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. 'probe ion current from co11151on domfnated f];

T discharge has been measured Spectra] ana]ys1s ‘was unattalnablﬁ

- - ) | ~ L ABSTRACT b |

Severa] experiments: ut111z1nq the absorptlon, 1nterference
'and Thomson scattering: of CO2 aser rad1at1on ‘as p]asma d1agnost1c g
techn1ques are reported.’ L k%
' - An electromacnet1c shock tube has been used to verdify the-
" inverse bremsstrah1ung absorpt1on cqeff1c1ent for IOH‘rad1at10n
Subsequent absorptlon measurements on a p]asma ]et have vwe]ded ‘
electron dénsity profiles. A ‘Mach- Zehnder‘1nterferometer and a
p1asmp jet’ have been uséd in a quant1tat1ve ¢

f\Jbrat10n of Langmu1

. ,""(ﬂ

ing plasmas..
A new techn1que employ1ng s1mu1taneous absorpt;oh and °
1nterfer0metry has y1e1ded both the tempora] ‘electron density and

" temperature in the afterglow of a laser spark 1n argon., Jhis setup’

appears part1cu1ar1& suitable for determ1n1ng electron- 1on

recomb1nat1on coefficients. » ¢ ) } L e

Intearated Thomson scatter1nq from a low dens1tv ho]]ow cathode

due to poor 1aser charaeter1st1es A high a, to]11s1on dom1nated
spectrum has been

: ion feature
due to co1l1s1ons has béen found In another exper1ment the -
~vspectra11v i 4

:‘served>for the first t1me using aipiasma jet”

cand a CO2 1aser¢; Substantial nary%w1nq of the centra

d;enhanced scatter1nq from a TEA CO2 laser-

produced hy ro asma. was measured using-a’ separate TEA CO, -«

: ; 2
laser. Enhancements of 1]00 t1mes the thermal level have been

observed

Finally,. the max1mum pu1sed C02 1aser energ1es usab]e fCr
10w -perturbation dlagnost1c purposes?gn atmospher1c pressure,
part1a11y jonized- p]asmas have beé Ebta1ned using a TEA CO2 Iaser
and a plasma Jet . Measured*larqe -perturbation thresho]ds are in ﬁ;

"reasonable agreement with .these ca]cu]ated on the basis of

1ncreased 1on1zat1on ]1m1tatlons.'
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‘ > . INTRODUCTION = - >
- “ A . e

4

Interferometry and Thomson scattering have been well

a

»estab11shed as plasma d1agnost1os at wave]engths of 0.5 to 0.7u.

" On the other hand measurements us1ng 1nverse bremsstrah]ung absorption

I

in this range of wave]engths have been restr1cted'to s1tuat1ons of
very h1gh e1ectron density such as metal blowoff p]asmas, attenuat1on
of this- rad1at1on at lower dens1t1es is totally neg]lg1b]e ~ Much
terest exists 1n these methods’for several reasons. - o
Good tempora] resolution of < 10ns can be obtained by us1ng
ava11ab]e pu]sed lasers’ and detectors, and is often requ1red to
determ1ne parameters in a transient p]asma S;nce high frequency
radiation dges not coup]e strong]y to other than very dense p]asmap,

perturbat1ons are usually small. Unlike other d1agnost1c techn1ques

such as electric and magnet1c probes, -the actual setup is.. phys1ca]1y

remote from the plasma and thus prob1ems of contam1nat1on and

..component temperaturehstresses are generally -not 1mp tant . o .

Interferometr1ca11v measured fr1nge sszts vary as ﬁn .:”d
dﬁrect]y y1e1d the e]ectron dens1ty for a‘laser freduency W, mudh
‘Targer than the electron p]asma frequency wpei: In addwt?on,‘absorpt1on
via 1n¢erse bremsstra@]ung var1es as AZnZT 3/?W§gé§§hereﬁore T can

be calculated if Na 15 known. . Thus comb1ned use “of absorpt1on and:

,interferometry for u'>a?upe w111 exp11c1t1y determ1ne ne and T ”gtf

aY
can also’ be seen that sen51t1ve measurement of Tow dens1ty p]asmasa

@ - .
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ut11121ng a s1mp1e exper1menta] arrangement requ1res use of long
wave]engths. In genera] m%asured fr1nge ‘shifts and transm1551on
are resu]ts,1ntegrated through the plasma, thusfon]y spat1ally
averaged electron density and temperature are oQtained. However,
most plasmas have cy]indrica]‘svmmetry and therefore these resuits

_can be Abel unfo]ded to determine the)spat1a1 var1at10ns. §

—

A much more 1nformat1ve d1agnost1C41s Thomson scattering.

~

Spatial resolution is exce]]ent since this is in fact 0n1y'1imfted h ,
the co]]ection optica] systtm. In add1tlon severa] parameters sucdf
as ng,, "Jv Te’ Iys e]ectron dIStr1but10n functlons “and magnet1c f1e]d '
" can be detern1ned from relat1ve1v few measurements.

On the other hand, scattered 51gnals are quite. sma]] (cross

2543, ‘

sect1on ~ 10 ) and cdns1derable effort is often requ1red to

%
\.

reducé noise and stray*11ght to acceptab]e levels. Even with évai]ab]e“F

high power ]asers, thls present]y Timits measurements to Ne > 10]3 3.

N ‘\
Thus these two methods of prob1ng p]asnas have quite d1fferent

but usefu] app]lcat1ons Often only a macroscop1c-e1ectron denSIty

and tenperature is sought and therefore 1nter‘erometry and absorptlon

wou]d suff1ce. In this- case the exper1menta] setup lS qu1te stra1ght-

b d

fonward and réau1res a minimum of spec1alized equ1pment,-resu]ts,can
be obtaxned fa1r]y qu1ck]y. = ; -
Alternatively, Thomson scatterIng 1s more appllcab]e should

detaIIed m1croscop1c 1nfonnatlon be desired. However th]\ usually \
b -
requ1res spectra] d1sgers10n maximum detection capab1l1ty and
< +

*sophlstlcated SIgnal to—no1se 1mprovement equ1pment "In add1tlon,

'stray light prob]ems.have tovbe,solved ¢mp1r1ca]ly. R

¥
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_lasers to do these measurements ex1sts for severa] reasons. -

ﬁ'"for spectra] anaPySIs . o

.o be measured In part1cu1ar wave]engths longer than part1c1e mean

\“- E . ,) v Q L %

ConSIderable 1nterest in using 10. 6u rad1at1on from CO2 '?-v y
. N ‘

.Substant1a11y more absorptlon and opt1ca1 path\d1fference are obta1ned
o 'by us1ng th1ss]ong wave]ength and thus Tower- dens1ty p]asmas are ab}e

"to be probed For>Thomson scatter1ng§from ]ow dens1ty p]asmas >]

. ' \

]4 cm 3) such ‘as wou]dkbe ‘used- 1n.steady state fus1dn reactdns

(ne ~ 10

,-L]O“ radiation 1s)des1rab1e since fa1r]y large scatter1ng angles can

1-.——9‘ RS . ]

[

-_-be used to obtaln dn opt1ma1 scatter1ng‘parameter a 1 fh1s in

turn resu]ts in a substant1a]]y decreased reso]v1ng power requlred

*

| . ‘
- .- t

. - , . ']

For dense pﬂasmas, very. h1gh 2 Thomson scatter1ng 1s availgble

P \

“which’ enab]es reJat1veJy long wave]ength coherent dens1ty f]uctuatlons

o0 - »

\ o~

.free paths canebe‘used~7nza quant1tat1ye investigation of.cq]]1s1ona1

& i

'..processes 1n p]asmas. o ; | P ot

i < ‘.
i v Ca e
& ’ ’

f;,“ A]though var1ous types -of ]asers may be used to secure these y

]ong wavelength features, the‘most pract1ca] cho1ce is the&CO 1aser

from whwch very h1gh powers can be obta1ned both cont1nuous]y and fa~
pulsed S AU f | , o
- 2 ‘ . LY
n\qq-

T,
The purpose.of th1s ‘thesis has been to® experxmenta]]y

]

estab]1sh 1nterferometry, absorpt1on and Thomson scatter1ng of CO2

1aser rad1at1on as re11abT% plasma d1agnost1c techn1ques _
o -

o Chapter 11 f1rst summarizes the theoret1ca] absorption and~.

| dlspers1on of h1gh frequency rad1at1on 1n unmagnet1zed Maxwel]1an

plasmas. Exper1MBnta1]y, an electromagnetIC shock tube w1th known

-

electron°dens1ty and temperature has been used to quant1tat1ve1y ver1fy

R
" “the 1nverse bremsstrahlung absorpt1on coeff1c1ent\at x IOu.
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For partially ionized plasmas, absorption can be used to

-

spatia]ly resolve the electron densit% since in this case the

electron temperature is essent1aq]y éqnstant (n ~ T, ) Such

/.

measurenents were done us1ng)an argon p]asma?Jet

q

 Laggmuir probes are also a va]uab]e diagnost1c ‘and have ”
‘been well ejza§]1shed for fully-1onlzed co]11s1on1ess plasmas. In.

.Jorder to exper1menta1]y verify the theory of convect10n Timi ted ion.

. current in h1gh density co]1151ona] p]asmas, the e]ectron density in
a p]asma Jet has been measured us1ng both a CO2 laser 1nterferometer _
and a Langmu1r probe. o

F1na]]y, a new techn1que emp]oylng s1mu]taneous 1nterferometry 1

o A

: aﬁh absorptaon has been used: to tempora]]y meAsure both Ne and

T, 1in the ‘afterglow of a tranSIent lase E?duced p]asmaf**

e =p

-~ o~

Chapter IIT descr1§%s exper1ments undertaken to measure
hree 11m1t1ng cases of Tﬁwmson scatterIng. The first was. co]l1510n1ess

13

scatter1ng from a low denSIty (m 5x10 cm 3) hollow cathode d1scharge,m

17

“Second]y, a high density (w 2x10 3) argon plasma Jet was used for

observation of a co]]ls1on domlﬂated scattered spectrum ‘f?nhily, éé

measurements were made of Thomson scatter1ng from non- -thermal denSIty -
| f]uctuatlons in a turbu]ent ]aser-produced p]asma._ A TEA CO2 laser
Wwas chosen to produce the p]asma in order to 1nduce fluctuat10ns w1th
Tong wave]engths (~ lou) | ] : -// ' | |

. Chapter IV d1scusses practical limitstofgcoz ]aser poﬁer

for d1agnost1c purposes above vhich large p]asma perturbat1ons are
;,caused Exper1menta] thresholds for TEA CO2 laser rad1atlon focused

into a p]asma Jet have been measured us1ng both shock energy released

-



J/

‘ a'nd. enhanced plasma \émiss'ion to monitor the level of perturbation.

v
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CHAPTER 1T .

. . | 7 »"‘\_/».j/—,\‘ - : %
T - | INT&BFEROMETR#]AND-ABSORPTION_ ‘ |
' ' . :

2.1 Introductidn*;‘

Plasma diagnostics.using interferometryészd inverse
' ‘ - N i - | .
bremsstrahlung absorption of C02'1ase sradiation are presented. The
‘ absorppionfcoeff{cient was experimeéij?]y'verified for f eV plasmas

* _
- using ar electromagnetic shock tube. Subsequent use of the absorption
technique to‘obtain e1eciron/densi£yprofiles in an argon,p]asma jet
| Nk “ | S K

is reported. -

X

$.

| w&ﬁnce_Langm ir probes can a}se be Very usefuI'for'measurﬁhge
[hrt % theuconvection-dependenf,

plasma density, quantitative verichatiOnTo
f]owfng,p]aﬁma~probe theory has beem done'using‘thewjet‘and-a Mach-
Zehndervinterferometer at 10 éu; Radial eleetron density profiles haﬁb
a]so been- obta1ned us1ng the probe and are in. agreement with those
obta1ned from the’ absorpt1on measurements |
The use df CO2 ]aser\rad1at1on in s1mu1taneous 1nterferometry :
-and absorpt1on measurements for temporal - reso]ut1on of e]ectron density
and temperature in trans1ent p]asmas has been 1nvest1gated in the decay

‘of'a1aser spark ip argon These resu]ts have been used to calculate

the recombjnat1on§coeff1c1ent_for.argon. : -,‘3"

i o PR, ¢



2.2 vTheorz

.
B ,q
'

The nature of propagation of transverse e]ectromagnet1c
waves in plasmas is obta1ned by so1v1ng Maxwe]] S equat1ons, a110w1ng
for .the hnn -zero conduct1v1ty due to charged part1c1es P]ane wave

so]ut1ons of the form E e1(k r-ut) in an 1sotrop1c unmagnethed,plasma
o T

sat1sfy the d1sq€ts1on relation ”“ﬁﬁ
£

. 2 . } 2 - r ) R .
k2 = EJ—Z-{E + 4W0. i} = n2 w—2' ) ¢ PN . 2.1
. C W ' C

i

‘where ¢ = conduct1v1ty due to ﬂhe charged free part1c1es,‘n = refract1ve Q"

' index and ¢ = d1e]ectr1c constant wh1ch 1nc1udes both bound .electron

po]ar1zab111ty and absorption. . _ ﬁ o ?

v

In genera] € and c are complex quantities. The refrac ive

. . . . W ' - .
- index is thus . : .

~ where R'andvI denote the neal‘and imaginarjipartag
| For 1nterferometr1c and absorption measurements appreciable ’
transm1ss1on of the wave through the plasma is requ1red Hence only
.rad1at1on of suff1c1ent1y high frequency can be Jti]ized ‘In thi§ ,';
o

- case nI'<< 1 and w ;:“pe such that the refr t1ve 1ndex can "be approx1mated
' v ‘ |

s

e



3; . . . . ) , » _ “n X

3, SR e | . = R e .8
- The condition w > “ne results in a poSitivé quantity under the root  ‘ Q:Y&*‘
sign. | g

vIn‘the experiments performed, bound electron effects were
‘negligible. To this end the dielectric constant can be taken as

e = 1; such that | , - R o  ' '_;;;fj;ﬁﬂf;

An‘approximatign to o can be ohtained from a\tWo'f]uid‘model.'

. _ ' . L '
-The current density is given,b17 R o : ) :
.i‘= -e ne \_/e .‘. S T 2.5 )
“where ne'ﬁ electron density and v, = wave induced electron velocity.
A heg]igib]e fon contribution has been taken because of the large jon-
,efectfon mass*ratio., The induced velocity is obtained from -
d!e-’;--e—[.-:*-.vv" N | 2‘6
d& " Tmg T Yete S
- which‘haé the steady state solution
_oeE T o RS
_!e_ T me[\’e“lw) R R o ‘2;7‘

: i - ¥ o ) . | ; . | ) ., ‘ff"‘u
where E = wave electric field, w = wave frequency and ve is the ’
effectfvecolIisioh’frequency of the«e]ectrons‘ﬁepresentihg the
‘dissipation. . Thus ‘

[ . ‘
~



4 : ] wze(ve+im)" : ‘ ; . a0
j=of = -B& E : . 2.8
- - T‘\;"’w B .
e
o 4ncR
For w > “pe? low absorpt1on ‘cases correspond to << 7

(see eqn. 2.4) and thus to w >> Vg- In th1sv11m1t, the %onductivity

- is g1ven to, f1q§t order by

2 .
. .1 “pe ‘
) g = E;";g—{ve+1w) 2.9
5.
*whereby from eqn. 2.4
w2 ; Y w2 ) ‘
n -_12’£+1-___.-_P__\f9‘-‘. 2.10
N .

Thus for h1gh frequenc1es, np depends only on the e]ectron dens1ty

The deta11ed absorption requires further ca]cu]at1on of the

Vs P

effect1ve e]ectron co]}1510n frequency for h19h frequency waves. A

A

- 11near1zed V1a50v treatment is presented by Dawson and Oberman(])
{
The1r result 1nc1udes col ect1ve plasma osc11]at1ons and for w >> wpe
 gives / ‘ )
2 | T2 2 2
N n A\ - fgg_+ ; 4/?%3/2e6 . 'Zne : En(2kmaxvth)_
- 2 3707 1372 | 2 7Y
w m2 w (KTe) . w
'3me3/ | _‘_gg_ IR ' L
R .,- w } ) T
' 2.1
where my = electron mass, Te =»e1ectr0n temperature, Z = = Ty

ion

o



)

frpase

vtﬁ\= ﬁ—g-= electron thermal speed; y = 0.577 = Euler's constant, and
' e L , .

> 212 "

e

i C‘“ ' . I 'g,u
An exp11c1t “hsorpt1on constant can theh be obtalned bx notlng Ryl
. | iker -ny(&-p)e/c 1nR(e ‘r)uw/c
that the wave propagatesiaccordjng toe 'l =e o e. L
whereby the power absorption coefficient is given by’
. . o .\

Zﬁf& o . ) ‘ .
= C > g . ’ | - ’ . 2.]3

R

Thus the Dawson and Oberman result implies
B ’ ' d

. ).

: : 2 2 2 -
~8¢rb 3/2 - Ing g/ | ZknaxVth
(—) 3 1.n(———2—)-y
.2 R .
Cw . . Low
| | % b? 1 - ,ge(KTe)3/2 e
. o Lo N 2.4
or numerically ‘ : . e - :
2.2 3,2 o
4 34x10 38 In ey -0269 T o] E
wzﬁ e3/2 ZZ- . »
- , ~
. w '
“for n, =cm ~, » = microns, and T =eV. _ 2{15

\

- Quantum mechanical caicu}ations of the absdrption coéfficienq
ih Maxwellian pTasmas afe'outlihed by Shkarofsky et"al(z), who give

2 2

4 ‘ <m\)/KT -
\/*”’\3 3/2 m/m G(mT) - 2.16

(KT )3/2

-



| oy
For 10.6u radiation and,

] eV, T‘uu/KT << 1, hence . * g R

-1 >

s B -37 L
§ 3/2 G(w T). cm o '2ﬁlz}

= 1. 57x10

g
1< T < TO eV : Th1s result is larger than that of Dawson and Oberman -
by 10% at T T@ eV and by a factor of ~ 4 6 at 1 eV The d1spar1ty ,

is attr]butable to assumpt1ons by Dawson and Oberman which- become

L4

= 1nva]1d at Tow temperature. | : ‘}ﬁﬁ

R

S1nce no theoretlcaT models have been exactly soTved the
‘ absorptlon constant of a s1ngTy 1on1zed argon pTasma with accurateTy
known . Ne and T was exper1menta11y measured as descr1bed later in. th1s
chapter. The results 1nd1cate tgat
2 2
MuMe

-37 - L | :
s o 2L

g 1.6x10

(m1crons cm 3, eV) for T " T eV, ne ~ leolécm and Z = 1. Note that
p’thTS 1s the result of eqn. 2 17 if G 1s set equaT to T

It is of interest to calculate Veo]n eqn. 2.10 from this

~_ ' * |
value of a. Using a.=_2nIu/c gives _ E> '
5 " . . E ) . [ 4
. - -6 e _‘_P_e_ =] . \ )
PR e C 5.36nTO =72\’ 5—  Sec - 2.19 /f\‘
- : e W : .
‘ - -
I I - » 18 3
_(cp , eV). In the gxper1ments "ema - TO ( 3/2)max ~
: ' S e
™~ .
\—‘f 4

s:;/s no

Aq» e ? o B T
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. ) - ~
and w = 1.78)(10]4 sec 1 for whieh Vemax " 6x]0]2
L]

1.1x10'8 cmf3ev'3/2
sec™'. Thus expansion of the conductivity (eqn. 2.9) for Vo << w Was s

-

indeed valid.
. In an»ihterferometer, the'number.Of fringe shifts due tovan

optical bath difference caused by fhe pfasma is
fL(nR-])dz

ne AR : v : 2.20

A

-
J“‘

"where L path. of the beam through the p]asma and X -(wave]engthnin_

the absence of the p]asma S1m11ar1y for absorptIOn, E@e relative

transmission is . r
Qv « . . '
T = e"fLC!-(dil . ? i‘\\‘ﬂ 2.2
. ’ ,i‘7 '
| - 2 |
For © > W ng -1 " X ne (eqn 2.10) and & v 3/2 (eqn 2. 17) Thus

use of 1ong wave]engths offers-the most accuratg measurements as ‘well

A as'the capab1]1ty to probe lowier dens1ty, h1gher temperature plasmas |

In add1t1on, combined use of 1ntenferometry and absorpt1on‘y1e]ds |
both n, and'Te _' né expiicit]y from the fringe shifts'wﬁich

SUbsequenij al]oygﬁea]cufation of.Te from the absdrbtion. However,

it cah be seen that{oniy an average'density and te@perature are obtained
from ‘such measu?ementé. Addit%ona] information about;thevp]asma geometry
“is needed in order‘to ca1cu1ate'the spatia1 variations. |

. | The resu]ts of . eqns. 2.10 and 2. 17 apply only to cases of -

dom1nant free e]ectron contr1but1ons Ion1c and atom1c polar1zab1]1ty

has been neg}e’TTr\(s ; 1). Th1s assumpt1on is va11d for the 1ons

.'
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since there are at 1east!as many free e1ectrons. Onbthe other hand,
a large neutral concentration can lead to complete masking of the
electronic component, whereby sensitive 1nterferometr1c measurements
in very weak]y ionized p]asmas may not be possible. This prob]em may |
be lessened by choos1ng w c]oser to wp but then excessive beam
refraction due to- dens1ty grad1ents may occu’ N N

The absorntion constant g1ven here is only that due to free-
tree.eiectron‘transitionﬁ in the fields of ions. Hewever,hat IO.Gu,
the boqnd—bound and.bound-free_(ionizatien) transitions ﬁre from highly h
excited ionic or atcmic states. The density of such stages in |
sqbstantia]]y ionized gases is much less than the electron density and

!

hence the contribution to the absorptien by these transitions is |
. b I
o / \

negllg1b]e compared to that of the free electrons.‘. ' e

s
]ung ‘due to e]ectron neutraﬂ c011‘§1ons must a]so be constpred \

y"fgln addition, if the p]asma is on]y pa(tly 10n1Z€d 1nverse

However, for plasmas of eV temperatures, electron-ion- co]1151ons
dom1nate‘Nhe absorption for degrees of ionization >1%( ). This canig

also be checked’experimentally'by noting whether o varies. as ng

(characteristic of e]ectron-ion interaction) or as Ne (characteristic of
v j . i

electron neutral 1nteract10n)
Thus in substant1a]]y jonized (>T”) p]asmas w1th eV
temperatures, the propagat1on'of CO2 laser rad1at1on is es§ent1a11y )

described by eQns. 2.10 and 2.17 which depend only onn, and T . Plasmas

in.thisjregime were used in the fol]owing experiments.
o 1. . ' .

2.3 Shock Tube Measurements.

~ The use of an electromagnetic’ shock tube for determiring the

N
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‘absorptfon‘eoeffictent was doub]x.advantageous. First]y, it is known
that the plasma obtained %s buite reproduc1»1e and has Na and-Te that
. are accurately predicted from the Ramkine-Hugoniot and gaha’re1a }
Secondly, these parameters are‘essentia[]yncdnstant abcros‘s‘the.s:ifgfj>
tube diameter.’ This absence df\gradients e]iminatesﬁspatia1 unfo]ding
of the'resu]ts. | | , e
Fiéi 2. ‘ows the éxperimenta] setup used. Thé/;hoek»tube(4)
had a diameter of 2" and utilized helium.as the driver gas. The
downstream sect1on was evacuated and backfilled with 1 Torr of argon
for each shot. Measurements were done'b20<j1ameters (9§ cm) from the |
my1ar diaphragm- thus’ assurtng proper'shockvstructure atithiS'point.'bThei
'tWONsodtum ch]oride windows were -mounted 3 1/2"‘back from thekcentre;
of the tube in order_tofpreventlexcesstve cbmdensatibn dfvvapbrized ’

" material on them.

5)

A Tow-pressure sealed- of f CO2 ]aser( was used. A continuous '
ou.put power of ~ 24 in a beam of ~ 2mm d1ameter a” a wave]eng h of

9.44 (OO° - 02°0 transition band).was,obta1ned. The radiation was
foCused into the p]asma'uith this‘point being re-imaged onto a'go1d-
doped_germanium.detettdr so that anyinegati;e lens effect.of the plasma
could be'conpensated for Detectibn response time was reduced to that .

of the detector 1tse]f (<100ns) by term1nat1ng in a 1OOQ toad. This

[2

as quite adequate for these measurements

The ionizing shock front pass1ng through the test section
emitted substant1a1 broadband bremsstrah]ung into the opt1ca1 system,
S1nee these dectectors are sensitive over a bandw1dth.w5u of infra-red as’

“well as in'the‘Visibie, a 9.4y* bandpass filter (B.P. = .52yu) was used
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to ]imit the spectrally integrated‘radiation'seen Furthe red&ktlon :

R %ﬁ_—;w-
of the v1s1b]e rad1at1on was ach1eved by finely r0ughen1ng"'

<windows. Separate measurements 1nd1cated that 104 11ght was rg)ative]y ‘
. . ® ’ . ' ‘
unaffigted by this while that from a He-He laser was effectively
.~ < : ._ . , \\

A piezoelectric pressure transducer Tocated 7. 5'cm upstream.

scattered over 4= sr.

fnom the ]aser beam was. used to trigger the oscx]]oscope. This a]]ohed
ca]cu]atlo%;of the shock nach number  from the de]ay time of the
observed,absorptIOn, _ |
: An absolute referenc9~power level was obtaipeo by chopping

the raoiation just prior to each firing of the shock _tube. vThat this

‘remained constant throughout the shot was mon1tored .on a séEond

detector v1ew1ng a cont1nuous]vchopped fraction of ‘the begm The'laser
output was found to slowly vary over a per1od of severa] minutes.

. In1t1a] allgnment of the opt1ca1 system was done using a He- Ne

‘Ta;er._ Irises were placed as shown so that the CO2 1aser\beam cou]d be
_adjusted to fo]}ow the same path; - These were subsequentiy opened to a
:3mm aperture for the measurements.A Results of integrated aosorption' |

K

vere obtalned for mach nunbers in the range 15- ]8 into- 1 Torr of argon

by varylng the capac1tor back vo]tage. A f ' \f% S
The e]ectron dons1ty and. temperature were calculated from.
o S
B 0, SR _ ‘ -
} ; \Q
Te - TZ-"

where o = neutral density of the unshocked gas,‘T2,='equi1ibrium"

temperature behind the.shock£452/§] = density ratio-across the shock and

v



electric probe:. N { -
v o "a
g 7.5 ¢ |
M .5cm v
M - tc] hd b 2.23 . '
> | L
* . . : )v( %
where t = tir delay of the absorpt1on signal on the scope and ¢, = ’19
hm/sec }= .sound speed in argon at- 25¢ C. For M= ]5-]8, n ~ 3x1016—8x10]6 _
A . B .’_. . —
cm-3 and To 1 eV o 2%
= Since the d1ameter of . the focuséd laser 1light was much less
‘ than that of the. shock tube (D~ Scm) ‘the transmission is given by o
: _ . . “
(see eqns. 2. ]7 and 2 2]) ‘ ~
. 0 X .
. ) 2.2 '
‘ Ta 37 \ n - - \"“. .
T =-exp -{l. 7x10 3/2 GD} .2.28 .
’ ’ ’(‘i a ) .

\ 'Note that an 1ncrease n. rad1at1on

,1n the range 7 40

ai = fhactiona] io'ization in the shocked gas. Numer1ca11y calcu]ated

14

used. - As ment1oned,/M v experimentally deteymined from the piezo- “

B ’wheYe'hw << KT has been taken For H < 50, ﬁae p]asna obta1ned is on]y

s1ng]y 1on1zed hénce Z = 1. The purpose of these measurements was- to-

N,

obta1n an accurate numer1cal 'va

2
s -

:f A typ1ca1 absorpt1on s1gnal

s shown in_Fig; 2.

for 6. Observed tra\sm1ss1ons were

2 for M = 20.

responds to a negatiVé trace

‘ def]ect1on Conparlson of measured;a?sorpt1ons Nl\g those pred1cted by ’

the known ne and.Te_gave.G = 1.as the approprTate Gaunt factor

For M =_1SL]8, the.p]asma was not ful]y ionized (ui w~0;1-0.3)

and hence ‘the temperaturé”variations were smai]‘(mTOi).

Thus it is of
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7
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|~ o ABSORPTION VALUES
s | |
3 g —
N
2 1 1 N ) 1',_. 1
15 6 a7 s

MACH ‘NUMBER M-

‘Electron den51 ty vs mach nunber detemnned from
absorptwn measurements. L
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sufficient accuracy to use .the temperaturefpredwcted by the shock

relations to ca]cu]ate Na from the measured transm1ss1on (tak1ng G = )f

’

This N, versus. M is p]otted in Fig. 2. 3 a]ong with the shock -

4

predicted va]ues " The error bars co{respond to 1nd1v1dua1 shot

-

variations. It can QE seen that agreement is good in view of the
strong dependence of ng on M, whereby sma]] uncerta1nt1es in M (most]y

H
osc11105cope time errors) would account~forxthe decrepanc1es. ‘

contribution was neg]igibl%}pince a“complete n2 dependence was . found

.Evidently the»é{ectronrﬁéutra1 inverz; bremSStrah]ung
evéndat M‘ 15 where ‘the plasma was only 10% jonizéd.
5 o
Thesé resu1g§ demonstraﬁe the absorpt1on technique to be
s1mp1e and re11ab1e and to have good temporal resolution. It is quite
apparent that G = 1 is the appropr1ate Gaunt factor for CO2 1aseri

16 o3 R

rad1at1on in plasmas with ne'm 5x10 and T ~ 1 ev. "

2.4 PTasma'Jet Measurements

2.4.] Setup

The eetup used in the absorption measurements is shown in

hi9452.4e A standard argon‘plaSma;jet(7) uaa utilized. . ‘--, | -

._v  The COleaser.Qas that uéed.in ‘the hock tube measurements,d
.w1th the except1on that here the wave]ength was 10. Gp The ZN"

contlnuous be%m was focused 1nto the p]asma (foca] ;pot size’é_0.4:mm);f'

aﬁj}fhen<re-1maged ont01¢he’Ge,Au detector toveliminate the negatiue

refraction by the p]asma 'ConStant relative absorption as'a function

of qnput iris aperture size was obta1ned implying adequate compensat1on.
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Typica]iy 0.5° shift of thevbeam was,obserued. A 1ong-wave1ength cut-on

filter was used to reduce the'plasma emission seen by'the deteCtor .‘§
Synchronous detect1on using a P.A.R. HR-8 1ock in amp]1f1er

'prov1ded a good signal-to-noise ratio.as well as tempora] averag1ng |

-~

Modulation of the laser beam was done using a chopper wheel with a

L)\\\ N

‘photoeleCtric pickup to provide a frequency'reference for the Jock-in“
amp]1f1er? \ | ‘ | ' |
Heasurements of transm1551on viere done both as a funct1on of .
radial position 7.5mm above the anode and as a function of axial - (:e\‘_
position from'3-12nm above the anode Th1s was done s1mp1y by ‘
trans]at1ng the jet hor1zonta]]y and vert1ca11y across the focused probe

-
o

L. am.

B

The Jet was operated at a current of 300 Amp jand an’ ‘argon flow
rate of 80cc/sec (N.T. P ).

Further dens1ty measurements were done us1ng a swept Lanng1r
probe, quant1tat1ve1y ca]1brated us1ng a Mach- Zehnder 1nterferometer as
shown in Fig. 2.5. ) _ |
J/A\ _ The output beam of the CO2 1aser was three fold expanded to
~ 6mm. d1ameter us1ng two NaCl 1enses in. order to 0bta¥4 a large- area of
- background frlnges to wh1ch sh1fts due - to the p]asma (m 3mm d1ameter) /[

'could be referenced This prov1ded for viewing of' the comp]ete extentc

-

‘ \
The beam. sp11tters were NaC] substrates with. a 10% ref]ectwng

“of the Jet
coat1ng on one surface and an anti- ref]ect1on coat1ng on the other.
An add1t1ona1 lens at the output of the 1nterferometer further =

expanded the beam so a 1arge d1sp1ay of fringes could be obta1ned |
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Irising e]imiﬁafed copious amounts of visible light.
| A film of encapsulated liquid crystal oﬁ a mylar sheet
(Edmund Scientific Co.) was Qsed for detection of the radiation. Blue,
fringeg/aag t0'10¢a1 heating were obtained on a'room-femperature‘green
, background;; o |
‘.In.édditjon, the Langmuir pédbe:lcm‘long was scanned: radially
'thrbugh the jet at a speed of IQ:m/secigyra-sma11 motor. Radial n
depehdencefof‘the collected jon current Qas thus obtained from the
.tempéfa] osciT]oscoPe measufements. The probe‘c{rcuft ié shown.in Fig.
26, o R
With the‘jet off-and;prabe statiohéry-oVér the'anodé, a'probe ‘
‘%mage wés obtained on the fringe patfern‘at the’viewiné screen; Thus
interférometfiéa]]y and probe determined densities could be compared at
‘the exact same axial positionf .
Thesevcalfbration measurements were done me'above the anbde‘
| with jét'&perating conditipns 6f 100 Amp. and flow rate bf’80 cc/sec
ina?rder'to'obtain a d%gtggct'shifted patternvof fringes.. Furthér
results using'oﬁiy the ﬁrobe were obtained at the same height and
ope[@ting'condiffoné:ysed in the absorption measurements.
A g]ééé-c]ad pcobeH0.625hm long was later usedvfor’comparfépnf

with the unfolded results of the long probe. These long and short_f

~ probes were constructed of 0.250 and 0.375mm diameter wire respectively. .

4

B N
s

‘ 2.4.2 Absorption Results

From eqn. 2.18, the absorption éohstaht for A = 10.6u is

35 " -1 B O :
_ Lcm L Co - 2.25 .
L

U ;’1.8x]0°
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' where n ="em™ and T, = eV are‘Both functions of position. In the

‘argon p]'asma’jet.Te ~v 1.2 eV such that'ﬁw.<<KTe. |

_ Since the jet is symmet(ica1 abOut its'axis,.ne and Te ére
functions only of heightih above the anode and radial distance‘r. Thus
for a ray~of‘1ight_passing radially through the jet (h = constant) as

shown in Fig. 2.7, the transmission is

, r ; _
| T(y) = exp{-2 ,fy° olr)r dry - 2.26
- where y = chord distance and o = effective plasma radius. The ray
- trajectory has been{@gsumed a straight line in view of the maximum
observed total deflection of 0.5°. . Thus the intégratéd absorption

‘constant <af> is,

Q;

cat> = 2,0 HEEI = gy 1(y) 227

2.28

- k . '. - B arc L d % x - . . AN
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- u(r) - bl ."_;, .
It is reasonable to assume that electron temperature scales
with jon temperature since the 1atter is quite f]at from the axis to

the boundary region. Profiles of spectroscopically measured ion

(9)

. temperature were‘used to describe T (r) ~ The axial T, (o) was taken

'as 1.2 eV. The radial prof11e of Ne Was then ca]culafed ‘rom eqn. 2.25
and unfo]ded a(r). -

" Figqg. 2.8 shows this resu]t along with-that obtained. by

10)

-detailed 1nterferometr1c measurements of Ke11mann( Both e and r

have been normalized to the axial dens1ty and plasma radiUs'respective1y

for purposes of direct comparison The abso]ute density of 2 4x10]7 -3

l?ﬂﬁta1ned here is in reasonable agreement w1th 1.4x10"7 m73 obtained by

‘ Ke11mann
AS

This variance as well as that in the Effective radius r0 can
%

be accounted for by the d1fferent construct1on and operat1on of each jet.

In particular the jet used here had both a 1ower flow rate and a sma]]er

! 4

anode orifice. R - ®

"On'the other hand, c]oser agreement in the shapes of . tlﬂ"i‘
density profiles is expected since these are not cr1t1ca]1y depende?'
the above ment1oned Jet_parameterSQQ The normaﬁhzed profiles of Fig. 2 8
thus show that the _absorption measurements do 1n fact give the p{a;ma
dens1ty fa1r1y we]] The substant1a1 d1fference at large rad11 may be
part]y attributed to the f1n1te s1ze of the focused rad1at1on whereby '
on]y part of the probe beam intercepts the plasma. ‘ i

~Axial transm1ss1on measurements (y = 0) were done from 3- 12mm
above the. anode at a Jet current of 300 Amp and flow rate of 80 cc/sec.
' The unfolded axial density, normalized to its extrapo]ated value at

2.5mm is shown in Fig. 2.9. These results indicate a"fair]y linear

[
™
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- density falloff with height from'3-]2mm ‘Kei Imann has also obtained

o a sihi]ar profile. An abso]ute valye of n (3mm) 3. 2x10]7 -3 wa$

17 43~

L.

_obtained from these measurements. The va]ue of n (2 5mm) 3 3x10

-was used in the normalization.

t

2.4.3 Interferometer/Langmuir Probe Results

-
~
r

. For the co]11s1on dom1nated plasma Jet the ion current ..

f \i
to the probe is preﬁvcted by convect1on dependent theory in f]ow1ng
p]asmas( 1) which gives o
o 3 33 ul/2. .
1y = 5.3 vind) v (m.k.s. units)  2.30
- where Eo pern1t1v1tv of free space, e = e]ectronlc char%e, u, = ionic,

mobility, ve -4f]ow ve]oc1ty of the p]asma re]ative to the probe,

= probe radius, V probe b1as, and £ = probe length T is resu]t

*

r
p
app]1es to a long o 1ndr1ca1 probe with the p]asma f]ow pérpendlcular

f to its ax1s. o )
. The plasma VeTocity (in the 1ab frame ﬁ§an be ca]cu]ated fro#ij
: e

the volume f1ow of heated gas through the anode orifice. An effective o

tesperature vas taken as 9500°k correspond1ng to the %yp1ca] ion and

ca

neutra] temperature 7 .5mm above the anode From the or1f1ce d1ameter '

I

of 4 Smm and co]d flow. rate of 80 cc/sec vp " 150 m/sec The appropr1ate a

vf is the vector sum of the probe veloCIty and the p]asma ve10c1ty, but»
s1nce the latter is much greater it is suff1c1ent to take ﬁﬁ\m vp -

Inc]ud1ng uy v 50 cm /vo]t -sec and rp» 0. 125mm glves’
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'for‘I = amps, ne = cm*3 .Vv= vo]ts, 2 = am. . i
- This resu]t app]1es to homoqeneous plasmas. FOF7the long
‘ probe in the jet, the tota} current is approximated by

1, = 2.8a07 W2 3/4(2)d1 - 232

where integretion is. through the)full”extent E; the jet. Thﬁs is
reasonable since the scale length of,substantial.paremeter variations
s ]erger}than the'probe radius. A conStant f]ow‘velocdty_has been -
.assumed since‘this-varies on]y']ineériybwith temperéture whereas;';
Na ™ T (N »> ]) for partlal]y 1onlzed p]asmas.

As w1th the absorption resu]t of eqn. 2 27

r .n 3/4(r)r dr

SR 18,172 |
- oo Ty) = 2(2 8x10 )r° 2.33
'_/ . - ! _ N '\/rZ_yZ
Whith upon Abel inversion becomes

3/4(r5_;- iy oy o 2

e P (2 8x10—]4 1/23 ¥ dy (7> "o

e vy -r”
£ Th]S was used to calcu]ate n (r) from the osc1]]ograms

o

fzdbta1ned at h 7.5mm w1th a Jet Current of 300 Amp " The add1t1ona]
short probe (& =G;625mn)kwas used to e]1m1nate the unfoldyng process.
.Edn;d2.31'was‘app1ied'dtrectiy dn'this case; | | | |

‘ Norna]1zed results of both the long and short probes have
been p]otted in Fig. 2 10.. Good agreement at small rad11 can be seen.

&
-It is 1nterest1ng to note that the long probelsesults close]y correspond

Sty
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to the previous absorption measurements (Fig. 2. 8)'for‘a11 r/r ‘Thus
the dens1ty in this part1cu1ar Jet appears to have a prof11e resemb11ng
that obtained wwth the 1ong probe. Ca]cu]at1on shows that inclusion of
a,f1n1te size for both the probe and‘the focused laser 1ight would give
~values only 10-15% Tower than those plotted. |
The short probe resultiis expected to underestimate the

density at large radii since a fixed*]ength'had been taken. hear the _‘
plasma boundary however the effective7intersection'of probe and p1asma
is sonewhat shorter. In add1t10n, ‘collection of current at the end of
‘the probe has been neg]ected |

o o 1ﬁ§§peak ax1a1 dens1ty obtained from ‘the long probe was
2. ]x10]7 while the short probe gave 3. 2x10]7 3,

Ver1f1cat1on of the numer1ca1 validity of eqn. 2.30 was done“_

at h = Tcm and a jet current of 100 ‘Amp. as prev1ous]y ment1oned A

corrected value of vp 130 m/sec correspond1ng to thé 1ower temperature ,:l\
"\J.
of 8000°K was used in this case. The Mach- Zehnder lnterferometer gave &
16 3 16 - 3

an: axial density qf 5.9x10 wh11e the Tong probe gave 5 1x10

under these cond1t1ons

LIS

Reasonable agreement of these results.‘thus allows conf1dence .

B

E to be"p]ace4 in the probe-measured va]ues Ev1dent1y eqn. 2.30 can be

©  used to. goo. approx1mat1on even for short probes with lengths on]y

,_; marg1na11y greater than the1r rad11 under cond1t1ons s1m11ar to those

in the jet. | o S o -
o

2.5  Transient Interferometric and Absorption Measurements

2.5.1 Setup
This is shown in Fig. 2.11.. Most of the details are the same -
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as in the jet measurements and are not'repeated here. The plasma was
the spark produced at the focus of a, 0.25J p1n type TEA CO2 ]aser(]z)
This was created in-a flow of argon gas just above an inoperative plasma
Jet. The axas of the spark was perpendlcular to the probe'radiation.
- The Mach-Zehnder interferOmeter was‘initia11y aligned using‘
a liquid crystal Vﬁewing screen to permit visual observation‘of the
fringes. Th15 was subsequent]y replaced with a gold-doped german1um
'detector for the transient measurements. Loadwng of the deteetor to 1002
gave adequate tempora reso]ut1on of < 100 ns,
It is 1mportant that the 1nterferometer be a11gned to glve a
fringe separat1on larger than the detector size*(1.5mm diameter here).
A maximum of beat ampTitude is therefore obtained. The 1iquid crystal
uas found most useful'for thié_purpose.# | ‘
| The 19. 6u probe-laser was expanded’uéing two 1enses'as shown.
A lens at the output of the 1nterferometer 1maged the plasma onto a 1mm
iris for substant1a1 reduct1on of p]asma emlss1on and ref]ected TEA .
laser: rad1at1on seen by the detector. The\V1ew1ng p]ane was p]aced
fbeyond the iris in order to get a 1arge fr1nge separatlon._
Re]at1ve transm1ss1on through the p]asma measured at th1s point
‘was the same as that measured at the 1ocat1on of the iris, ‘thus plasma
refract1on was not important in the results obta1ned Attenuation was
a]so found to be 1ndependent of 1nput beam d1ameter by vary1ng the 1nput
iris aperture. L o o T |
’ : Add1t10na] reJect1on of plasma em1ss1on was obtalned by us1ng
a > 10 longpass f1]ter A removab]e chopper- whee] was used for
_reference- measurements of the unabsorbed rad1at1on _ The TEA laser was

'focused at the-centre of the probe beam u51ng a 10cm foca] 1ength NaC]

et
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lens.

AN

2.5.2 Results

. Typical osci]iograms obtained are shown in Fig. 2.12.. A
"~ positive deflection represents absorpbion. MWith the reference arm of
| tne interferometer‘blocked. only tranSfentvabSQrptfbn (60%) ie’seen (a)
.v_;m1]e w1th both arms open, 1nterference'as_we]1 as absorption ‘is
detected (b) “ »
That the pouer at A~ 60 us is lergervthan‘the‘quiesentr
‘value is the'result of the detector not beiné'at a position of maximum
construetive interference with-n04p1a$ma present. “The large negative-
kﬁdo1ng signal in the initial stage is due to ref]ect1on of TEA 1aser
Tight 1nto }he v1ew1ng systemf At those times 1arge electron dens1t1es'
(dpe 5.“C02) withdlarge gradients are present. Consequent]y,fon}y the |
.re3u]ts for t > 8 usec u1]1 be discussed. -
: Ear]1é§?§;mes cou]d be 1nvestlgated by using a 9. 4» probe
laser and a ,.4~ bandpass f11ter Increased sen51t1v1by of Ge:Au.
_ detectors et this wavelength might 5150 be an ésset. A]ternatiVe]y,
b'fbr a@]0.6u probe, a 9.4y TEA laser could be used. These‘optTOns
~ however, nere not avai]ab]e withbthe ﬁasers used'here. It should be
men;ioned tnaf at veryvearly‘times; the'Targe densities with sharp
gréd;ents giveacorrespondingly large refraetive index gradiente whereby |
nefrettidn of‘the probe beam itse]f by the plasma may betome.tob Severe.
E On]y spat1a1]y averaged: e nd T were obtained since the

.resolut1on of the detect1on sy%tem was comparab]e to typ1ca1 observed

plasma diameters of 5 2mm.. For the calculations, an effect1ve

\
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(b)

N ‘IO usec/div. -

Fig. 2.12 - Typical absorption and interference signals ﬁn‘the ‘

. - laser spark;. (a) absorption only, (b) absorption‘
: B p]us‘interferometry. o : '

38
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thickness of 2mm was used. | e | .

A relatively constant absorption over»the plasma QUkétion.
(Fig. 2.12a) was.found-fOr‘this_p]asma.v This‘enab]ed simple
ca]cu]at1on of Ne and T since time vgriations with.fhe reference
arm open (F1g 2.12b) were determ1ned so1e1y by -the fr1nge shifts.
Cases where tempora]]y varying absorpt1on is a]so present is. d1scussed
in the next section.

From eqn. 2.20, the fringe shifts
<ang>l - , . ’
A —. - : 235
’ 0 _ ' . - '

wheret<AnR> = average change in refractlve 1ndex.‘ For L = 2mm and
o < 7 here, <anp> << 1 whereby Np % 1. Thus the refract1ve 1ndex can

be approx1mated by

: 2 2 _
e . ‘u_:E?- ey ro)\o . | ) 3
,nR = ] - w2 =1 - o ne : R O'. 6

e . oy ._-" j R . o L AR
where_r0 = 'classical electron radius. _Determ1nat1on.of,ne from the

fringe shifts_then follows from

ng = (ZL)[nl = 1. 06x10' Tl ™3 2.37
00

for A, = 10.64 and L = 2mm.

A e
The absorption constant wasitaken as

2.2
An 'hu)/T
-35 "ue 1- e
a‘- 1. 6x10 3/2 V“/Te 2f38
e . I" .

for A; = microns, n, = em™ and Ty =eV.



The iast factor (see egn. 2.16) cohrects for ]owftemperatureS'in the
late stages where T +‘hu G has beer set equa] to f, a reasonab]e
}assumpt10n since theoret1ca1 models(z) g1ve G(T = huw) =1. For 10.60

radiationfw = 0.117 eV. |
Ca]cu]ated average dens1ty and temperature using eqns 2.37
and 2.38 are ‘shown “in F1g 2.13 as a function of time. Points were
Aca]culated‘at 1ntegra1 numbers of fringe shifts. | |
These time- dependent results allow determ1nat1on of the
recomb1nat1on coefficient. - For prevailing three- body collls1ona1-

14
rad1at1ve decay, the dens1ty evo]ves accdrd1ng to

el e

£

where g = recombination coefficiegékend,which hasjthé‘so]utioh
.

1 a 1 _ .
= + Bt . ‘ o 2.40
AT T (o) o

A plot of measured rec1proca1 dens1ty versus time is g1ven

in F1g 2 14. Two 11nea\\?eg1ons are obta1ned For t = 8-13 usec,

g = 1.1x10 -13 cms se_' and for t = 13 30 usec, =1 4x]0 -13 cm3 sec ].

~ The larger va]ue for late. t1mes may be re]ated to the 1ower temperature.
where 1ncreased co1]1S1on frequenc1es are expected |
Recombination thus is slower in argon than in helium for

 which g8 = 6x10° -12 cm3 sec -1 has been obtained spectroscop1ca11y by

Geohge et al(]3)

To ver1fy this, he]1um was - subst1tuted for argon 1n
the setup of F1g 2.11. The absorpt10n¢1nterference was found to be

shorter lived by a factor of about 5, 'showing that the helium



N

| ELECT_RON;-'DENSITY Ne (10’7.@'3*} |

-o, - 1 N _} S : . 0
8 18 28 " 38 48
TIME t (psec) .
Fig. 2.13° Temporal electron density and temperature in the g
‘ “laser spark.  Uncertainties are due to oscilloscope
~errors. o ' ‘ : &
-
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“Fig. 2.14 | Reciprocal electron denisty in the laser spark. .
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recombination is indeed faster. Detailed measurements for helium were

-

not possi51e here because of the large reflection of TEA laser radiation

at ear]y times.

The forego1ng results show that s1mu1taneous CO2 1aser‘

_1nterferometry and absorpt1on provide a conven1ent technique for temporal .

' detenn1nat1on of density and temperature in transient, moderately dense -

by

plasmas. Use of the 9.4,/10.6u sysiem previously mentioned fo eliminate

the TEA laser reflection problem would be a sfmp]e method for measuring

recombination. coefficients in different gases.

2.5.3 Concurrent1y‘Time?Varying a and nR o

" For a Mach-Zehnder interferometer, it-is relatively simple to

show that'tne power seen by a'square-law,detector.at the output 'is given

= TP + P ZVP p \f? cos ¢+AK L) 2.4

P

where P2 = reference beam power, P].= 1n1t1a1 power in the beam pass1ngt

through the plasma of 1ength £ and transm1551on T, AKR = (ng-1 )@/C, and

R
¢ = phase ang]e depending on]y on a]1gnmentvof,the optical™system. For

tempora]]y varying Na and. T (s]ow-Compared to the reCibroca] detector

: bandw1dth). AkR and T are funct1ons of time. Ambiguity is‘obvious when

_'both of these are chang1ng at the same rate or if the transm1ss1on is

osc11]atory

However th1s prob]em can bé e11m1nated by us1ng a two detector

- arrangement as shown 1n Fgg. 2.15,‘ A th1rd beam sp]1tter-allows.the
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) . e :
second detector"to'see only the attenuation. \This direct measufe of
T(t) can: subsequent]y be used to ca]cu]ate ‘2K (t) from the or1glna]

detector output. by eqn. 2$41.aQ9ve

~Thus with the use of two dexectors, s1mu]taneous lnterferometry
t

and absorption is a general techn1que for tempora] detenn1nat1on of both

- ]

|-

_e]ectron dens1ty and temperature. . p \\

-



CHAPTER III

THO“SOJ SCATTERIIG ‘

2

3.1 Introduction

o ’ ' : *
?i;‘:}.
Py,
Thomson scatteringjof laser radiation in the wavelength
& ‘ AR - o

range 0.5 - 0.7u‘hasvbeenkused éxtensiuely-as a re]iab]e p]asma
diagnostic Exper1ments\s1nce the. f1rst theoretlca] descr1pt1ons :

(1 23)/5“
ve measured both cooperat1ve and incoherent -

of the process
a var1etv of p]asnas by ut11121ng chlef]y
"'h1gh 1nc1dent power requ1red (cross sectlon |
"«»10 cn)wL

“In add1t1on to therma] f]uctuat1ons Thomson scattering has

been observed from non-thermal f]uctuat1ons occurrIng in turbulent

(4,5)

'p1asmas and those 1nduced by non- ]1near mixing of laser llght

in Haxwelllan p]asmas(G) K - _ _

i
v

Hany of these experiments are summarized in-a recent review

R

paper by Evans and Katzenste1n( ).

AR

Cooperat1ve spectra have been observed but on]y frmn plasmas

+of at \east moderate dens1ty (>1O]5

an ) For lower denSjty plasmas,
use of short wave]engths (0'5 - 0.7u) requires exceedingly sma]] ‘
‘ scatter1ng ang]es and col]ect1on so]1d ang]es resultlng in exces51ve .

stray 11ght and ietector noise problems.

46
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y

On the other hand very few exper1ments ut111z1ng co,, laser
v 11ght (Aa:“targu) for Thomson scatter1ng have been repC)r'ted(8 9 ]0)
This long wave]ength rad1at1on is of much interest for cooperat1ve
scattering from Tow density plasmas since 1t enables 1arge scatterlng
angles to be used and requ1res less reso]v1ng power for spectra]
~analysis. - p‘h ‘f B I -

For hfgh density plasmas, 10.6u radiation'establishes a highly
_cooperative Thomson scattering regime. In this case, the spectra of
?f]uctuatlons with. wave]engths much 1arger than co111s1ona1 mean free
paths can be obta1ned Such measurements of collision-dominated scatter1r
have not ‘been previous]y reported using shorter wave]ength radiation.

~ In addition to the above‘mentioned’thermal,fluctuations, 10.
radiation can be used'tO'prooe 1ong¢wave1en§th‘non-therma] f]uctuati0Y>
such‘as those'expected in.CO2 laser-produced plasmas. These measurements
vcou]d prove verv usefulvfor a more comp]ete understanding of the non—'
Tinear coupllng of high power CO2 laser rad1at1on to p]asnas wh1ch are
of current lnterest in ]aser fusion. ‘ | |

| Three.exper1ments ut111;1ng COL Iaser radiatioh_for‘%homson |
scattering are described here. 'The first experiment undertaken was to
measure the ni1d1y-c00perative (a'=h2) scattered spectrun:from a low

)13 '3)'hollow'cathode'discharge. In the second, a

density g 5x19
co]]1510n dom1nated spectnum hps been’ obta1ned bv us1ng a h1gh dens1ty

argon plasmacget. F1na11y,_enhanced scatter1ng.of 10.64 rad1at10n has

been observed from a:hydrogen plasma produced by a TEA CO2 ]aser R
operating at 1 = 9.6u. - | <::§
S ‘ Descr1pt1on of these exper1ments 1s f1rst preceded by a summary

of the pertinent Thomson scatterlng theory



3.2 Theory

3.2.1 Scattering from a Collisionless Maxwellian Plasma

The detaiied calculations . of Thomsdh"scattering from a
co111s1on1ess Maxwellian plasma appear throughout the 11terature(] 2 3)
‘In the f0110w1ng,these resu]ts will_be summarized in terms of standard
tabu]ated funct1ons

Thomson scatter1ng is the re- rad1at1on from charged part1c]es
acce1erated by an 1nc1dent high frequency e]ectromagnet1c wave Thus -
scatter1ng from ions 1s neg11g1b1e compared to that of the much lighter
e]ectrons |

For a plasma, contributiong from the large number of e]ectrons

can be summed, account1ng for t1me -varying spat1a1 phase differences,

1nto a general form

-

dp, = oot 'S(g,m)-lédudn | S A
where  N_ . = totai;humber of electrons contributing to the
scatterihg |
or = rgsinze = Thomson cross-section for‘ohe‘eiectron
ro = classical electron radius . “ﬂ
g = angle between jncident electricbfieid and_gs
Ks' - wavevector of;scattered'radiatioh’ |
ki = waveuector_df'incident radiatidh’
ko= k. -k = scatteringgwavevectdr‘
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w = incident wave frequency

w, = scattered wave frequency

s
S(k,o) = effective form factor |

I = incident wave intensity :
-dP'.rﬁ_ power scattered.in.a frequency band dw ‘about we into
a so11d angle da about Esf
Exper1menta11y, scattered 11ght is usua]]y co]]ected from the fu]]
- cross- sect1on of 1nc1dent rad1at1on such that: H = neAg and I =P /A

where’ ne = electron density and' Py = 1nc1dent_powerQ.'Thus in this case,

.7 The’form factOr“SCk,m)f whlch accounts for the pos1t1on and
motlon of all the e]ectrons in the p]asma,,1s the spat1a1]y and

'tempora]]y Four1er transformed electron dens1ty autocorre]at1on funct1on

S(&,w) = ’]2‘7‘7‘ 81 (UT k C)dOdL ]]m !{n—l‘v‘r‘ *
WA O ‘ Y, T+m -
y;rne(r,t)ne(rfg,t+t9d£dt’ 033
~ wherem, - = average e]ectron densLty,}5¥»“.' SRR - o

Tﬁe above resu]ts are qu1te gehera] and descr1be the Thomson
scattered spectrum from any glven p]asma prov1d1ng the autocorre]at1on N

of ne is known.

»
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For a collisionless Maxwellian plasma this caﬁ be calculated
using Tinearized V]asov~equation§ for electrons and ions. ‘Although
ions dovnot appreciably scatter the incidenf»rédiation, they are .
_ électrostaticaify coup]ed’fo electrons and theréfore also affect the
yscattered spectrum. | | |

In this case the form,factdf is giveh‘by

o _ 2 w 2 w
S(k,w) = |7 :;G‘ | 'Q(k) + 7} (ée . l F"k“‘(k—) 3.4
. . e By | e ‘
o . 2 k.M - o .
: . m = Pe’i _ 3!_ ‘ : ' .
where G ;(k,) 2 f Koveu dv B 3.5
| 2
fe lm(—) ) ( ; )3/2 € (V/'ve’i) 3.6
TV
e,i
: : 1/2 : o
2k T .. : ' 4
v . =|_Be, ‘ o 3.7
€51 Te,i ‘
B ' N2
Fo.(v) = _1_'_e-(V/Ye,,-) o 3.8

x U '{?"e,i

It Shou]d be noted that the factor e(k,w) = 1¥Ge-Gi appearing in the
'denominator is simp]y the-die]ectric constant for e]ectfostatic

'plasma waves with wavevector k and frequency w. Thus the scattering
cross-section is large for € > 0. '

T

A further s1np]1f1cat1on of S is obta1ned by us1ng a

normalized frequency shift x and a scattering parameter ar



I
a = F—
\ *Ape
.
\ .
. i kBTe 1/2
.De._ 4nneg2 '
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whereby both Ge and G, can be rewritten in terms of a new function

W(x): .
G, = -a2M(x.) 3.1
e e :
. Te
G] = -7 o W(x.) 3.12
N
with
| | 22 | 2
W(x) = 1-2xe” f ep-dp - ivT xe 3.13
being the evaluation of the sihgular Landau-type integra]ﬁ. A plot of
: the.rea]_énd imaginary parts-df W is shown in Fig. 3.1. Thus '
: Te)' ’ : o
Ty 1+Z W X; 2
T aWlx;) o
- S(k,w)de = : . dx
SR Te) 2 VT €
: ]+Z @ W(x )+3 N(X ) R
i B '
. 2
aU(x) o -
| e '
. _d)(;i .
o ]+Z( ) W(x. )+a N(x )1 v |
& R
giyg;: .
3.14
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A useful approx1mat1on of Xg << X; due to. Sa]peter(3) an
be made if the jon temperature does not exceed the - electron temperature,
S1qee dxe << dxiAthe first term is greater than the second on]y for
X5 >> 1" in which case w(x.) ~ w(m) =0 may be‘taken For'va1ue$ of -
X; 1 the second term dom1nates and it is suff1c1ent1y accurate to

~set W(x ) ~W(0) =1 in this case. Thus H(xi)vcan be neg]ecyéd in the

first term and w(xe) set equé] to 1 in the second. With these

approximations .
o o ,2 -x
CS(kpe)de =
oo fu (x )' V e
2 2“’ . 2 -XZ. .
1 e 1.
+ Z( 2 ) dx.
Ny, 2 . 2 T _ i
1+ : 2 V-
g L Y 5 z(ﬁ:‘)u(xi) v

‘]+u
| 3.15
where eech term is now indebendengly a function of either Xq efvx{.
| The s1m11ar1ty of these terms suggests def1n1t1on of another

'functlon r:
o ~xZ ' o - 3
T or(x) = £ > | - 3.16
R a 2 :
Vi [l+a w(x)|
‘ such that Q@?
2. o a2  2 : ‘
S(k,w)de = T (x )dx_ + 2Z (]+32 FB(xi)dxi ‘ 3;]7
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Severé] p]bts of T for various values of o are shown in Fig. 3.2.

Eéna]]y; integratibn of T over all x is given by

J+a

-0

\ Jr r.(x)dx = 'T——ﬁ , 3.18

‘and thus the spectrally integhated form factor is

- T
£ 1+32(1+2T-]‘_*-)+za4

S(E_) = T 2 Te 2 e 3.‘]9
1+2 ]+ZT__ 14q o

In the limit of a << 1, ‘ ' o

S(k,e) = &— dx | | 3.20

which is simply a Dopp]ér;broadenOd spectrun. Thus T can be obtained
d1rect1y from the 11new1dth (L* . kv ). Here scatter1ng occurs from
dens1ty fluctuations w1th wavelengths sho%{ conpared to « (1nd1v1dua]
e]ect;ons),. co]]ectjve effects are neg]1g1b1e because of strong

- Landau dariping (kA >> 1). o |
. On the other hand for a >> 1 coherent plasma osc111at1ons

-dominatevthe_scattered,spectrum.',Electron satel]1tes are obtax%gé at,'

a frequency shift - o ' o R @
3 172 - & o .
i“’e[“‘—z‘] Y o321
a o : - . )
and hdve a width governed by Landau damping: :
. ) - ) ‘4"‘: . . J ’

3

,&b |
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| - ..
e 3/2 +
Bw pe\/§ (a ‘:3) / Xp{-(“ 23]} Lo 3.22

““yﬁ\r.?r' .. . ‘A ‘ " . ‘

These sateliitesdaredtherefore very narrow for large a. The e]ectron'
density can be accurate]y found from the measurement of th1s sh1ft
since abso]ute intensity ca11brat1on of the co]]ect1on ;optics is not ;
'requ1red as would be if the spectrally 1ntegrated scattering were used
to'detennine ne‘(see,eqn; 3‘2)T Howeyer,as can belséen from eqn; 3.18
oni& 1/2a2 of the total scattered power is contained in each~sate11j§é;

The bulk of the scattered spectrum for a >> 1'is:descrjped

by

3

S(koeddo = Z T (x)dks . T 3423
' i

-The ion temperature can therefore be determ1ned d1rect1y from a measurement
: of the width of this distinct. ion feature (nu N kvi). This width as does |
that of the electron satellites decreases with increasing a (Aw N kv T “:iig
‘v.(a)De);])f. It should be noted that s1nce the shape of the scattered _ﬁfi
fgrﬁsoectrum depends on g, T can a]so be determ1ned from spectra] measurements
for o >s 1. | |

Exper1menta11y, values of a > 1.are usua]]y chosen for cooperat1vef.
‘-fhomson scatter1ng since less. spectral reso]ut1on 1s requ1red than’ for o

very laqgg (see Fig. 3.2). -

~

3.2.2 Collision-Dominated Scattering -
The effects of ‘collisions on the Thomson scattered spectrum -
e , , v _

from !Maxwellian plasmas for the limiting’cases of a << 1and a >> 1 are

- L} - A &,..,/
R T &
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discussed by Fejer(]). Subsequent~ca1cu]ations(]]’]2’]3)‘have extended
the theory:fof gengra] a. The results of Grewa1(]]) will be summarized
" here.

In order to incorporate collisions, Fokker-Planck equations

of ‘the form

_ 0
3 3 e,i 5
TtV ot ——F —_— -
[ot 9 me".‘ int 3_
kT, -
) Be,i 3 N
Ve,i av (¥t n \51}} fe,i(g,l,t) 0 | 3.24

. . . ‘ . . i @ . , N
are used for both electrons and ions., Here Eint = local electrostatic:
00 : L _ :

. field and v = efféctive collision fréquency. Defining co]lisiona]
pafametérs
y o

: Ve, i 1
17 kv T T kT

) 3.25

,mep.e,i s v

the functiord W( ) (see eqn. 3.13) modified,tb,inc]ude collisions becomes

R

9 (k) = 1 - ik (X, o e 3.
b W (xJ) = 1= ixgFo(xg) | L o326

where .
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and * denotes the complex conjugate.

The form factor can then be written as
1+a z( ) Hc(x )

| . ! | "
S(k,w)de = T _ {Re F(x, )}
. ' ho+ A C(x ) + azz(T-‘_*) wc(x].) :

2

1 >'.
A 2

g Wo(x,) dx,
+ Z T {ReF(X)} .
‘I+aN(x)+uZ()N(x) :
: il :

T N

(5.

s : : . 3.28
Taking sthe Salpeter approximation (xe << xi) to be valid and Po = Pi»

3

S(&,w)du’» = Ifc(x )dxe + Z(_a

T+a
{ .
where 5 (—~—) ( )
’ ‘ 1 +a.

} A ' Re F(x)
\'}u T %'l]"'u H(X)'Z

- _
c .
2) rs(xi)df(i 3.29

©3.30

Thus m genera] tre Thomson scattered spectrum s characterlzed

_by a co]hswnal parameter p = (k'm p)-] in add1t10n to -the norma]
scattermg parameter a = (kx »
In the hmt of p->0 (v +0),
X o,

Flx) "\/_'e "1z 'f'ey dy Co3m
N 0 E ’ B - ‘ .
and We (x) - 1 - 2xe™ ey dy - 1\/-xe = H(x) 3.32

o

0
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~whéréby edns. 3.29'and 3.30 reduce to the previously discussed
collisionless results.

In the limit of p + =,

+23 - ' o .
o T+4pTix : . '
.‘a ‘ ’
We(x) - ~]—-2-—2-- : ~2~P—§—2 . 3.3
. 1+4p~x 1+4p~x :
whereby - rc(x) - z 22p ‘,'2*?7 : - : 3.35
) a —-[4p X+ (]+Q_ ) ] ‘ ' v
and S(k,w)ds = ——=—= —L& for a << 1 o - 3.36
- 2.2 o . » g
I ) ]+4p X o - .
e’e
- for a>>1 .- 3,37
,(’1+52)2+4p§x$ T - ‘ -
Thqs c01lision-dpminated Thomson “scatterir. .. a Lorentzian lTineshape

and spectral width tha- decreéses with increas:agvvaluéé of p.
Although the spectral shape is a function of p; the‘intégfated

scattering is independent of p:

-4

UV R : : R :
r-{x)dx = R ; S . 3.38

oy o

- which is the sgﬁe result as for collisionless plasmas.
For highly cooperat%Velscattering;(d >> 1),_the scatfered'

“spectrum essentially consists of a dominant central ion feature
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o

_(_,m w = -]T—z' : I‘B(x]. Xi . \ . 3.39‘ ,
a’ , .

The trans1t10n of r from the co]11s1on1ess to collision- dom1nated

.reQWme is shown 1T,F1g. 3.3 for 8 = 1A As expected collisional .
‘effects.become‘quife'important for p 2 1.

] . Lahgééﬁﬂscattering from a highly co]Tisiqna] plasma is therefore
‘eipected~to show substantial narrowingbof the cehtre] ion feéture (by '

a factor of»m 1.6 p.) a]ong‘with disappeérance of the +on é@bﬂstic

. resonanees found for a co]]1s1on]ess p]asma. In th1s case the scatteeed

spectrum is descr1bed by ean. 3 37

o .'\ .

3.2.3 Enhanced Thomson Scattering *

““-o

The previous two sections have dea]t w1th Thomson scatter1ng 3%;

_from therna] fluctuations. The specific case of scattering from 'hfﬁ <7‘¥~f'

,’, ', e e

.

‘fluctuatlons 1nduced by non- ]1near mlxlng of two intense high frequency
'(m > “pe ) e]ectromaonet1c waves in a p]asma w111 be d1scussed here
It will be zssumed that the p]asma is c011151oh;e§s and that

no constant external ~agnetic field is present. “Two monochromatlcgplane
- . , o ‘ A

S
).
v/‘v;/‘

. B . . . . ) : r;‘ Ny . o
. electromagnetic waves :re considered: - R <
’ . : é\, - & v . ’ & .
. L Y

E2(mt) = Ey 5 coslky or

<

By alrst) = By coslky o

~ The electron and ion distribution functions fe(g,!,t) and f (5“1 t)
) L ) ! 2.’ N ) . : .
therefore satisfy Vlasov equations of the form



!

whé%@“ﬁ nt
.“8f;thé externa]]y applied wave f1e]ds

y.;/(/’z//; Deta1]s of th1s ca]cu]at1on

- -a'fé',' : afe o v o
TR AT "ﬁ;'(gextv Eint * ¢ X Zext ) v - O
‘ 3.41

of. .. o 9f, v - of ,

1# . ___1_ Zg. . e ___.1 =
E O A T m, ‘Eext Eint ¥ T % Bext ) v 0
A '\ 3.42

= 1nterna1 e]ectrostatlc f1e]d and gext, Eex} are the sums

xt >> Elnt

For suff1c1ent1y intense e]ectromagnetlc waves E

whereby f1rst order perturbat1ons of the d1str1but1on funct1ons from
Maxwe]11an are obta1ned by tak1ng E = Q. Th1s resu]t can be ’
subsequently used to ca]cu]ate a second ‘order perturbat1on for E.
are g1ven in Append1x b where

int # 0.

the spat1a11y and temporally Fourier- transformed second order e]ectron

perturbat1on averaged:over ve10c1ty space 'is shown to be approx1mated

7

by
R R A “
. ‘j. . “"... s..-\ ] 'l _ '- (53

uf.éz(&’,‘wi)_ s ’———_”e Mooy § (k- A&)é( Au))+ (k+Ak)6(m+Am)

Te o
1+ Z T—; W(X'_i)‘”»

[ '2 Te ",
] + 0. ‘/J + 'J.]Z T— N(X_l)

'+-..2(_k_1-,52)(52'~g])} |
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where E = wave'eleétric field -amplitudes
n, = mean electron density |
ok =k - Ky -
Aw = w5 = Wy
-1 - i
&3 I ’U}‘De

-and the function W has peenipreviously defined (eqn;-3113)1 _This

result applies for Té > Ti:
‘The second order density perturbation js'néz(g,u) = n.

fez(g,m). Using

o i(ker-wt)
neZ(fﬁt) = ——-———J{ eZ(k’“)e dkdu‘ - - 3.?4

(2 )4
) , " . - ‘ ) - % . .

- and eqn. 3.3, the form fa%}or for Thomson scattering from these
fluctuations is A

ra

T 2 T‘e ¢
o v_,_:x? : ‘|+u]z T U( ) o
S(E_,U) = ) R 2 ‘ 1-'
. 3_ne:ﬂe(~1u2) ]4_“‘]2".1( e)+"1]2 (W)U
2 N
lu(xe>{wu (EyEp) + 2(k, E3>(g2-g])}
N ) 2
b N Toa(x ) '
L | %f_x B (ky-E5) (ks ~E]) T 3.45
T % : .

where{sk w}-‘f. N s(k -E\k)" ('u-A'u) (l\+‘\k) (w*‘A'w)
‘ Thus enhanced scatter1ng occurs on1y at freauency sh1fts

A¢¥:(u2fu]) and when the scattering wavevector k = "(52—54). The :

83
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above resu]t is essentia]]y thet of Meyer and Stansfie]d(]4) in the «
1imit of no externa] magnet1c field. The additional terms 1nvo]v1ng
(k] _2)(k E ) account for cases of non- para]]e]iﬂectr1c fields.

It can be seen that the enhanced scattering cross-section is
large for resonances in the plasma dielectric constant ¢ = 1 +’a2N(x )
"'+ Za (T TIM(x, ) as is found for thermal plasmas. The case where electron

‘waves are excited (a w(x )-1) has been d1scussed by Kro]] Rop, " and
-Rostoker(]s) w1th experimental Thomson scattering resu]ts reported by
Stansfield et a1(6). |

On the other ‘hand, ion waves can a]so be excited. .}n this

case X, << X5 < 1 thus w(x ) N 1 and

S

s ab!(xe‘).
e

E)Xe

vhereby

1
. ’ 1 Ay -
S(_'S_’w) ~ T - ﬁ‘ ( )
_ 4 -"‘32n mz(w]wz)2 a? (T.) © ]+a$

, : 2 o
K12 Ey) + 20k Ep) (ky Ey) '{6k,w} '

3.46

It is of interest to ca1cu1ate an appfoximate max .mum value

of this form factor For s1mp11c1ty,,Te = T‘ and Z = 1 will be taken..

In add1t1on the sum %; terms 1nvo]v1ng E], E,.can be approximated by
% :

- ,;|k| [E ||E2| s0 that
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i : 2y 2
| E2E2k4 «2 Y hau(x.)
- 172 1 1 s
S(k,uw) = 5 5 K,w
32n (m ) 2) ]+a] ay :
1+ 5 W(x.)
]+a]
3.47
Fgr a],;< 1
o _ N
Efszk4 ?’ '
Slw) = > e } 3.48
32" (l"l U] 2) ’f/

S1n?evlw(Xi)|max

In the ]imit‘of oy

< 2 (see F1g 3. Q)

4

>> 1}/the max1mum va]ue of

. 2 . {\ . . )
YT N4 Nt |
T+aTW(x, ) ; Yay. ¥ S
ML O Y JN
Ca ‘ .
1+ ‘2 W(x.) ! g
1+ !
"

ooccurs for'x, +.0 and in this case

3
2r I]I2

*where ' 1

n (mecw1m2) *De

>(c/8n)’E2 = wavé ihtey,




66

- Thus for a fixed plasma, the 'induced ion fluctuations are
considerabTy larger if long wavelength radiation is used over short
wavelength radiation. However frequenc1es greater than “oe are

still reou1red to allow penetrat1on of the plasma.

In addition Tt shou'd de remerbered that ean. 3.47 for

coupling to ion waves app11es only if -the condltlon X5 <1 ‘55; een

met by choosing the incident mixing waves such that s < lAh?li.

\ - of part]cu1ar interest is that this process can occur in a

p1asmauproduced ot the foeus.of a sing]e high power laser. A]though
‘two incident waves are not c1ear1y d1st1ngu1shab]e in th1s case,
hn1x1ng is st111 poss1b1e since there is a range in frequenc1es def1ned -
by the finite ]aser Tinewidth and a range’in E_deflned by the foca] cone

of %ncident radiation.! Use of a. lohg'wovelength Jaser would not, on]y ’
”1nduce 1arge anp11tude ion uayes but uould do sQ over a 1arce fraction

of the input focal cone wherebv essent1allj all of. fhe laser power

viould be ava11ab1e for coup]1ng purposes. reasurenents of enhanced ‘

-~ Thomson scatterxng from such. 1nduced waves in a TEA C02 laser—prodUCedv,‘

plasma are reported Iater in this chapter.

3.3 Thomson Scattering From a Low Bensity Plasma

3.3.1 Setup
- The experxmental setup used for scatter1ng from a. 1ow dens1ty
p]asma 1s shovin 1n F1g. 3 4. The hollow cathode dﬁscharge used was

B

1dent1ca] to that of Gerry(]e)d‘ @n arc 15 struck,betueen a tantalum

}cathode and copper anode in approxiﬁately 510’3 Torr of argon and ns

a R 1.7 , _vai'v ‘ . .
Al e DT S PR Y B
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confined to a 0.5 cm diameter column by an axia]'g_fie]d of ~ 500 gauss.
B \

Power requirenents of 40A at 40V are supplied from a D.C. welding supply
wh11e 1n1t1at1on of the arc is accomp11shed by app]y1ng several kilovolts

-of R.F. between the e]ectrodes Typical axial parameters at these

13

operating cond1t10ns are n; " 5x10 3, T = 5 eV and T ~ 0. 5 eV

A 1ow-pressurerd1scharge-modu]ated CO2 1aser(]7) w1th,output
power variable from 50 - 400 watts rms atv400er.was_foeused in{o:the
p]asma with a .50 cm gold-coated mirror. After passage.through the |
p]asma the beam was dumped into a b]ackened wedge shaped absorber

. Use of po]ar1zed rad1at1on was doub]y advantageous ‘W1th

Brewster windows on the plasma chamber,: 1arge stray 11ght.1evels arising .
- : ' N -
- from window reflections could be minimized. - Secondly, this allowed the

elecific field to be oriented perpendicular to the wavevector of the
'scattered radiation collected, enab]ing a maximum Thomson cross-section .'

to be obtained since g = /2 (see eqn. 3{ﬁ). A po]ar1zed output- from

hod

i

the laser was obta1ned by emp]oy1ng Brewster w1ndows on the laser dwscharge

tube. , v _ o
As a reasonable compromise between a distinct electron feature

%and required spectraT reso1ution, a'SCattering paraﬁeter a = 2 was chosen;

\

"Thus for typ1ca1 parameter§ of th1s p]asma, a forward scatterIng ang]e

e

" of 22° was used. 4

A]though-a large’ co]]ect1on solid angle AQ 1s des1rab1e for |

i

increasing’ the scattered power detected, care must be taken to assure
: 5 .

that the var1at1on 1n kv .k k s sma]l over AQ 1n order to minimize o

smear1ng of spectra] deta1ls In th1s exper1ment a co]]ect1on sol1d

2, 1]

ang]e of X 10 zsr was used for the scatter1ng ang]e of 22°.

v J
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Scattered'light was co]]ected over this solid angle by a
Cassegra1n1an mirror system mod1f1ed to prov1de a well- co1]1matep

output beam. Such good co]]1mat1on Was necessary since a scanning

Fabry-Perot 1nterferometer was to be used for spectral ana]ys1s. A

3

b]ackened conical v1ew1ng dump was placed opposite the Cassegralnlan
" in order to minimize detected stray 11ght from 1ns1de the chamber.
A 6.5 cm focal 1ength NaCl lens was used to focus the output
beam from the Cassegra1n1an onto a mercury- doped gerﬂan1um detector

cooled with Tiquid helium. Th1s gave an overall m?on1f1cat1on of 0.5

»>
in the collection system which for the detector size of 1 x Zm2

.enabled scatterlng to be obserVed from the total 1ntersect10n volume
of laser and plasma.

A narrowband 10.6 filter (B.P. = 16008) also cooled to 4.2°K

[

and mounted directly in front of the detector gaue an improved |

responsivity of 4x107 volts/watt (- a factor of 80 over no f11ter) w1th
N Pl
no increase in noise ]eve] Even w1th thls improvement in s1gna] to—

"noise, expected scattered signal leve]s viere st1]] vell be]ow ‘that of
broadband detector noise (6 LV/#HZ) Synchronous detect1on employing

a PAR mode] HR-8 lock in amplifier was therefore necessary for 1mproved

‘i sl
7)"3‘, i
in 'e.measurements. Phase reference for the lock-in was obta1ned from

nal-to- -noise. Integratlon t1ne constants of 10 - 100 sec were used

aﬁf%‘[v current moni tor.
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Yesponsivity, a scattered signal level of 2.7 wv.

iz ‘ <

10

3.3.2 ResU]ts!and Discussion

” Bty ' o

Preliminary measurements of integrated Thomson scatteringiwere
done with no spectral dispersion in the co]]ect1on opt1ca1 system

In th1s case, the scattered power s descr1bed by egns. 3 2
and 3.19. Separate Langmu1r probe measurements - y1e1ded N> = 1 5x10

o ,
cm'2 and Te,= 4.7 eV. The jon temperature vas’ taken to be 0. 5 eV Thus

13

for a SOH,incfdent:1aser beam, a total scattered power of 4.9x10 ]3 watts

would be  expected, or"inc]uding the optical transmission and detector
Stray light was reducedbto a minimum obtainab]e level of 157V

for 50 of incident laser power. Ir1s1ng near the 1aser was done to -

s \-« S

Timit theubeaﬁ:size and high]y dwvergent modes . 0pt1ca1 baff]1ng

preventing the”Cassegrainian froh direct1y v;ewing the entrance and,
exit apertures of the p]asma chamber gave 51gn1f1cant 1mprovement by a
facto: of 30. In add1t1on, comp]ete]y enc]os1ng the detect1on system
eliminated background:sourfes outside the chamber,

Such 1arge stray ﬁight levels are not normally a prob]em since

they can be subtracted from the SCattering measurements. ‘In this

,/EXper1ment however, bachround level var1at1ons of 18% occurred on v?ﬁ

e

\v
minute time sca]es “Transverse mode changes 1n the 1aser were%ma1n

respons1b1e w1th 5% variation being caused by output power and phase

- fluctuations. For long 1ntegrat1on t1mes,no 1mprovement was obta1ned

.since very slow drifts werec,;kﬁl present - >_Q

£y
by

Stat1st1ca11y averaged measure ents over ten plasma on- off

cyc]es implied a scattered signal of 1.: V. Agreement with the expected

O

PRI EE

P
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2.7 dVvto'Within a factor of two'fs quite good under these circumstances.
) S1gna1 1evels given above correspond to an input laser power
of 50V rms * Measurements at powers up to 4OON yielded a 11near behavior
- of bqéﬂ §mray 1lght and Thomson scattered signals. Effective noise for
. 1ntegrat1on t1me constants [greater than 20 sec was 1ess than 1 uV, thus
" in th1s case, no adVantage to using powers above 1oow was obta1ned

’

Because the background was 1arge and’ dr1ft1ng, and the e]ectr1ca]
noise Revel only marginally be]ow that ‘of Thomson scatter1ng, no spectra]
analysis was attempted since the scattered power per sbectra] band wou]d
be considerably less than the iotegrated scafiering It is c]ear.that
success ful spectra] analysis wou]d require a stab]e high power 1aser‘
and long integration times in order to 1mprove both signal-to- no1se

and s1gna1—to—backgr0und. S _ S )

3.4 High «, Collision-Dominated Thomson Scattering Measurements
. " - »

3.4.1 Setup

Py

A schematwc ot the backscatter1ng exper1ment from an argon°'

‘ \ p]asma Jet 1s shown in F1g 3 5. Parameters of this jet are»knownl -

from the absorpt1on d 1nterferometry'meaSUrements of ChapterVII' ~In =

this exper1ment the [jet was' operated at, 300A and an avgon f]ow rate of
100 cc/sec ‘
The C02 aser input optical system and beam dumplng were -
‘1dent1cal to those used in conjunction with the ho]]ow cathode d1scharge‘
discussed 1n‘thebprev1ous section.” Here the scatter1ng vo lume was

situated 8 mm above the jet anode. 
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For t&pica] p]aSma jet e]ectron,densities and temberatures,'

~ ©

the scattering parameter a for 10.6u radiation is greater than 36 for .
any scatter1ng angle ¢ thus establishing a highly cooperat1ve Thomson
Scattering reglme. In this case the‘w1dth of the scattered spectrum

is inversely proportional to a. Thus to minimize the spectral

resolution required, a value of o = 37 corresponding to a scattering

angle -of 160° was chosen.
s Thomsonqécattered light was collected by a modified Cassegrainian

system. A He-ie laser illuminating a small.metal ball centered in the

~ scattering volume 'was used to align the two Cassegrainian mirrgrs to

achieve the best collimated output beam. The theoretical minimum full-

angle divergence of 7 mrad for this systemIWaS obtained. This assured

excitation of only the axial cavity mode in a scanning Fabry7Perot

interferometer,p]aced immediately behiah the Cassegrainian.

Se

This Fabry-Perot consisted of two germanium substrate mirrors

both with die]ectriC'coatings for a reflectance of 94 on one surface
it - Rhat : -2 ,

and 0% on the other. Its general characteristics and performance are

‘described in Appendix II. A nominal plate spacing of 10 cm was‘used to
.obtain a free Spectra] range of 5.6 A which was marginally greater

than the 4.5 A FUuHN scattered'spectrum that would be expected on the K\\

_wbasis of a co]]isionlessrplasma “'Small variations (uP to 16u) in

th]S spac1ng were effected by a piezpelectric crysta] that was mbunted

behind one of the mirrors and dr1ven by a high- vo]tage ramp generator

(0 - 1.6 V). R | ’;
A 6.5 cm foca] 1ength HaCl lens focused the output beam from

the Fabry—Perot onto a mercury dopOd german1um detector through a '

xooled narrowband fitter as descr1bed in the prev1ous low density

-

mijsurements. Synchronous detect1qn was again ut111zed for s1gna1
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@
A

;averaging'and noise reductton.

| An osc11]oscope prov1ded for visual dlsplay of the scattered .

‘ spectrum. S1nce Fabry -Perot resonant wavelength shifts are directly
proport1ona] to spacing (for constant node number), a ramp generator
mon1tor was applied to the scope X-axis to obtawn a: linear wavelength

d1sper310n Output from the Tock- 1n amp]1f1er was used for amp]ltude

o ~

_{def]ect1on- o _ o ' . - o ﬁ;‘
Measurement of spectra]]y integrated scattering was done w1th
\\the Fabry Perot 1nterferometer removed from the optical system -In

th]S case a b]ackbody radiator placed at the scatter1ng center. y1e1ded
| a transm1ss1o% of 0.18. For these measurements an 1nc1dent laser

pover of sow ms was used h]gher povwers were not requ1red 51nce

observed s1gna1 levels vere, we]] above detéctor‘no1se and stray lwght

g

]eve]s

.

3.4.2 Results .and Discussjon

o . : ‘ ‘ '
. Mea5urements done here vere for an average e]ectron densxty of
T 2x1o]7 3

in a v1ewed scatter1ng vo]ume of 1 x2x 3lnn3 The

*e

e]ectron and ion temperatures were taken as 1 2 and. 1 eV respect1ve]y

For these parameters, a =, 37 resultlng in a dlst1nct central 1on

. 1

feature 1n the scattered spectrum wh1ch would*have a. FVHH of 4. SA if
co]T1s1ons were neg]1glb]e - However co]]1s1ona] effects are 1mportant
here with’ the co1]151ona1 parameter of the ions p ~ 8. »Thus a

' : cons1derab1j narrower I1neshape w1th a FWHM of ~' 0. 65A as, descrlbed

by eqn 3 37, was expected { R N ‘f
. - N - . \\ w : B

oy
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S%nce collisions only moddfy the spectral shape,uthe

integrated scattering'is still-predicted by eqns. 3. 2‘and 3'19 In

' th1s exper1ment ng2> = 3. 6x]0J6 n-2

. wh1ch 1nferred a tota] scattered '
9 .

power of 2.25x10 zwatts for an 1nc1dent 1aser power of 50w rms.

Includ1ng the opt1ca1 transmission factor ‘and detector respons1v1ty,-

“u

this corresponds to a scattered 51gna1 Tevel of 17 mv Exper1mentally, -

‘a value of 26 mV was measured w1th the Fabry Perot interferometer
removed and is-in reasonah]e agreement~w1th the expected result.
Subseouent spectra] measuremnnts vere done using the Fabry-

Perot 1nterferometer For. the eta]on spac1ng of 1N cm, correspond1ng

to a free spectra] range of 5. 6A,va f1nesse of 6 was obta1ned as shown

3 -

Cin-Fig. 3. 6 A]hgrment was done us1ng a 1ow pressure CO2 laser |
‘(]1new1dth ~ 0. 1A) hence Flgr 3.6 represents the 1nstrunenta] Tinewidth.

- Th1s reso]ut1on of ]A though not as good as des1red
neverthe]ess allohed an unambiguous check for line narrow1ng and
d1<aopearance of the ion peak Furthevnore fov a narron line, observat1on

of thp fract1ona1 oroadenlnq over the 1nstlumenta1 w1dt1 would set an :

upper bound-on_the scattered linewidth. K_
_ e , L

L3

Backgrouhd scatterino and noise as\shown in Fig.'3.7a was well

/
li

below plasma scatter1no whwch is shown 1n Fig. 3 7b.- A scattered
L/

]1new1dth of about 0 SA was obta1ned fron nmp1r1ca1 fo]d1ng w]th ‘the

1nstrumenta1 ]1new1dth

It ]s t]ear/that pronounced narroulng of the ion feature and

3
t

the d1sappearance of the ion acoust1c resonances . 1ndted occurs as
expected for-a h1gh1y colllsfohal p1asma These resuﬂgs houever are

at odds with recent theory by Leonard and Osboy/ (18? which pred1cts

~§?¢'ﬁﬁf'/
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Fig. 3.7
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on]y marg1na1 narrowing-and. enhanced jon acoustic resonances. This

discrepancy may well be due, to thelr assumption of a fully ionized

i (19)

pla,maﬂ'

Other recent ca]cu]at1ons imply ‘spectral narrow1ng and -
| reduced 1on resonances in partially 1on1zed p1asmas, such as the |
| plasma jet used here, a]though no spec1f1c resu]ts have been presented
for Thomson scattering of 10 6u radiation. L
Further»c011151on-dom1nated.Thomson_scattering experiments’
are therefore,required to test.these various theories.  Such measurements
_wou]d'reouireaa substantia11y'higher resolution than was attainable

here.. Dur1ngfth1s ur1t1ng,new Fabry Perot etalons w1th higher

: reflect1v1ty have arrived and proved capap%e of reso]v1ng down to the
T\
4 .

AN

laser linewidth itself (0.]A).

3.5 High =, Enhanced Thomson Scatterfng

[}
>

. . ) . : ) [
' T4 fhee
4 ,:j
&
X .

Measurements of scatteringffrOm non-thermal fluctuations were
done using the arrangement of F]gw 3 8. A‘confoCal 10 cm lens and

, \
© concave m1rror, used as a tota1 ref1ector on a UV initiated Rogowsk1-

(20,21)

type'COZ‘laser , Was enc]osed in a low pressure (15 Torr)

. hydrOgenfce]]. Breakdown occurred at the focus when the laser was
| T _ _ o _ .
fired. =
Scatter1ng measurements at 10. 6u were performed ‘in a p]ane

perpend1Cu1ar to the cav1ty axis us1ng a separate helical pin TEA CO2

1aser ﬁgfusif 1nto the ‘plasma via a ]0 cm foca] length NaC] Tens.

Iy n ) A @ . E
SN . e - . ey
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Both the probe and p]asma produc1ng lasers were unpolarlzed

Thomson scattered rad1at1on at 90° was col]ected by a mod1f1ed

‘Cassegra1n1an system and detected by a mercury doped gennanIum detector '
as prev1ous1y descr1bed Loadlng of the detector to SGOQ gave a

detect1on time constant of ]ess than ]00 ns. In these measurements the

coo]ed narrowband 10.6u f11ter was not used Even w1th the resu]t1ng
lower respons1v1ty, Targe s1gna]s vere observed and ny]ar attenuators
in the col]ect1on system were necessary in order to na1nta1n a 11near

detector response. Output from the detector was monltored on.an
‘ osc11]oscope. X 3 ' I PR

H
\

To estcb11sh that the observed s1gna] was ne1ther refract1on

i

nor ref]ect1on of the probe bean, a scann1ng Fabry Perot 1nterferomete;\i'

was used to checP for a Doppler sh1ft in the detected radiation.
SR

Large amdants of‘stray 1;ght and Thomson scattering. from the

'p1asma produc1ng PogowsP1 laser vh1ch norma]]y also operated at ]0 6u,

vias e11m1nated by ut111z1ng an. 1ntracav1ty SF6 ce]] to ta110r its ga1n
lyprof11e ' For 100 Torr ‘of - SF6 in the 5 cm long ce]] ]as1ng occurred

.:n only at 2.6y. Jlth both > 13 1ong*wave1ength pass and 10.6p" bandpass

Id

“filters in the co]]ect10n opt1ca] path, reJect10n of th1s rad1at1on was
>~TQ6.( Thus scatter1nq of the 10. 64 probe. laser cou]d be ea51]y

detected by d1scr1m1nat1ng aga1nst the 9 6u ]aser produc1ng the p]asma.
In add1t1on, the 10 6 f1]ter ]1n1ted the p]asma emISSIOH seen by the ,

detector to va]ues less than that of |honson scattered radﬁat1on.
)

3.5.2 Results and Discussion

z Scatter1ng measurements*were done for a probe laser power of

1.5 My and a p]asma produc1ng laser power of 300 I%4. Results reported '

L
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ghere were for an initial cell preSSure of 15 Torr hydrogen. |

| . Typica1 parameters in the scattering volume (1 x 1 x é mm3)
}f‘werq-n"w lJ,x]O]7 fa;‘T m‘]O eV and T, w5 eV, Thus the scatter1ng
;;iparameter a'= 33 and co]]1s1ona] parameter P; ~ 0.5, vhereby a dom1nant

- central 1on feature with a FHHH = SSA not substantially mod1f1ed by

'””f;c01]1s1ons wou]d be expected on the basis of thermal fluctuations.

,‘rIn add1t1on, for 1 5 M of" unpo1ar1zed 1nc1dent rad1at1on, 1nterart1on~
‘5"1ength of. 2 mm and - co]1e§;1on so]1d angte of rx1072 }, a tota"
;i'scattered power of 7 5x]0 SN uou]d also be expected

= H]th the Fabry Perot eta]on removed, a spectra]]y 1ntegrated
ﬁs1gna1 1eve] of O 22V was: measured . For my]ar attenuat1on = 216

';overal] transm1ss1on ; O 1 and reduced detector respons1v1ty (1nc1ud1ng

:?1oad1ng) th1s corresponded to a scattered power of 85. md Thus the

fA75observed s1gna1 was 1arger than that pred1cted on the basis of therma]

'j’fluctuat1ons by a factor of about 1100.’:- l‘f D ' .

On the other hand, such a 1arge s1gna1 cou]d be due to
-ref ectlon or refract1on ratner than Thomson Statter1ng Dur1ng the

prod ct1on of th]S trans1ent p]asma, a rad1a1 shocL wave with peak

“t‘dens1ty " 1018 m -3 expands at a- veloc1ty of v 5x106 cm/seC(Z]) In

B

| ?th1s case the laser frequency 1s on]y a: factor of three above ‘the

" o

'p]asma frequency and, a]ong uwth the densxty gradlent m1qht have

i

'Taccounted for the observed fract1ona1 scatterang of 19 - 7H--Suchhsources;
}:however,_wou]d(be Dopp]er sh1fted by about ISA ifpé'_~. R .; .

“:'., To check for such a sh1ft, a Fabrg Perot 1nterferometer w1th .
fffree spectra] range of 4OA and reso]ut1on of 6A was enp]oyed It was _i
'; found that the p]asma scattered spectrum- was not sh1fted fron that o

,fobta1ned by suspendlng a sma]] meta] ball at the scatterlng center

‘fThus ref]ect1on/refract1on can be ru]ed out as the source of observed

RIP
A
. R
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signal.

‘

In add1t10n, the 1nstrumenta1 w1dth was broadened by on]y 20%;

I

thus the enhanced Thomson scattered rad1at1on was substant1a]1y
narrowed over the F”HH of 55A predicted for a therma] p]asma

‘Therefore the observed scatter1n§’1s attr1butable to non- therma]

'f1uctuat1ons o . . ::u

| As dwscussed in section 3;2‘3;~{hau¢ed fluttuations in this exp-
h'erlmentcan arise from mixing of an 1nf1n1te number of waves defined by
the foca] co%e and ]aser 11new1dth Thus, according to egn. 3. 46 .o
enhanced scattering wou]d be seen on]y 1f the scatterwng kK were matched

to any Kk,- K, vhere gq 5 11e w1th1n the p]asma ~producing foca] cone of ;
‘radiation*' In this exper1ment such matching was not used, therefore ‘

K

,feqn; 3 46 does not d1rect1y pred1ct the observed enhancement . ’However,
" non- therma] fluctuat1ons d1ffuse in k- space, uhereby the measured

enhancement of ]100 is a 1over bound to the .level’ of enhancement that

v

. uou]d be found for ‘matched cond1t1on§ J : L

| That the 9.4y Rogovski ]aser,eff1c1ent1§ 1nduced f]uctug%Tons
over a w1de spectrum can\be seen from the coup]tng condition Aw <]Ak|v
For these measurements. the cone of focused/radtat1on had an apex ang]e

of 22° (3 8 c¢m aperture and 10 cm. foca] length) Thus the mean angle

of 11f'wou1d 1mp]Y‘strong coupling for te ”-4x109 sec']

which is.of the
10 1) .

“order of the 1aser 11new1dth (ftL v 10

An approx1mate ouant1tat1ve express1on for the enhancement
Q‘, .

'“;ﬁ1n spectra]1y 1ntegrated scatter1ng can be’bbta1ned Jrom the tota] \-
”:coherent 1ong1tud1na1 waye energy dens1ty in the p1asma, wh1ch is -given
by



‘after d1ffus1on 1n k and therefore us1ng eqn. 3. 50

ne’ fy ) Intkow) |2
u = -8 3j_2 lim { 7 ———— dkdu ’
(27) kS VIso| -
9 - ‘
ne - Q’k' . . ,
= v,; e 2]“(-—2’(‘3) d-k_dh.‘ v ‘ 3-52

R

Y :
where the form factor for ThomSon scattering has been substituted for~

A

the e]ectron dens1ty autocorre]atlon. Va]ues of [k! are 11m1ted to
0 < Ik[ < )Dl 51nce shorter uave]encth cooperat1ve f]uctuat1ons are
heav11y Landau damped |

~In the absence of 1nduced vaves thermal fluctuations preva11

whereby us1ng eqn 3. 19 and taklng Z =1 and Te = Ti for.SImp11c1ty,

3.53

utherma]' YRS | o o ’
~, S e
Assum1ng the non-thermal energ/ to be the same before and

Q'? 8212 '
; Ynonthermal 2 2 > . pa— 3 3.54
onthermgal . one e ( )Hakle ﬂ
De - -
where I( = laser intensiiy and . ~ 12* v , ' ﬁmQ
- Thus a re]at1ve reasure. of the. enhancement as g1ven by the -
rat10 of total non- therma] to therra] ?%ve energy is Efp
B Lo “ “ / L '
b 22
Ynonthermal v 0 , ;
u ST X s 3.35
; 7. R, TR < N | » ) . :
Ly ' ™ '
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17 2

ExperimentalTy I, ~ 2x10 erg/éecfém at A =‘9.6u,'xDe = 3.7x107% em.

and a typical |ak| ~ 1250 cm'T corresponds to the fedn focal cone angle

of 11°. For these values u » 2400. Although only

b . ,nontherma]/uthermal
a rough-approximation this result does indicate that the enhancement

of ~ 1100 found experimentally is not unreascnable.

. \

‘Subsequent experiments to measure the k-spectrum of‘thesé '
f]uctdgfions woufd be useful in the stﬁdy of 1ase¥llight absorbtign'by
pon—]inear processes in plasmas of thermonuciegr interest. From.the
resuTts-reported here, it;is cleér that Thomson SCafterihg of 10.6u

N

radiation wQu]d serve this'purpo§e adequately.



CHAPTER 1V

. PLASMA PERTURBATION BY ABSORPTION. OF 10.6, RADIATION

er.] Introduction

Yo

~Inverse bremsétrah]ung absorption (~ néxzd of "10.6u radiation

in plasmas. is substantta]]y greater thah ,at visible\wa. e]engths wh1ch~

results in correspond1ng]y larger perturbat1ons of den\ity and
o o

temperature. This is of particu]ar importancelin cases where a high

power pu]sed-TEA_CO2 laser is-reauired for plasma diegnostics such as

-

“Thomson scattering. (
Hhen the plasma“ belng 1nvest1gated 1s on]y part1a1Py ionized,
“small amounts of heating can significantly change the electron dens1ty
(n Na ™ T 8) wh1ch in turn leads to substant1a11y increased absorpt1on
Two exper1ments measur1ng the perturbation of a part1a11y
1on1zed argon plasma jet by a focused TCA CO2 1aser are descr1bed
F1rst the amp11tude of the shock wave generated was recorded using a
high speed p1ezoe1ectr1c pressure transducer In the second, enhanced
bremsstrah]ung rad1at1on was - used to mon1tor p]asma heat1ng |
A The purpose’ of these,measurements was to determine practicd]
1imits.of 1dser power beyond which 1erge’perturbations were induced.

<
‘An approx1mate ouant1tat1ve descr1pt1on of the domwnant perturblng

-

mechan1sm is also given. -~ =

L

s

SRR \ 85 .




- 4.2.1 Setupj" C

T over 10

- correspong tod =2 and’ 7

Lrange 109 - 500 md were used

‘

4.2 Measurepent of Shock Energy Released
. Y

e

A Y

The experimental arrangement is shown

from a he11ca] p1n TEA CO2 1aser( ) with- nom1naT output energy of 0.2

@ | 86

in Fig. 4.1. Radiation

3

Joule was varied by us1ng ca]1brated attenuators constructed of th1n

atmospher1c pressure argon p]asma Jet(z) by a ]Ocm«foca]j]engthANaCI

¢ lens.

mylar sheets ( 002", .006") This attenuated beam was focused into an

The resu]txng interaction vo]ume of laser and p]asma had a

Cross- sect1ona] area of ~ lmm2 and a length of ~ 3mm through the plasma.

-"1

s A ]ong Langwu1r probe vias swept through the. p]asma (Chapter

II)1n order to won1tor the average eTectron density which was varied

15 17

- 19

ﬁ by axxally trans]at1ng the Jet

: Heasurement of plasma perturbation was done.uslng a hlgh

ge

speed p1ezoe1ectr1c pressure transducer to record the amplltude of the

shock wave generated by absorbed CO2 ]aser rad1at1on This part1cu]ar

movab]e stand to

~ ] bsec.' It was m0unted on

[

p1ezoprob° (At]ant1c Research LD 25) had’ an adequate time reso]ut1on of-

perm1t easy pos1tlon1ng

at vary1ng d1stances d from h foca] volume resu]ts g1ven here

j‘'.,"‘('2'\7/at'm.) was done us1ng a shock tube to prodee a knoun pressure Jump

R

‘A check of the traé?ducer response

¥

Flnally a capac1t1ve spark d1scharge in air was used for .

calibration of p1ezos1gna] Vs energy re]eased at a po1nt Good agreement

i

with theoret1ca] blast uave re]at1ons( ) was obta1ned ‘Energies in the

f

\
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4,2.2 :%esults and Dfscussion’- . . | ' = )
N o~ '_- ’-‘r . 2 ( - o
S R SLoree s M S SEI A
v o B LT L o
’ Two separate sets of meas«rements were done. In the first. the
NI
robe s1gna1 was mon1tored as ‘a funct1on of laser 1nput energy for

Zuanstant 1n1t1a1 electﬁbn,dens1ty of 3x]016 -3,

N

F1g 4.2 shows \3

_?energy re]ease E from\the foca1 reg1on vs 1nc1dent Iaser energy E

: of 1nc1dent Iaser 11ght wh11e the secohd assumes on]y sma]] perturbat]ons

@ N\ . i“ v >

whereby the absorbed energy 1s determfned by the initial e]d/tron dens1ty

wa
- .p

and temperature | %5. . .{ o _ ' f

‘ "} {. It 15 c]ear that for E 2 ZOmJ p]asma d1sturbances are large.
- .

On .the o%her hand ghe m1n1mum dgtectab1e shock energy of Yy 10 8J was

TV

'u much Iess than the 2x10 SJ of. e]ectron therma] egergy in the foca]

reg1on and hence can be cons1dered a sma]] perturbat10n

Thus a\threshold 1aSer energy of ~ 10mJ extsts in this case.

-

_ Due to "tha high]y non=TTnear behavxor 1@ is un11ke1y ‘that this ]1m1t

“

c0u1d be e&ceeded by more than a factor of 3-for useful dwagnost1c

;, measurements under s1m11ar plasma cond1t1ons
: . 4 ™ ’»\:;,_‘ .
An dpproxnmate quant1tat1ve descr1pt10n of the heat1ng process o

[

% | can be obta1ned frem the energy dens1ty/1n a part1a11y 1on1zed p]asma

\ - . R . | . rh Y . . a
. :’-.',.‘- . :;3 B . ‘ o v . ) < ) . \
‘ 37 g | 5 o 3 .
u=%5nT + n.T. + =n-T. +n1 vV, , hrhﬁls
\ U572 ele T 7N L. 2-nn er € /cm -
B . . v . RN -7 N
! . °
for n = cmf3,.T = eV, I - 1on1zat1on ener/y eV) and e, 3 ,n = e]ectrons, .
- N L, . e ) .
1ons, neutrals respectlve]y oot , '%, W,

7 - e .

\\For a s1mp1e analys1s expaﬁs1on of the focal vo]ume w111 be

‘-», ‘p
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.neg]ected a]ong w1th energy ]osses through heat conductlon and rad1at1on.

\

A fhus for th]S flxed vo]ume n, + nn n, = -constant. Ip add1t1on it is
©

'neasonable to take T " T since the 1on -neutral eou1part1t10n t1me is

< 20ns for cond1t1ons 1n the Jet ' \.

1Equatlgg absorbed power (using a of eqn. 2.18) to du/dt,

NJ

& ( ) n E dT dT.
35 ¢ =3 23,9
‘8“0 g‘r Z 2 e T 2 N de
e * P
’ dn . A
3 e _ :

8 . >
. ' : . P
[ - : : .

where'A cross sect10na1 area of the focus, Pi = 1nc1dent power and
the un1ts are ey and cm. , The rad1at1on 1ntens1ty was taken to, be.
constant across the foca] area; A | N | | -
‘ Several limiting cases can be gasily ca]culated : I;Aa]] of

‘the absorbed energy goes in’ 9 heatqng on]y electrons (no ion- neutra]
heating or 1ncreased 1onlzat1on) the flnal e]ectron tenperature,
upon lntegratwon of*eon 4.2, would be

| RN CA

T =11 + - T : ‘ 4.3

572 e,
e B o

-

e . - -

forvTe = eV, Ne - cm‘SQ\Ei_='J, A =‘cm2, The shock wave“energy is then

‘given by

1.88x10 16 neE: 2/5
By 4
| : AT 2

L aa-19 . .
- EO = 2.4)(]0‘ rreTe Az

4.4



,

wherellr' 1nteract10n length B 0. 3cﬁ\ ng = cm’3 E = J 9nd T V'

Th]S is an upper ]1qpt sifce all of the absorbed energy is assumed to °

N

2

be converted into shock energy . - | L

(} ions and neutrals are heated at the same rate as e]ectrons,.'~

S Te, =1 7572 = ey
' o ' e . ‘\ R
2 | ATe] (ne+no)J | LR

L a9, o [ resao 8l 25 ]
Eo = 2.4x10 (ne+"o)Te]9% (1+ AT 5/2(n +n )) R
. . . . L | .e: ‘ e‘ o
4,6
. - v h q . - ., ) . .
- These two cases correspond to zero- and infinite e]éctron lon ;

e0u1part1t1on tJmes Tei-ié For typ1ca] Jet den51t1es and temperatures,

e> = 40 100 ns( ) wh1ch is much sma]]er than't o

3 us. Thus eons. 4.5 and 4. 6 wou]d be expected to g1ve the best results
. -
1f on]y the temperature 1ncreased

On: the other hand if a11 of the absorbed energy goes into -

1ncreased_10n1zat1on ( _-ﬂ), the f1na1 electron dens1ty is gjven by
. 1 -
Ne % _ 16 . ,
2 - 1.12x10 “Tn E; o Lo
- Tl ey i _ Co
g 1 . o
e N Ut P ; ) . '.,\_1"1 . R
. 3/2,3. : ST .
o AT o) A
’2: ”:>Q

laser pulse ledgth Of'a

" ).)‘e o 0.




- range from 10 s at n, =10

n. E.2 o7
e
1.8x1073° ‘1352
‘ T £
e s : . . ' t
B, = — . Ce 4.8
o . 0 L]bd046 E 4 o
"':~' ' ’ ]-- ]

AT 3/2(3T &

-

\

»
-

Qn]jke the previous AT cases, ac tastroph1c process occurs for4j

i ] v

AT 3/2(3T +1) v. - | o | . \

2 ’ - . - \\ AL
E. > : < 4.9 v aelnded
S e e, ' - | .
. : e .
‘ 1 .
. .. R . S
Equations 4L6 and 4.8 are p]otted in Fig 4.2 forfn = 3x1015
3,‘Ie = leV, A =.]O'2'cm2, = 3mmand I = 15, 7 eV (argon). Clearly

'the An limit is much more dominant than the 2T 11m1t It is ev1dent
that the rap1d .onset of large perturbat1ons forcast by eqn. 4. 8 is

1n reasonable agreement with the exper1menta1 threshole of about %-th1s ‘ 3;

‘quantlty , _ *%
' That the energy output at ]ow Taser 1nputs is much Iess than - '>§\\

that correspond1ng to complete conversion of . bremsstrah]ung to shock

<

energy mer1ts some qua]1tat1ve dlscuss10n S1nce most of the absorbed
'energy is taken up 1n further 10n1zat1on, pressure wave generatlon w1]]

" he governed by recomb1nat1on where from Chapter I, recomb1nat10n times

18 to 1 ms at Na.= ]Q]G 3.

.__-_..__~
~

Abso]ute ca]1brat1on of the prezoprobe used to obta1n the shock
/energ1e€ app11es on]y to a fastare]ease of energy Exper1menta]1y, an N,

N
]8 3) with fast rec mb1nat1on was: used whlle the

air spark (n > 10
. theoretwcal re]at1ons of Brode( ) _assume an 1nstantane0us energy depos1t
at a po1nt Obv1ous]y for 1onger—]1ved energy re]eases, ]ower amp11tude

vpressure Jumps will be measured by the p1ezoprobe.
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>

expected to be Tess than the actua] va]ues. HOWove

(,l

Qrequ1red to produce a. f1xed 1ow~1eve1 perturbat1on were mon1tored agﬂf, o
“"ﬂg;"‘ __,ﬂ
funct1on .of 1n1t1a1 e]ectron dens1ty 1n the JGI

A

~of ]0 8J correspond1ng to the n1n1mum detectab]e

'constant electron temperature of

A \g'°

temperature corrections der1ved'f
cond1t1one)have been included.

v Thus over:a wide range of e]ectron'ﬂens1t1es, 1t can be seen |
that a re]at1se1y low- 1eve1 perturbat1on 1; assured by tak1ng 1nput .b:' ;~”

-laser energfés be]ow about O 1 of that predlcted by the breakdown energy

4.3 Measurement of Enhanced Emission.,
Do : BN |

p o
RURE N S
. s

o
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A

attenuators A portlon of the atte uated 11ght vas obta1ned from an

uncoated WaCI beam sp11tter (two-sur ref]ect1v1ty = 8%) and

_mon]tored y51ng ‘a’ Gen-Tec perelectr1c energy detector The: transmitted

‘ beam was focu;ed dnto an argon plasma Jet as done 1n the previous shock

"

2

measurements with resulting’interaction volume of ~ Trm®x3mn.
L ] ..

L4 -

Plasma emis . inn’ at visible wavelengths was collected from this

. ' ) — - T
‘volume and images at he input of a 0.25m Jarrel-Ash monochromator by

f‘ﬁ s

\a lens. sys o7 T w flat m’rrors prov1ded 1mage rotation whereby
the 3 ~ - | of pertu Led plas—a eould be 1maged%§2ra]1e1 to the
entranc. . . ‘ : 5 ‘ 4

51°° sizes ¢ 10070 were used in the measurements to obtain'

're]atively S I T fovels and a-spectral 1ntegrat1on of continuum

;M
radlatlon over approxin. ¢ 25A~~ Uith these 1arge s11ts, 1mproved

)

~ .spatia] reso]uaion wa o aeh1eved by pos1t1on1ng the col]ectlng lens and

A
monochronator to g1ve a two-fold magn1f1cat1on of the interaction

vo]ume,
A>ﬁhotonu]t1p11er at the monochromator output was used for ‘
light detect1on. Load1ng to 51K was found to be a'p asonab]e comprom1sef

betwéeo-a maximum in s1gna1 level and a minimum in'response time, In
* . : . - - . .' - a

| this case the detectionvtime constant was 30 usec.

J Both. plasma emission and - 1nput Iaser enercy were s1nu1taneous]y

recorded on an osc1lloscope. Qu1esent em1ssn0n was. mon1tored by

1nsert1ng a: cﬁopper wheel into the co]]ectlon opt1ca1 System

. -4
’
\
‘9

4.3.2 Results and Discussion

"
Measureménts of transiently enhanced emission, centered at

= 6900A, as a fuhction of ihput laser energy were done at constant



and 8x10]6 3.‘ c ;) . -

.
Y

', 1n1t1a1 e1ectron dens1t1es of 3x10]6

-

T

These re5u1ts are. p]otted 1n F1g 4, 5 b,d where enhancements

" -have been-norma11zed.to the non-perturbed em1ss1on. Random v,

fluctuations of about 6% 1n thefqu1esent em1ss1on prpc]uded measurement

P _
.of ]ower level perturbatxgns. The va]ues actually measured have béen .3 -

’ - -

nu1t1p11ed by a calculated correction factor of 1.5 since “the refergnceA '
lévels included em1ss1on fronlouts1de of the 1nteract1on reg1on;(see

,F}g 4, 6) B ' y , ‘ f =
It can be seen that the large d1sturbance thresho]d for .
]6 . m

= 3x10 (curve b) and marked non- 11near behavior a(e 1n gobd

e
agreement w1th the prev1ous shock ngsults For low 1nput laser energﬁes,

. ?
a 1arger re]at1ve perturbat1on for n 8x1016 m3 was found agg.

L a

expected: .

.,‘ |

.“,_ . ; \ . N .
, The—An model (eqn. 4. 7) can»be used to .approximately calculate

v'enhanced emission from th”\1nteract1on vo]ume V shown in Flg 4.6. -A -
constant electron temperature w111 be taken 51nce spat1a]1y T varies .
by on]y “ 30% in'V aqd tempora]]y AT 0 (An 11m1t)
In this case, p1asma em1ss1on per unit volume 1ntegrated over

both a f?xed ‘wavelength. interval Ax,and solid angle is

-
-

2
e&

P

E “¢onstant x n

4.10
” . . . . . ) . ' . o ~ ) . 7
since essentially all of the 1light resu]ts from free free electron

transitions (2> = 25A). The enhancement y in detected powerk\s thus

2 av - sl Q o N
e, ey | _ , |
5 . N o 417 <

*
|
{
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'q~|ve T ) o o B c : : '”‘Tr L. ,‘_;" L o ’
’ . "i_.» . /: -
~~+'33 24‘ J cwa T
I 5% . - L U
1.72610 ]65 o> e S
K L L e] ‘ b . L.. .
. where. . . x = - I :
. : ) R 3/2(3T +I) ‘ . \_ oo
o 2e L \ | '
. : g - e S -.,' o .
' 'and EZ =Jd, A =fcm2,,T = eV, 1 = eV, Mg > = 3 & average 1n1t1a1 e]eétron
R L . :
dens1ty in M. e ﬁ_yg oy

A Y

Cen

r : 3 e : i /)m., ] | 100

-
~

L Tak1ng n\ to be constant 1n Y z and 1n1t1a]]y 11near 1n Xs

(

' eqn 4 7 for the f1na} dens1ty, eqn 4 11 can be read1}y 1ntegrated to

‘(' . ]

Phy51ca11y houever gy cannbt exceed a methum ya]ue corresponding

to complete 1on1zatﬁon of a11 ava11ab1e neutrals in V. If Ny = tota]

nunber Gf part1c1es in edu111br1un at temperatbre T and atmospher1c

pressure pr1or to the ]aser pu]se, _ é*, 3 .' ) | ; %
< v ,. - . N,L . / .
| 2 [N ' " . 3h€ - :..nt u 1o - | PR
- i ) yma')k_ .""\I S 2<n > .._.{‘2<n > ]} . ‘ " L 4.]3
K . . ' N ."_’ i ‘ B e] '_ N ‘ E'] . S . . . . )r": )
PO ‘ @ . v‘\”' . _y"‘ ‘_ 4 RS X

Eqns 4, ]é\and 4. 13 are p]g;ted in F1g 4 5 a, c for 1n1t1a1 densqt1es

of 3x1p'® en” and 8x10]6 BT L

Agreement w1th exper1ment is reasonable c0ns1der1ng the
ndmerous approx1mat1ons used It shouﬁd be remembered that the An

mode] 1s only a 11m1t1ng case where all of the absorbed energy is taken

i up by further 1on1zat1on of neutra]s. o d‘ ' =

\,'

a _".-

_ In pract1ce however,.some of the absorbed energy increases

~—

the p]asma temgerature Expan510n of ‘the ﬂaser heated reg1on resu]tung

hi

in decreased dens1t1es is_ a]so 1mportant\1n theee measurements 1h v1ew

K "

of tne somewhat long photo detect1on time c0nstant of 30 us.° Thus the

L . v . . S . . N Q'
. B . : —_— v LR AT -0 .
: . . ’ . : - L . T . Y.
- ST S ) P
. . ! . r

e
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Ane h'mit is expected to over-e imate measuhed.enhancements, as is

indeed borne out by"T—‘i’g R - SR
\Y : Neverthe]ess, pprox1mate maximum levels of T‘EA (ZO2 laser
energy usable for diagnost1c purposes‘ .can ‘be determmed " As_can be

-seen from both the shock and emission measurements, Tow level perturbatlon
‘ »
is assured for laser energ1es less than one-tenth of that reqmred for

A\

"breakdown (eqn. 4.9). . ' : - S .
These resu]ts are “of course, stﬂ] on]y apphcable to ‘ |

atmo)phemc pressure part1aﬂy )éamzed p]asmas.v For other cases such -

.'as more fully 1on1zeU p]fasmas, it may well be that the 2ng, Timit will not

'ap.p1y.v 4 \) L R é oo . !

o -
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'pTasmas has béen found to givd excellént results both qualitatively

~ techniques.

CHAPTER V
) 2 . -
. ", SUfMARYAND CONCLUSION

R A
. I
N , -
e N B .

. Intérferometry, absorption and ThomSon-scattering of CO2

laser radiation have been established;asluseful plasma diagnostic

i o ; ) . :_:j;
Inverse bremsstrahlung absorption in moderately dense

[
B

and quantitatively. Even though;absorption'depends on both~%%ettron
density and é?ﬁperature either of these parameters can'be’determEPEd
1€ the other is known. Furthermore, in partwa]]y 1on1zed pTasmas

A w
where T is approximately constant over a w1de r nge of Ng» absorption

alone can be used to- measure spatial variation in.electron .density.

The first exper1ment accurate{§§me sureg?the absorptlon '
@ .

GLeft:c1ent using an e]edtrqmagnet1c sﬁock tube Ejth pred1ctab1e
electron d9ﬁ51ty and temperature and a CO2 laser. Subsequent spat1a1
measurements of transm1ss1on through an argon pTasma Jet w1th known
temperature have been Abel unfoned to g1ve.e1ectron‘dens1ty prof1Tesv
that areywn agreement w1th those mea5ured by other methods |
Absorpt1on can thus y1er spat1a11y resoTved Ne in part1a11y ionized

pTasmas where the varlatlons 1n T are sma]] (n ~ T 8)

On. the‘other hand if. ne1ther:n -or T‘ s 1n1t1a11y ;gown;
. e ﬁ»,e

e can f1rst be determined 1nterferometr1cale which 1n turn“enables

L

: ca]cu]at1on of T from the absorpt1on The major advantage»of CO2

laser rad1at10n for these techn1ques 1s that the measurab]e fr1nge

\

"sh1fts and attenuat1on are appreC1ab]y Targer than at shorter

Y

S w0 -

2
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o T
wave]engths”- Both interference and absorpt1on were easily obslrved
vfor spat1a11y integrated dens1t1es <n 2> ~ 5)(10]6 . 2, (;

k ‘A 10.6y: Mach Zehnder 1nterferometer set up around an argon

.p]asma jet has been used to quant1tat1ve]y ver1fy the theory'of‘

qvec +ion 11m1ted ion current to a\lLangmuir probe in a f10w1qgjhlgh
dens v 31asma Thus conf1dence can now also be p]aceg in elegtron
‘angities measured by Langmuir probestin h1gh1y co]1151ona1 ﬁiismas

-

e
. A new technaoue using s1mu1taneous absorpt1on and 1nte2ferometry

AR

is part1cu1ar1y usefu1 for transient. plasmas Su measurements on a
bghavior of: both Ne -

y-
laser- produced p]asma have y1e1ded the temporalj
and Te.f*€B1s setup has proved to bg most usefu1 for determ1n1ng
electron-ion recombination ‘coefficients as functions of e]ectron  %

Il

density and temperature e . RS

~ .

Thomson scatter1ng from 1ow dens1ty p]asmas was marg1na11y
rs

successfui\at best ~An exper1ment des1gned around a hollow cathode )
d1scharge cou]d only prov1de measurement of the 1ntegrated scatter1ng
Insuff1c1ent s1gna1—to—no1se ohibited spectra] reso]ut1on of the
/scattered radiation‘ .In addition, a ]arge vary1ng stray 11ght level
due to poor laser characterlstlcs was unable to be subtracted from
the Thomson scatter1ng for 1mproved signal- to no1se
| Nevertheless such measurements sheu]d be poss1b1e w1th an
‘mproved exper1menta1 setup. - It is c]ear that a very stab]% h1gh
power laser is requ1red for scatter1ng from 1ow den51ty plasmas.
Use of a. TEA" CO2 1aser is therefore qu1te attractive. A]though a'
’ coo]ed narroﬁband f11ter in front of the detector is essentia]

svgna] to -noise cou]d be ﬁprther enhanced by coo]1ng the col]ection

opt1ca1 system as wel]
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.

On the other hand,.Thomson scattering of CO2 laser light
from high density‘plasmas was successful A h]gh a, co]11s1on—

~ dominated spectrum has been observed for the f1rst time us1ng an -
4 ‘

argon p]asmavJet. The central ion feature was found to be

substantia]]y‘narrowed oVer‘that predictedoby collisionless scattering
' theory.  The exact ]inewidth-cou]d not be accurately determined'since

T

it was less than the'attainab]e resolution-’ neverthe]ess an

‘

- approx1mate narrow1ng 1nferred experlmenta]]y agreed w1th that

predicted for a co]]1s1ona] parameter p = (k) ; ) ].1 nge detalled

spectra] 1nformat10n viould reqh;re a Fabry-Perot 1nterferometer with
~a much higher°finesse than that used_here. ‘A higher reflectivity ;
etaTon'c0uld*be used for this purpose. = r/, R

>

~

'Enhanced_ThomSOn scattering of,C02 19ser; radiation from non-

“v“thermal.f1uctuat?ons in a 1aserfproducedeplasma\has been done. A
separate 10.6u TEA laser-waS’used for 906 scattering in a plane

' {
/perpend1cu]a‘“to the: dlrect1on of the 9.6u TEA laser beam produc1ng
\
-the plasma: ‘in this setup the scatter1ng wavevector k was not matched

to any plasma modés\dlrectly pumped by non- 11near se]f—m1x1ng of the

9. 6u radiation. Thus the measured enhancement of ~ 1000 over t rma]

—

f]uctuat1ons represents 2 1ower boxmd to the ]eve] of turbu]ence in

this p]asma. }

D

Further measurements at various k could be done by c#an ng
both the scatter1ng p]ane and angfe. This wou]d establlsh the
'iwavelength dependence of these fluctuat1ons and therefore be qu1te
-helpful fo:.a more comp]ete understandIng of. non- llnear coupling of -

XXgh frequency radla Aion to ‘plasmas. ‘a R |

v



Y

pa

10‘%,;s
: Fina]]y, the maximum pu]sed-CO2 laser energles that can be
ut1]1;ed for d1agnost1c purposes in hlgh den51ty part1al]) 10n1zed
p]asmas ‘have been measured by focusing a var1ab]e power TEA CO2
| Iaser into an atmospher1c pressure p]aigp Jet In this case the |
_jthresho]d for ]arge plasma: perturbat13ns could be calculated by
'equat1ng energy absorbed via 1nverse bremsstrah]ung to an 1ncrease
“in 1onlzat1on energy Exper1menta11y measured perturbat1ons were a
very non- ]1near funct1on of 1nput ]aser energy c]early defyplng a
"'d1st1nct thresho]d wh1ch cannot be apprec1ab]y exceeded For CO

Taser rad1at10n the%E/thresholds are ]ower than at v1s1b1e wavé]engths

by a factor of about 200 ~\

v : {
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L APPENDIX -
A | ’ |
 fj .' The propagation of two high frequency (uw >>»“pe) electromagnetic

waves through ar unmagnetized isotropic Haxwellian plasma is considered.
Assumiﬁgvco1lisions io,bé’neg]igﬁbTe; the e]ectron_(fe(rll,t)) and ion

A(f;(r,!)t)) distribution fUnctions satisfy Vlasov equations

»

e e e A e
TP W o - me‘EfEnt “XE)'S_—fO AL
’ L ¥
af . of o af,
i i, Z

L e ls LV i o ,
TR A T 5{;(5 iy VT X .B_) {\'JT‘ 0, AL2
¢:’vhere §,§ are.th?'externa] wave fields and E; o is‘;he interparticle
electric field. | | '
Assumihg sufficiehtly iﬁtehse external anes, first order
l perturbationS'fe] and fj] of.fe gnd fi from the zerbth qrde} HaxWel]ians
~ can be obtained by\;ékihg Eint = 0. ’Defining thé.gpatiéifand temporal.
quriek'traﬁsform as ’ ‘ » : .
. o >

f(&,!_,w)‘ = ff(_r;_v_t)e 1(a <££)drdt : - AL3

‘these first order perturbations are given by

afem'
fe] (_l_(_,_v_,m)’—' Fn—e-v ——i—(m——— . Al.4
o . .
w ., 7



. af].'m)-
E(kyw)
e T

N

.}/ fi]Q§)!)w) = —,a;n—?TE?ET:—;y'. “ . Al.5

¢

where E = sun of wave e]ectr1c f1e]ds and the subscr1pt m denotes the
Haxuelllan d1str1but10ns as def1ned by eqns 3.6.‘-The electric field
£ is composed of transverse EM vaves with w >> “pe and the plasma-

under tonsiderationffg\abn—re]ativistic, whereby the denominators of

-

~_ the above eouat1ons can be approximated by - Since "V << w. Thus

the f1rst order perturbat10ns integrated over Ve1oc1ty space are
essentially equa] to zero.
The second order’ perturbations are obtained for E f 0,

v in- wh1ch case t&e Fourier transformed V]asov eouat1ons to seconq order

¢
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are .
o Ay af
1 (k-l.‘:‘))faz (Kll”-‘)) t a (- ]£3 (.lf.:w) v' \—a-v_-—
| . : _ . : \ \
. a " _ )
+ ] ( )f[ (kl,w!) + ___x B(k',m')] .
. (2«) a _ o E »;
3f ](Efﬁfa!;w-w'z, : ' , - _
T dk‘du' =0 AL.6
T ' oV, T n S o
. "\.
;her?_;_;”e1éctrons or ibn§-and Eint-= -ve defineS»the potential b.

‘The interparticle e]ectric'fie]d'satisfies Poisson's equation

-

" Voo RS o |
. v'.E_jnt = fJnp = 4'.?9 nEO[ffid!‘ -ffedl] » o
‘41§ neo fizdx.f fapdv}  -- | ,AI’74

.wheré‘j};]d!_é 0 and n, = average electron density. Thus
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- . 4re oo [ SR |
¢(k,uw) STz [ﬁiz(ﬁ-w) -jfezl(g,w)], AL.8
_ “ N i . ’ .

Substituting this ¢ inteithe Vlasov equations and integrating over

ve]bcity space gives the second order perturbation’in‘electron density

: . v
- : 1 e 2] . el dk'dw'dv
] G "G \(2 )4 i(-l(_'l'w)_ " a—\L — w —

4 .

et ) : Y, ’ ‘ ) ) ‘
\1-6_G. G G5 Imy (58 1(R v—w) Ty el

(2n)

“Nhere E = E( Su'), B = B(k';m ), f . ] =" f ](k -k ,V,u w ) and the '
funct]ons G and G are def1ned by eqns. 3 5. §1nce the 1ntegrals ih
both terms are s1m11ar deta1]s of only the f1rst involving f el will
. be g1ven. This 1ntegra1 wi’® be denoted by’ R ( k,w) and the second by
R (ko). o

Noting that the p]asma is 1sotrop1c and us1ng the prev1ous _
.non relat1v1st1c approxlmatlon

2bv-E f_ (v) B ' .
L e | AL.10

where b=

-that



M2 .

—_
o ‘ \de fe.(v [E 2b(§_ !)!] | x:‘AI i]
. N av . im ” -0 ; oo e . »
o ' - e
: 7 : . _ ' : A o
whereby | , L :,//>
- . 2Zbe| em~'= \= = == R
o Ry (Ks0) m, f oo (K-v=a) dk'du'dv.
, 2be fem(X){ifg} {E Zb(E )!}dk 'do d
e CTo) (K-va)
2be 2be. . . - - ‘
m tamcle A2
e e : .

s Attéd%foﬂ:ﬁéfnow given to evaluating I], performing the .
- ve]oc1ty 1ntegrat1on first. Tak1ng vector conoonents para]]e] and

" perpendicular to k-and redefining the d1str1but10n function in terms

of these components: ’

fan(¥) = Fe(‘j"ll)Fe(Vll)-F.e(y12) | - © AL.13
. St [k 4bv2 o B ' o - o
where F(v) =\YV= e . . AI.14

_ e T . . ‘ o
it can be easily shown that-
| ~ d"n -
Lo [ dklde’f " - (1-: 22 )E
h = == T n’ar n

SRS N

a F (v}])

1

b . B
oA

S dg_fd&f'7 L avf]” N
T T B e Enfn T&‘—““d"n - AL



| Integr’atihg'fby parts

I

' ‘\l “

aF (v”)

1 dk dm ]1»
kEHEn)f(k 7

1~ 72

Notmg that the defmed funct1on G (k,wg is

j

T a
RN
< .

B T

E;(&ﬂ” )r =

81’ (v)
_ ‘ wﬁe g?, oV
CSellw) = T W
) oF (v”) .
. )
= P& .____@_..” .
, k kv” de» >

Eqy n‘“‘ o'

1 aGe;- (k.E) (k-ET)

R e T
\ mpe N

For two plane monochromatic waves

B plnt) = By g coslky por - wp o)
B (r:t) = B ."2 cos(k_] 2'r - w] 2t t)

_]’2__.

RN

2\

-

1] )

4‘0" N v» .
’LZ_"_L(_E_] [(k k. )5(m w]) + 5(T+k )6(m+m

R ;M)’éw]}' g,
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Al.17
\

ALIS

o Y 3

~AI.T9

AL.20 - -
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Defining a convention for conciseness

. . ‘ - N "
; 4 .
N . 277 Q R -
o Sy ‘}’gx) = S—z-)-—{g_][:(x-%])ﬂ(x _[ (x x2)+6(x+x2)]}- e
\ | S e s ALI.22 '
. . hY
and ' _g(x) = LZ—-L{ [~ x*x x+x]p}\&[P(x x2)+f(x+x )]} -
- v pL23 |
'ubs‘, tutmg E(x") and E (x -x') into équatwn AL.18, mtegrat’?mg over
X o= _k_ ' an§d re‘tammg only lew freqqency terms (m<<u] 2).\«\ . Lt
36 8 R
2] e (2-)° (N.¢° °
he 7w 4 th-Ey) (k-Ey)
“pe | : ,
1 ' 1 1
f{“’(" "2*"?) {.uz‘-u,+ -u]-u}. ("+x2”‘1){w]-* e
, 8 36 . E AU
' = - Lﬁl— __E_ o ° . ° W A N4z _ :
¢ =y g (R E) Tl lexgtxpre (g xg )
! . 8bw . ] 2 : @ . . N
"“pe - | L
, R 2”2 —£ (k "B (ky Ey) = [a(x-xzﬁ(])#s(xfxz*-x] - .
s o 8bws Y T R A : : SR
i pe . N T A
R e ~ AL.24
"'At.tevntiyon is now tu.rfnegg_t/,o evaluation of I,. "r{otilng ‘that
- % . _ g o - - . : N
TN e Ntatr] BT @
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dk*d* (£ fem(_)

2 o' Eve % AL.25

—
[}

Again tak1ng veloc1ty components para]]el and perpend1cu1ar to k and

perform1ng the 1ntegra1 over veloc1ty, '

' ) S e *
- f‘""d ‘ 1 .
2 " (€' xB) K R )Ge(g,h
N et ' .
G (Lm)fg-(g xB) -
' dx* ~ AL.26
me [V} | | o / -

for the:previQUSTy defined x' = Ef;Qf. Substituting‘éqhs.“AI.ZZ and-

AI.23 for‘gf(xfxf)'and E}x'), intégrating over gf,u'kand retaining

only terms for u << w,

1,22 e
| | (zn)gGe£ Y o .v,_,‘ E.;‘xgi —.]X.B—z . : . . '
BV ey 5("+§‘z”"1 R -
. 8bwpe . 5‘2 1
4+ d(x -X +x ) _] "2 Ez _] e Al.27

But Eq 2 =_C(EH’2XEJ,2)/M],2; tﬁerefore _

(ZW)BCG ' ﬁ'.' . - .o o

7 8(xtspm17) [&'(3_1;52)(51‘52)
8bwp w] 2 ! . - N

+ (&-52)(52-5‘,’)_ - (g -;‘;)(5-5‘,’)] N

+ ol x2+x])[k;(k )(E] _2) - (E Dl _2)

- (k- Ez)(k )] . ~ 'VAI.28

ns .



Notmg that in terms 6(x+x -Xq ) that k = k]51<_2' and in terms
6(xx2+x)thatk—_k_2'£],“ L N

: (2_") CG e S o o |
I = ‘_2"—‘ KIH(E £p) + 20k E) (5 ] -
. 8bw . .

pe®1¥2 |

{}(xfx2+x]) f'é(x+x2-x])} - o AI.29

. Substitution of eqns. AI:24 and AI.29 for I} and I, into eqn.
AL.12 yields ‘ l | |

| L (208 Ry s ]
e ‘pe ] 2 . » o
. aGe - oo .. "ot} . _.‘ AR ':
t w0 (R Ep) (kg B ot xptiy Jve (xtpmxg ) [

3

» : : l-. o / A L
o \ - ./ AIL.30

or substituting wpe 4=e"n, /m, agd reafranging

-

.8
R R (k) -Jl“l—-sm £)

1  3(w Ge). 0. . o . o
te TR (51'52)“‘2 E1) - ’
. - - - .; ._ ‘,_{é(x-Xz*}]) + 6(‘§<+x2-x'])} o A3

s R;(ksw) can be obtained from this result by putting ..

116~



- . 4 X . .o
4 _ v - ; '. e Lok 7
| - | o -
R J .
e -~ -le .
: . A
oo > Mo = Meo/? | - Z, \

G 7 G- R &

Subst/btutmg these expressmns for R -and R into eqn. A1.9,

_the second order electron dens1ty perturbatmn becd}n\?s, N i-w

3o )}

8 (l_(_-A_ig_),S(w-Aw)+6.(£<_+A£)_6’(w+A~m |
7 : '

/ /) C
/ .
. & B .

{
a(uzG )
E Ezﬁ +-— ——-—-——(k Ez)(LZE)

m G : B(w G.)
. U Y RN 2 e 1 1 .
| (z—-)(m——e—) {‘ﬁ' EEo o
,'(_;S_].._E_z)(hz._]')} o . - Al.32

where g] 5 1s nbw taken to }'eprosent the i\_fieldvamp]itud‘es and 1
Ak = 52 k-l, Aw = wo-wq.

Regrouping terms “and notmg that Im, << nji,

feplkow) = m G(L-Ag)é(w-m)_ + ‘G(B_fé.&)d(wﬂlw:)}

"'r' 1‘_61 . 2 _ ,i Y -1
- 16 U(g].gz) +,_2v(_l§.'1752)(|_(_2.‘§_]) 6|
. W\ ; . . —g- . .

2 A3




’ .

3.12),

or using the functiZ?:?/and dimensidnless parameter x (see eqh;;
. | 4 Al .

s

3.9 -

ternghqs a magnitude of order

. -~ 2"Te | \\\
| ,],+ a?(ZT—]-) xe ' .

while the second term has magnitude of ordey

T B
- .

32 ] N
(ko) = . — % ]
2 > Wyl . T k,uw
,‘ e 80 172 ]+Q$L.j(xe)+5;_(z._r—?) H(xi .
o i . o
L : ' o 1.
F t » . . X . T .
|k[2(EJ‘E Y+ 2(k,-E,) (k, E.) []‘+ az Zég-w(x”J
S A fJ =22 =l -1 Ti i
.-w( )\+ (% )(k‘ £+ 2| e R .
R LS —2 | i)
: aw(x) ny z»u(x‘.,)}
2( e) ' i
o X . it U Wix Ix. —
e ch 1 mi . e ‘l cXi‘v | |
, 3 v | | AL.34
\ .»1 ] :
: wTTere ay = (kADe) and 5k ST o(k ck)é (w-aw)+s (k+ k) (u‘hlw)
: Cons1der the magn1tude of the factor : : ggg_
- . ‘ ‘ - . b) SR
Ty Y ,u(x) ‘ cw(x)
- 2|, e : 2
T+ a (——) H(x; )} - lz-) W(xq )x
[ _g] Ti - °x:e " i
for T_>T.. In thié caée'x << X, ﬁﬁereby for'x <A], the functions
e - N v
| BRRELIEN 'i(x) , .
N(x Y ~ 1, 3x . w] !N(x )' " 1 and 1.  Thus the first
e

¥



o : ,m.T i ' ' ' '
Hoting.specifically that x. =\ =&« ,it is c]ear that the contribution
} o 1 meT1 e g aw(x )

: from the  second term'is neg]%gib]e For ]arge Xi's 3xih ~ ié |
whereby the second term is aga1n neg]191b]e '. co 1 /j
Thus to good approx1mat1on for T > Ti o
X N
fe‘2>(£.,m)k = - m({§(£‘é&>§( m_-A._w)+<S(_k_+xA_k_)<S‘(thw)} _

14422 fe W(: ) -
! u] T-i Xi N ] .

o T :
1+ afw(xe) + a%Zlf?-H(xi)

. ¢ .
. ) . “

H(x ){lkl (€6 + 20i£) by E )}
aw(x )

+ xe Te—— (k _2)(k E ) ' .’ AI.35

, Th1s approx1mat1on essent1a1]y dlsregards d]rect exc1tat10n of jon o

f]uctuatlons by the 1nc1dent waves leaving only exc1tat1on through

-ne]ectrostat1c coupllng w1th electrons
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APREWDIX IT .,

'. ,’y/r)”” . . . . . )
£ Fabry-Perot interferometers have been extensively used for .

high reso]dtion of spectra at wavelengths in thé Visib]e On the

~
other hand, on]y recently have 1mproved opt1ca1 coatlngs and detectors
for the infrared enab{\a such measurements at Tong uave]engths. This

: append1x discusses the characterlst1cs of a Fabry Perot interferometer .

<f+faég1gned for and used at i = 10.6u. ‘ :
'The c1assicé] theory of Fabry;ferotScan be found in a]most..
any.book.on bhysica] Q iés. In summary,vthe»re}atiOnsvof eXperiméﬁt;>
interest are: | : | |

Resonance condition:

§ A
= 2d cosb
Free Spectral Range: ‘
.
Y T2
Instrumental Width: : " o
S ) -
2 o
A = ]-R Ao ! . L
. Finesse _
v R
AL ~ -
Fese R
A ]}R
W S

o L 20



-

where

These relations bpply for m >> 1 (1 e. d >> X) uh1ch is. genera]ly used'

’

Reso]ving'Power:

Acceptance Ang]e:

exper1menta]1y K .

scattering measuremeﬁts_of ChapterYIIIf

The scanning mode of operation vas used for the Thomson’

-
8. = 2
acc - QE,Fi 0
A e
Angular Orders:
](m\‘avZ
eord'ZS"’l ad
Visibi]it(:
.y _ [14R
R (]-"R)' |
X = mean waveTength,
mo = aXié]‘(1omgitudinél)’mode number,
- d ev'p1ate spac1ng, | -
8 = ang]e of incident beam relatlve to the cav1ty axis,
R = geometr1ca1 mean reflect1v1ty of mlrrors,
n = angu]ar mode number

In ihisfcdse, only the axial
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"d1rect1y propartional to var1at1ons in p]ate spac1ng For ax = X

122
cavity mode is excited (8 = 0, n = 0) by a welT-collimated incident

beam. Wavelength'scanning.ts done by changing the-cavity']enothvbyA

small known amounts (ax =(g)Ad)7 Note that wavelength shifts are

——

S)

'Ad = /2 which also equa]s the 1nter order separation (am = 1). Thus.

wave]ength calibration 1s automat1c prov1ded the plate spacing can be
var1ed by at least one- wave]ength _‘ - o | ‘_‘;
o The first step in des1gn1ng a Fabry- -Perot is to choose a

free-spectra] range“(dynam]c,renge) slightly greater than the total

width of the incident radiation to_eTiminate oyer]app{ng‘of'orders.

' Since As is.a1ways only a function of d and Xo’ the plate spacing

required is therefore determined. ‘This result can then be used to |
ca]culate the-mirror}ref]ettivity necessary to'obtain‘the desired
reso]ut1on.v | | .

Eta]ons used for measurements reported in th1s thes1s were :
or{giné]ly purchased for Thomson scattering measurements from the 1ow

:ensﬁtyﬁho]]ou Cathode discherge. It was hoped td}Begab]e to resolve

“both low « DOpp]er_broadened (ax '~ 900A) and the _cooperative’m,’= 2

(AA v ZOOA) spectra‘ Extremely'high‘resolution was undesirabTe since
the transm1tted power 1evels would not be detectab]e Therefore a

AS = 1000A and a x ZOA were chosen wh1ch requ1red a. ref]ect1v1ty

of 94b to ach1eve the finesse of 50 Such a reflect1v1ty was obta1ned

14

by a mu1t1 1ayer d1e1ectr1c coat1ng on a german1um substrate.
‘Ref]ect1v1t1es of up to 993 can present]y be eas11y ach1eved us1ng th1s

- technique.



Fig. A2.1
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With these etalons (R = 94%), a measured finesse of 45 and

peak transmission of'QO% vere foppd for a p]afe Spaeingkof 560u
FIAS,= IOOOR). Fprylarger spacings both of these parameters were -
substantially less;“Fig. A2;1,shop§ the reso]ution achieved with
(a).d = 1.4 cm, o_ = 40A,(b) d = 5.62 cm, »_ = 10A and (c) d = 10 cm,. &

; 5.63.' llote that the amp11tude scale is in arb1trary unlt; and ﬁ
“different in each case. The setup described in Chapter I1I (h .

‘to obtaiﬁ;these'séans.b

g

For d

’& 4% WHereas F = 50 would be expected on the basis of mifror reffect%Vity;
In pract1ce however, the actual f1nesse 1nc1udes mirror tilt, m1rror
surface f1gure dlffract1on and an 1nadequq¢e]y co]]1mated 1nc1dent beam.
These add1t10na] factors decrease F for 1ncreased;p1ate spacings ang

become dominant for large d, whereby the fihesse of 6 achieved with the

optical system of Chapter 1II is not pnreasonab]e.v.



