ectrostat1c probe behaviour 1nrsuch c;r-
cumstanées; » | '

[

Ar II Dopp]er broaden1ng measurements have y1e]ded accurate ;

,._“1on temperature 1nformat1on, wh11e observat1on of Zeeman sp11tt1ng of

"‘f;strenrth in the arc.

‘trans1t1ons has conf1rmed Ha]] probe measurements of magnet1c f1e1d

A h1gh power CO2 1aser system was constructed 1n order to
"provide suff]c1ent-Thomson scattered power‘1eve1s-from,the”arc p]asmat
A iO:MNAoscil1atorfamp1ifier:andfa'ZO»MN‘oScijTatorﬁwere_both‘usedyin



e
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T scatter1ng exper1ments Mu1t1 shot uave]ength spectra were. obtalned

for these 1asers and the effect of Taser chromat1c1ty on scattered '_ ‘k.” e

' spectra has been eva]uated B e

the magnet1zed p]asma ar151ng from absorpt1on of CO2 1aser rad1at1on

Mf Numer1ca1 studles have been made concernlnq perturbations of

K

: ~ :
-lElectron heat1ng and 1aser 1nduced 1on1zat1on were cons1dened PTasma '

v-11ne em1ss1on under h1gh 1aser f’ux cond1txnns has been monltoredg

© sBoth» ca]culat1ons and exper1menta] observat1ons showed that? p]asma . ttl '"f

‘to 1nf1uence Thomson ;>atter1ng resu]ts In genera], mu1t1 MU CO2 e

3

°ﬁ'perturbat1ons for {he present 1aser plasma system were 1nsuff1c1ent SR

’1asers may be emp1oyed in scatter1ng d1agnost1cs w1thout d1sturb1ng .>7f‘ o

_electron temperatures are > a1 ev. . R ~‘__”’ .

the plasma med1um, prov1ded e]ectron den51t1es are: < v 1016 and‘

-

The most 1mportant result of’ exper1mentai.1nvestiqations has -

7

been’ the demonstrat1on of pu]sed CO2 1aser cooperatnve Thomson scat-

‘ter1ng as a v1ab1e d1agnost1c for re]at1ve1y 1ew dens1ty p1asmas

Fabrv Perot resolved ion spectra have been obta1ned for the f1rst time. .

Ciw

“using a pu]sed 10 6 um source Scattered 1nformat1on was processed oo T

”ﬂ,us1ng a boxcar 1ntegrator for S/N 1mprovement Ion'temperaturesqde—" o

‘ duced from scatter1ng data were in good agreement with. Ar 11 Dopp1er o

K broadening results . L . . . ol )

o

In order to further deve1op th1s techn1que wh1ch has con-

'~s1derab1e d1agnost1c potent1a1 for hot tenuous p1asmas such as present

_Tokamaks, more work must be done, espec1a11y w1th regard to eng1neer1ng

'des1gn of sma11 ang]e scatterlng exper1ments Success of. such’ experj—

- . ments depends upon m1n1m1zat1on and re3ect1on of Taser stray Tight by

_anut and ﬁetect1on opt1cs E}treme1y good CO2 ]asentbeam character1st1cs

- Loe P
P A

T op
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p are thus a necess1ty - Low. dwvergence, s1ng1e transverse mode output
”for high power, w1de aperture (severa] cm) 1asers is des1rab1e in 1"
‘th1s respect Assoc1ated opt1ca1 components need be of the h1ghest
.qoathy . 1In the 1nterest of 1mprov1ng detector response, the use of
'Jonger‘pu1se (> severa1 usec) CO2 1asers of suff1c1ent1y h1qh power

vtshou1d be fnvest1gated Ava11ab111ty of h1gh sens1t1v1ty, mu1t1-.

',; . ‘channel IR detectiagn. schemes a]ong the 11nes of current systems for .

. o

: v1s1b1e deteo¢1on wou]d great]y ass1st CO2 Thomsonoscatterlng o ,:' h;o. .

- deve]opment o SR 'i : R . oo

Q

‘ ' Another poss1b1e scheme for sma]] ang]e"pulsed CO2 scatter1ngv.n
' “>f; s the heterodynenmethod of detect1on, wherejn straJ 1aser 11ght pro-. ;7
\; L “’h_“v1des a 1oca1 osc111ator s1gna] wh1ch is m1xed w1tn the p]asma scat—h S
h»tered s1gna1 to produce e1ectron1ca11y detectab]e beat frequenc1es
‘_Recent1y,‘thls techn1que has been demonstrated in a 1ow dens1ty R ‘ku;l
‘d1scharge]. Heterodyne detect1on requ1red the use of fast IR detectors

- o?‘tne HngTe type : State of the art dev1ces have > 700 MHZ band—

. w1dth w1th up to ]00 volts/watt respons1v1ty J1near to qn mw 1nc1dent

“ -power 1eve1s e ) L ‘;;-“ ‘uA
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