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| Vo Abatreet ,_ , _
A comprehensrve set of experlments was performﬂ to etudy stlmulated Brllloum
ecatterlng (SBS) in a CO, laserbplasma lnteractuon The" fec:llty consisted of a TEA CO,
laser producmg elther 1 GW 40 ns FWHM gann swntched laser puls s or 1.7 GW, 2 ns
FWHM m Jectnon mode locked laser pulses whuch Were foaussed to 100 I’Y'IICI'OD spot size
onto an. oxygen gas ;et target The measured averege oxygen plasma coqdmons du:;mg'_'
the SBS were ne = Bx 1000 cm S T = 120 eV Z=B with the: gam sw;tched laser .

R

‘ s
and S Ng 3 x 10 emes, ¥ T ‘150 ev, 2= 3 with the nn;ec’tlon modd" locked Iaser .

Strong _ion - wave damplng Y /w = D(T) , was deduced . fof both ‘cases. from{

- ~backscattered light spectra, reflectedpower and_ruby Thomson scattering probing of the -

SBS driven ion, modes. Two ion heating models were’ developed to interpret the

convectlvg SBS msta ity growth dueto me large I|near non Landau dampnng An: ion
. trapping.. and heatm/g descrlptnon whereby only a fractlon .of the plasma ions was heated
‘to temperature o .Z‘T’e‘ ) was’ apphcable to the 2 ns pump laser whule 2. modelf’
incorporating energy balance wuth free: streamnng tons descnbed the 40 ns pump laser

under condmons of moderate SBS reflectuwty An 80 micron SBS nnteractlon reguon

. meaSUred by temporally and spatlally resélved ruby Thomson scattermg was explamed

through ax:al plasma density grad:ents f \

«  An nmportant experlment demonstrated SBS suppressron with a’ mult:lune CO2 ‘
pump laser ThlS improved . laser-—plasma c0uphng is"highly desrrable for dnrect dsive

“laser; fusaon designs. The 14% smgle line laser- reflectivity ‘was reduced to Iess than 2%

' when the gain swutched laser oscullated pn two or more equal mtensnty lines with the line

-

' separatlon Aw greater than the homogeneous plasma growth rate, -'Yd_ = 101

's-!. rﬁAnomalous 'SBS mode couplmg ‘took place when Aw < Yo,  and the SBS
rsflectivity was not severely reduced. ‘

P . o .
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laser~plasma sffects take place to prevent such an event of m«uz here sre those
. parametric instabilities which can occur in the sblated coroml pigsma surrounding the
target and consequently degrade the lam-pum coupling One instability, the photon to
plasmon plus phonon parmb docly-, has been postuisted to be. s useful absorptive
inlmy to enhance the laser heating of the target. Unfortunately. this is only gno—of
fofuéf‘War resonant normal mode tripiets which octur in the underdense piasms of .the
target corons Stnmum-d Raman scattering (SRS} of the incident purnp laser produces
reflected photons and Langmuir waves in plasma density < 1/4 . n . where N

c c
is tho criticsl donmy for the pmtcutar laser frequency. Another parmtnc mlubcmy

\V"

,,,,, c - Where

‘ hmodwwmmcwwnnnm&tbnmwmﬂum mimhmo

Ny

me abborptwe decay do not occur. SBS s espocsauy recaicitrant as n can occur in any’

density, 0, <n < "c . and it has ,a low threshold in most laser plasmas The
objective of this thesis research was 1o study stimulated Brillouin backscatter in 8 Co,
laser—~plasma interaction and experimentally investigate the plasma and laser effects

which may limit its growth o«
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1.2 Early work in: Stlmulated Brllloum Scatterlng

. The flrst theoretucally predlcted parametrlc decay in a glasma was a Langmuir

\

e wave pumplng another langmunr wave and an ion acoustlc wave (Oraevsky and Sagdeev

R
12]) it was nine years later when this partlcular decay was expenmentally observed ina i

', laboratory plasma (Franklln et al 13)). Smce then other parametrnc mstabllmes lncludlng the

photon decays SRS, SBS and two plasmon decay have been studled both theoretucally

and experlmentally AIl these parametrlc mstabllltles are normal mode resonant trlplets
k where energy exchange takes place wuth frequency and wavenumber match:ng of the

| partlcnpatmg waves satlsfylng their respectlve plasma dlsperSlon relatlons Written

explucxtly these are o
;,juo. = w1 + u)2 -
: ko= ky tky
o T v
Ei(m.‘sk.')»: 0 .i:,_.Q’]’ 2

where ‘W is the wave frequency, - k  is the wave vector and € % 0 is the _'

. jdispersion -relatién-.tor a particular ‘wave, The subsCrlpts denotethe participatin’g waves -

with * 0" ‘ldentnfymg the externally provnded pump wave. It is clearly seen by multlplylng

: the frequency and wavevector sum rules by Plancks constant h , that energy “and

momentum are. conserved -as- the pump wave decays to the two- product waves

Early theoretical work by lehukawa (4] generallzed the parametrnc process for

“infinite homogeneods plasma Here two oscullators wereJ coupled through a third’ pump
‘ fleld and the jhreshold)and growth rates were derived. Perkms and Flick [5] further
-considered the decay of an electromagnetlc wave lncludlng wavenumber and f;equency

. .mlsmatches due to” plasma lnhomogenemes Rosenbluth [6] clarlfled thns sntuatlon by,

'solvmg the WKB coupled mode equatlons through Laplace transform methods arruvnng at .
.expressaons for absglute growth inan lnhomogeneous plasma. Rosenbluth et al. [7] later

extended this work~ by dlscussmg the evolutlon of temporal growth to convective

.

saturatlon,

-, Pesmeet a‘ll. [8] presented a particularly lucid exposition of the‘ coupled equations

_or “constant pu‘mp which . described both absdlute and convective wave growth" as
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/

‘affected by damplng in cases of a homogeneous plasma flnlte length /plasma or

)

-nhomogeneous plasma ‘Their homogeneous bounded plasma equatlons descrlblng the
g .

Briliouin mstablllty are representatlve of the WKB approach

o

sa_fat + c_da_/ax = yn v. - /

}
T

* . L S /
y 3n /st + ¢ an~/a_x +yn = '

= Yoa_ ‘ ;

where t_ - is the phase veloc;ty of the back,scattered électromagnetlc wave wnth
Ve

ac\tion ,a-‘ , and - _CS is the ion sound speed assoolated with "the ‘ion’ fluctuation '

,,n‘_ © . The coupllng coeffncnent Yo - is proportlod%-l to the pump electromagnetlc
/-

fleld and Yo 15 the .ion wave dampung Upon solvnpg for a. dlsper'5|on relatlon whére.
‘Y'S‘=.O ‘ , absolute mstabxllty 'in homoger{eous plasma was preducted if the
plasma dimension exceeded the gain length (C C ) /2/2Y - . Wave damplng

imposed the usual instability threshold conditio‘n’v' > (l“ y )'I/2

. where T_

is the electromagnetlc wave damplng Also because of wave»,energy convectlon out from

the bounded ; plasma convective mstablllty "‘ took place ' if
Yo (v /2)(C lC )]/2 /A result which'is directly appllcable to many

7 'stlmulated Srnllou:n expern‘nents camé from |gnorlng the tlme derlvatlves and assum:ng

. strong ion wave dampmg In this c)ase the instability growth. length sl Y /Y |

" was deruved from the cwpled equatlons Finally, the case of unhomogeneocm plasma »

- showed that the characterlst; dimension of the unstable reglon was. = (k" )-]/2

~where ’ k' Cis  the spatlal derlvattve of the wave . number ,. mlsvmatch,
k= (kg -k]—kz) | o |

A sngnlflcant departure from the above descrlptlons came w1th Drake et ‘al. (9]
ysing the plasma flwd equatuons to derive a. general dtsperSlon relat:on for parametrlc‘
instabilities. The earller WKB models reqwred that. the spatlal and temporaLwave growths
v ,be small compared to the real wavenumber and frequencues Drake et al |mposed no
restrtctlon on’the pump field amplltude lW|th|n nonrelat:v:stuc theory) whereby the decay
WaVeS were no longer necessarlly normal modes of a f:eld free plasma and could

v therefore have growth ratés comparable to their wavenumbers and frequencies. Forslund‘

- et al {10] extended this work with examples of Br_;lloum and Raman s_cattermg in both
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flund and kinetic |ll'T\l'(S of the plasma susceptlbllmes Ina second paper Forslund et al. [1 1]
. showed computer slmulatlon results -and dlSCUSSSd nonlmear effects in"the mstablllty“
“growth and saturatlon Later work by Cohen and Max [12] generahzed the studles of .
various- parametrlc lnstabnlltles nncludlng stlmulated Brllloum scatterlng thr0ugh a Greens -
functuon formulatlon o '

Experumental studies of. laser mduced plasma parametrlc mstabllmes are recent'/
when compared to earher observatlons of Brllloum\ and- Raman scattering -in other
materials. Whlle Brnllouun scattering from phonons in sollds was detected by Chlao et al in
1864 (13] it was nob untll the eag;ly 19705 that Brlllouln scatterlng measurements in
plasma were made Both solid and gas targets have been used in the parametrlc lnstablhty h
research wuth hngh power nglass and carbon dioxide lasers. The in Brillouin
experlments at low Iaser intensities and plasma electrOn densutles showed '&Ls of a
~percent 'SBS reflectlvuty [14], but with mcreased laser ' power and’ plasma densmes
reflectivities. approachlng unlty have been measured [15] It is clear from these high
‘refiectivities that the seriousness of stnmulated BFIHOUH’\ scattermg in laser fusion
‘experlments entltles it to. untensrve theoretlcal and experlmental research
13 Gbjective of this Work e

: This thesis attempts. to sort out ‘thekdominant ~laser_and plasma effects ’_whi‘ch
satﬁrated the »stimulat"ed "Brillouin backscatter and limited its gr0wth rate in a series of :
experlments In-the: experlments a free oxygen Jet was irradiated wnth either a long pulse,
gain swntched CO2 lager - pulse or'a short pulse; ln;ectlon mode locked {IML). CO;: laser"
pulsé. The long pulse laser was used to produce a well characterlzed hnghly lomzed '
B plasma from which the laser light could then scatte/ The short pulse laser generated fast
"rlsmg hlgh mtensuty llght pulses where comparlsons "to the’ galn swutched laser results.
: revealed the importance of dlfferent ion heatlng mechanisms in saturating the Brallouan ’
lnstablllty ln partlcular |on heating is examlned and found to explam both the lnstablllty s
;temporal and spatlal growth | ’
‘ Chapter 2. summarnzes theoretlcal consnderatlons of stumulated Brllloum scattermg '

in laser— plasma exper:ments Both the generallzed dlsperslon relatlon an}d nonlmear '

coupled- mode_equatlons are exammed..The coupled’ mode approach is shown to be
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partucularly amenable to mcorporatmg a wide varuety of problems in both spatial and
‘temporal mstablllty growth. With these equatlons ion heatmg and ion trappmg models- are k

developed ‘-

Apparatus and dlagnostuc techmques are fully explained in Chapter 3 This, lS an

|mportant chapter descnblng the IML |aser system laser focusslng and the oxygen gas

A

~ target. Aiso, the infrared hght detection equnpme/nt> used to momtor the BI'IHOUII’\
‘backscattered light and the ruby laser Thomson scattermg method are descrlbed _
The experlmental results ahd deductnlons made from them are- contamed in
Chapter 4\ The plasma p rameters are: mea/sured through mterferometry and X—ray‘
measurements, Next, prelin§nary observatnons on the Brllloum lnstipﬂ}y are gwen The
remamder of the chapter presents measurements of the backscattered Iught and of the
lon sound waves of the Brnllounn instability, These results were mterpréeted to show ion
trapping and heating and plasma density mhomogenelty as the major contributors
inhibiting the lnstabmtys growth An important experlment ‘was also performed to'
demonstrate . Brllloum reflectuvuty reductlon wuth a multlwavelength pump laser: Concludmg

remarks in Chapter 4 propose several - mechamsms Wthh could explam the sudden

termmatnon of the Brulloum scattermg in the Iaser-plasma mteractnon

;




// ' N 2. Theory R o |

21 Purpose of thls Chapter ) | ) N ) " \ o ' 2 .

In thls chapter the theory of Strmulated Brillouin lCorrlpton) scatterlng is studled
wrth emphasls on those aspects relevaht to the experlments discussed in Chapter 4
Geometrical effects on the instability are ignored and all theorves will be explamed
through one dimensional models Further details will be gl\/en in the analysis of the

experlments based of the concepts presented here. Introductory remarks on/ Brllloum

-

v -

chapter : . SRR PR o . \

scattering have already been glven in the first-chapter and wnll not be repeated in thls _

This c‘hapter s divlded into'three seCtions‘ Flrst..tthe_ Brillouin dlsp ; ion relation
derived fr‘om Maxwell's ~equations ‘Polsson"s equation and Viasov's equati:is e:an'ﬂned
"in both fluid and: klnetlc llmlts for temporal and: spatlal growth These results apply to lo\v
| amplltude waves and descrlbe the\lnstabllltys strength and bandwidth before nonlnnear
effects modlfy its behaviour. These ne\w normal modes are not necessarlly the

\

elgenmodes of the field free plasma The seconstsctlon of this chapter is centered on

examlmng frrst order COupIed wave equatlons derived
These eQUatlons easnly descrlbe the weakly coupleo tem ral growth and spatial

dlstrlbutlon of the partucrpatlng waves as well as pronde a sum

dlstmgulshmg between convectlve angd - absolute wave growth Nonlmear behavioyr lnr ‘

Brullguln scatterlng is examlned in thls sectlon The coupled mode- equatlons are. s%d '

for the simplest case. where dlrect ion heatlng and pump depletlon control the mstablllty s

spatlal growth An added beneflt of the coupled equatlons lS the stralghtforward

~ extention of this model to the case of a multlwavelength laser pump Wthh will be shown'

to decrease the backscattered hght A second simple model ‘that of¢fon trapplng is also

n

lncorporated lnto the coupled mode equatuons and provrdes an alternate descrlptlon of

the spatlal growth AIl these simplified analyses are phenomenologlcal descrlptlons rather

than self- consistent solutlons to the wave amplltudes and plasma partlcle energy The
latter approach is generally not tr\ctable except through partlcle snmulatlons whereas a

-phenomenological approach aliows a reasonable physncal plcture of the different plasma .

reffects ’ ' O

m fluid and Pousson s -equations. '

Hfied rnsrght mto



' 2 2 Dlsperslon Relntlons
The usual two component plasma dlspersuon relatlon for low amplltude‘

-electrostatlc waves in the. absence of other strong electrostatlc or electromagnetnc

'waves is well known e e =1+ X3 + Xe =0 where :2/ and - Xg
are the ion and electron susceptlbllltaes respectlvely For a partitie velocnty dnstrlbutlon
f5 (u) - and for a wave w:th Pphase velocny w/k Y,
2 ’ .
w. < | Bf ./3U - : .
vy = P J - du . : T

Sk u. - w/k.

where ~w . is the wave frequency and Kk s its wavenumber The free plasma
‘engenmodes are those Wthh are weakiy’ damped For the ion acoustlc wave, the solution

N
s

to this dlsperS|on relation is the famlllar

= ¢ = [(ZT + 3T.Y/M.1V/2 "2y 2y . * .
Ac‘us/k.s,t ¢, = [(ZT, + 3T, )/M.‘] /(1 +k ‘,)‘D»-) L  Eq22
where 7 is the lon'ization; state, - Te(i) the _electron {ion) temperature,
' M1.. ~ the .ion mass and ' >‘D " the plasma - Debye leng’th‘ The  imaginary

frequency component ’is"given by the Landau formula lnegleoflng electron contribotion)h ’
Imoe = as(ﬂ/all/z(zTe/T{)372gxp(-zje/zTi:- 32) . Eq23

In the presence ‘of a large ampl:tude electromagnetlc wave,; -§trong parametrlc '

,coupllng in. “the plasma .can " take -place - between it and electrostatlc or.. other

‘electromagnetlc waves. The dnspersmn relatlon is modlfued from above since the solutnon -

- can now. admlt temporal and spatial growth of the daughter waves at the expense of the
pump fieid energy These paran)ertruc mstabllltues mclude Raman and Brlll_omn scatter_lng of -
the incident pump wave, the latter being of greatest interest here |
~ The duspersnon relatlon for parametrlc mstabllltles has been derived many tmes
before (Forslund et al. [10], Drake et al. [S], Cohen and Max l12]) and its derivation. w:ll be
outlmed here. The mc»dent linearly . polarized electromagnetnc pump wave satisfies the‘
2 2, 2,2

usual  dispersion relation Wy = wp k ' snnce the temporal and spatial



" sideband modes, ' - . (u, _lgt) (w + wg,k k)

growth rates - of t/ha/mstablhty ere still small- compar di to Wy . and kg
y

 where - Wy is the pump frequoncy ko ~“is\its freg space wavenumber and

Wy = ,(‘nezl_eom )]/2 ~is thes plasma  frequency..

p

0 -0

- the density. fluctuations, Gne'i(t) « exp(1('k- X = uwt)) L when Fourier”
° H 25 B . —_—— ‘

tran:of'ormed yial'ds.- o T .

[(k 2. .y Z/CZ)J_ '_(.« ] E ‘= -mpz/cz(dne(ﬁs )/HO)-E-Ot MW Eq»“ZA

wnere . -Et " is the 1sideband elect'rio field ano _ _Eo is that of the purnp

This equation describes the forcmg function actnng on the homogeneous wave equation.

[R—

_ Equatmg E to 0 reduces the descnptlon ro that of a freely propagating

=0z
electromagnetnc wave in the_plasma. Also note at thls pomt that the resonance conditions,

Re(w ) = Re(w, i«)‘;) o Re(k ) = Re( k ) . apply, making this a

llnear model wvthout hagher harmonic wave coupllng From Viasov and Poisson's

equatnon‘s,athe electron ﬂuctu_atuon densuty and partlcle electro§tatnc potentlal are

N
' N\
] . i

p

'(S" .(k'w)' 4‘"9 [¢(ka‘“) + w(k)w)/e])( (kam)

Eq 25 ¢
k = ie sn, : B
“ ¢( ,w) T J J ‘ . »
The ponderomotive potential, ‘F(l(_,k») "~ which drives the low fréqboencyaelectron =
fluctuations is ‘ e
EFleE R
Substltutnng Equations 2. 5 and 26 into 24 and eliminating Gné S -..in 24 finally‘
ypelds the. general d:spersaon relat:on . '
: w12 ' 2 2
L + ] = k2 lk X "'OSl - lﬁ- !OSI + I"S"' X !OS| - Ik"‘ —OSl
xo x| k2 K 2w 2¢ k2D, k20,2, | B927

e i - - Se Pe Fa + 4 O St

The wave “equation for the

generated, together with |,

e,




’ / phase veloc;ty is

( o
 where - | /
/
, /
N = c2k2 . 2 3 - e
Dt ek,tZB__lgoc +?wo w
| e, =14 xe(w:’kt) +'X1K“:’k£)

L

and Vos * (EEO/ mewd)” 2 . the .elactron quiver velocity. The ion Viasov

gquation was alsovused to eliminate | 'cSni in 2.4 and ion ponderomotive force terms

were |gnored The usual approach is to disregard the nonresonant antiStokes components :
(w,.k +) and for Brillouin (and Raman) scattering, the electrostatnc wave is

. coupled to two 'electromagne;!e waves.-The reduced dtspersnon relation is then
1 1 k2v__2cos?0e :
—_— = 0s ; Eq 2.8
+ oy, '
Xe 1V Xy D

where o is the angle between ‘the incident and: scattered electromagnetlc wave
‘vectors. From D in Equat!on 27, with || << wo . which is certainly

true for an ion acoustic wave, Equation 2.8 can be conveniently rewritten for Brillouin

| ).

Sackscatter ( 0

. © = B 1_ mpe:Z v0$2_ (1 + ,Xi)" | Ao = (1(_50 - k2/2) C%/w
Bugt Ve T Xyt xe | :

\

Ea 2.8

When the real part of the second term on the RHS. of Equa’tlon 29 is much less
than W . the real f'requency component is = Aw = since k= 2k
WhICh can be shown from the weak couplmg dispersion rela’uons The electrostatic wave

e

Re(w)/Re(k) = (cg + u)

where u is the plasma ﬂow speed and ' Cs in the weakly coupied instabi|it$; is
given by Equation 2 2. However, in general Cq may be strongly dependent upon.
the electromagnetlc field amplitudes If the ponderomotive force is comparable to the

free ion acoustic OSC|Ilat|on restoring force e, y/e = 0(s) in Equatlon 2.5). ln
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the limit of the fluid description, Vg uw/k>> v, . the particle
susceptibilities are x; = -wpiz/wz ,xé\f kdez/kz (kde = 1/>\D) ’ Upon
substituting into the Brillouin dispersion relajion for strong coupling - where
kzvozw /8w >> k3c 3 . the solution for temporal growth is easily .
shown to be ‘ . l | |

Re(w) = l (cose)2/3( 2k 2y 2/, /3

» “pe Ko“Vos /2uo)
Im(w) = /3 Re(w) ,

' . Eq 2.10

I_< = A2 k0 coso

.

PR

This is often called the reactuve quas:mode solution [16] The spaual problem of stronger
wave damping will be dealt with later.

Temporal growth with strong dissipation ‘of the ion acoustic wave through linear
ion Landau damping occurs for (ZTe/Ti') =0() ) and the strongly coupl_ed

fluid dispersion relation is.no longer valid The ion acoustic wave is shifted to lower

‘frequency and kinetic susceptibilities must be used in Equation 2.9. An iterative calculation

‘method was used to evaluate complex frequencies for a given real wavenumber. These’
4

results describe the initial- growth of the instability. Equation 2.9 is normalized and

‘separatedﬁ into its real and imaginary parts which describe the real frequency and growth

respectively of the instability

—-

T | ko2 1)
‘ QR = +§ (] + Rex ) - -——e—— C— Re.x-i + (Im¥i)2

2k v (2k )2 k2
k
De 1 ‘
Q_' = m(x_i‘). ' .
(2k )2K2 - Eq 211
w2 v 2 ([ k.2 1)2 -1
B = PE QZ {{1 s e iy (Imx%)z] .
5 :
wko“’ovi ve (Zko)- K2 ‘
.where K= k_/-2k0 A , Q= w/2k0vi, . The ion susceptibility is given by



1"

X.'(wek) = (km/k)ZN(Z) . s ‘Eq. 212

where - " " !

z = /K

W(z) = 2r(2/V2)//Z +1

with ' the usual plasma dispersion function (Fried and Conte [17). Numerical

computation of r(z) - was accomplished with a continued’ fraction method in
the region |y > 1 where z=x + iy and otherwise, a convergent
series for * N(z)' (Ichimaru [18)) ‘was used for Sl<y<1 . These:

calculatoon routines are summarlzed in Appendix A. Double precnsron ca!culatvons were
necessary for (z) as it was calculated with a large term altemﬁwg series. Initial
values of Qr‘ .,and 91- were calculated from Equation 2.10 and substituted into

the RHS of Equation 211 The Qr‘ and Qi calculated from Equation 2.11 were
then substituted back into the RHSThis iterative procedure with the appropriately chosen
initial values rapidly coriverged to the sgl’uti'on of the dispersion relation.

_Figure 2.1 shows the solution of the dispersion relation under conditions of

moderate Landau damping ( . ZTe/Ti =6 ) and strong Landau damping (
ZTé/Ti = 1.5 ). For each gr'aph‘ the strongly coupled limit
Qi/Qr = /3 | “and the weak coupling Q »’ZT /T + are indicated py solid and

dashed lines respectively. It is apparent from these plots that strong coupllng domsnates
in the parameter space of interest as the Q. /Q = /3 lme traces the peak
growth almost exactly in both cases. As the pump mtens:ty increases, both the mstabnhty :
growth rate and its bandwidth increase. It must be remembered that these are‘exponentual

growth rates and the experimentally observed relative ampntudes of the different’

) frequency waves are modified by this gro%th lt is also clear that for decreasing pump'

intensity , or mcreasmg uon Landau dampmg the real frequency of the ion wave

approaches the weakly coupled frequency This is expected because as the driving

°

ponderomotlve force decreases the quasnmode approaches the normal elgenmode of

 the free plasma Also, with increased ion Landau dampmg the mstabl!my growth is

diminished and the lnteractlon w(ye/s are weakly coupled.

g

o - 7 . ']

a
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Even with strong temporal coupling, the real wavenumber does not deviste much
from *«‘. 2ko . Figure 2.1 was caiculsted for  k = 2de £ 0.2%
QE'GM Equation 2.9 | ,

. B -
- " l

w/ug « T=BTR (c/(e, + u))(1 - K) ¢ 7 Ea213
This eaquption shows that ‘Am/u‘ is ~ »c¢/ Cg times that of  Ak/K

_and that the real frequency is strongly affcctéd by the real wavenumber of the ion
acoustnc wave. In a weak electromagnetac pump field bw = we ¢ and- from the
dispersion relations for the electrostatuc wave and electromagnetuc waves and also from

wavenumber and trequency matching

. - 2k(1-2c/c/T”“7") u=0 :

Eq 2.14
n. *ew 2m /e2 ' -

C 00

From Equation 2. 74 one sees that even for strong couplmg with sugmf'cant departures
from the weak c0uplmg ;on sound speed the wavenumber for 5|gmﬂcant growth is
always close to 2ko . ‘ ‘ }
e After several growth periods 0(1/Im(m)) nonhnear departures from
‘ this temporal growth and convection saturate the wave amplctudes Different possible
’ ponhnear effects will be explored more fully in the next two sections, but in any case,
' saturatuon can occur and temporal growth cease although spatial gain may still be
suffucnent to permit convectnve growth of the mstabmty From Figure 2.1, again, one

notnces that in the limit of strong dampmg on the ion waves, the real frequency moves to

Feand

the weak couplmg result as the smagnnary frequenCy diminishes. The c0upled mode'

equations given in the next section will be.more convement for descnbmg spatial growth

when Im(k)/Re(k) << 1 ang Im(w)/Ré(w) << 1 . However, notice

from’ Equation 2.1} that - Q =-0 . when I}Tj(xi) =0 ‘which provides a

critefion for spatial wave growth. A zero of Im(x].) L is approxirﬁately :

z=1-141 - thus B Im(k) '-"Re(k'é)‘:’ ko | _and it is easy to

T show w/Re(k) = u2v1. . This regume corresponds to Compton scattermg

where the pump wave is scattered from the heavily damped ion wave {19]. Thus after a
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few temporai growst‘h periods the Brillouin scattering can svoive to strong convactive
growth. A more exact snalysis of Equation 2.8 by Forsiund et al [10) lhowt(mn this
strong spatisl coupling occurs for vos/v > Ack /w . & normally
dif ficult rogamo to achieve axponmonuny and tho broad wavcnumbor lp.ctrum 1]

-
centered around 2 Kq

. “» 5
] o N » \

.

2.3 Coupled Mode Equations

, ' » {
2.3.1 General System of Equations J \\ .

The results of the last section showed the gondraf 'dnsporsion reistion and nominal
behaviour for parametric instability in a homogeneous plasma. The spatiat distribution and
amplitudes of the various waves were not der?\red since the d»spers»on relation only
.provides complex w K without cons:deratuon for the nonlinear effects requnred
to saturate wave growth. From Maxwell's equations and the 2 component plasma fluiq
eqdations, a set of coupled second order partial differeﬁtial equations’ cah be derived*
which describes the spatial and” temporal évoiution of xhe pump field, scattered
electromagnetnc wave and ion acoustic fluctuations [20] Apar\ from bemg restncted to a
" linear fluid description of the Bruuoum instability, the equations are quute general
However, considerable sumphf'catuon is posscble if WKB approximations to the mode

»

*

amplitudes are invoked, i.e.

EOv(x,t) = e, (x,t) exp(1(k T+ wt+ sakg dr)))+ c.c.
E_(x,t) = e_(x, t) exp(i(k_+r + ot + fAk_ -dr)) +c.c. 4
ng(x,t) = ns(x,t) exp(i(k or + wt + fAl_<S-d_r_)) + c.c. Eq 215
o | ,
c.c. = complex conjugate
* ’ .
where eo . é_ and ’r\is are assumed to be slole varyipng quantities in time and

space as compared to the corresponding frequency and jwavenumber of the mode. The
integral expression is for “slowly varyirf"g phase changes due to wave dispersion.
Substitution of these expressio'ns into the second order differential equations reduces
. them to first order equations describing the fi‘eld amplitudes of the waves. ;he three
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L 2

simuitansous coupled equations obtaimed sre

3 /at + Cood /ax . -w 23 /w N -n_oxp(-wnkoqk_-bks dx)/4 "~

30_/3t + c_da_fox = uwz?ts/uono 8gexp( 178k -k _-ak  dx)/4

Eq 216

9 .
{___ R [ _m....n..t_. a_sexp(1 7ok -tk -0k, &)

] S .

» ot

where Ys is the ion wave damping coefficient in Equation 2 16, the electromagnetic

field amplitudes have been normalized to

a_ (k /k )]/2 a, = eQ/Eo

.

where E, is the peak incident a;upli'iuac‘bf the pump electromagnetic field
Eiectromagnetic wave damping has not been incorporated in Equation 2.16 sinc'hl in most
instances of interest here, inverse bremsstrahlung absorption is weak in the Brillouin
interaction zone Phase mismatch between the waves is accounted for' through the
exponential factor on the nght hand sndf of Equat'on 2.16 Mismatch sources include
density gradients affectmg\he elactromagnetlc waves whercas velocity and temperature
gradients cause changes in the ion mode frequency. The dispersion relations for these

?

waves clearly show their dependence on these plasma inhomogeneities. i.e.

- n/n : Electromagnetic Waves
Eq 2.17

= + k - Ion Acoustic Waves
wg = kg *kgtu ‘

Further reduction of Equation 2.16 can be effected through non-dimensionalizing time
"and space coordinates and renormalizing the density fluctuation; Different time and length
scaies are appropriate in the two cases of temporal or spatial problem. The complex
wave amplitudes can then be separated to rewrite the three complex equations into! a

system of six real equations. The resulting system of equations is then



| N

le T

A

e/ ey + (egfed(aa/an) = o alcos(H(e)e)  gapng
Yoo : (leg l/C)(aa /37) + (c /) (3a 3t) = o agcos(H{z)+) | ‘
, B'ons * 3o /31 + Pa /3; aoa cos(H(;)+¢) - ’/ T
" »-(’lcs‘|/‘-‘)(3%/3f)¢+ lco/c)(aeo/ac) = (a_a /a, )sm(H(r,)+¢)
(IE‘SI/cl(kare_/-,ar) + (.c--/'c)(ae_'/'ac), = (aoas/u_.)s1n(H(c)+¢)

Pog/2 ¥ 20g/az = (aga_fa)sin(H(z)+e)
v ~ i v ¢ = @0‘ - eL _4 GS - | . \ B i b,‘
. v‘ B ' ‘ R ,\i ) oy ) ‘ ,"" o

The complex wave amphtudes have been expressed as aj = GJ- EXP(,lGj) :

where , J = 0, = s -and ,', 95 -+ 085 arereal quantities. The ion

a
7

—— -

Se “ wave amplitude renormalization is o ¥

o, = VIR, (ol )lve/vos)('ﬁvs/N_oA)

S pe’ Yo

T ¢ - and the new' space and time coordinates are = X(Yo/»" CC'S) . and

T ',= (Y /YC/’C ) 7 con Yd _is the homogeneous instability _growth rate.

' The gradlent phase 'musmatch :ntegral is  H(z) = %k - Ak - Akso

_and

¢ S ' _' B. s the normallzed oon souno’ wave dlSSlpatlor(term

' -
. &‘,

: R 8K 7k (o, )(v e )vg /w ) | ) |  Eq.219

S 0 e 0s
,’ .I ’ |
’ Varqous snmpllflcatlons to Equatlon 2 18 can be made fos dlfferent special cases of
lnstablllty growth. The usuaLapp@xlmatnon is to assume phase Iocklng for maximum wave
growth Here ¢ = 0 ~and the cosine factor.on the rlght hand s»de of the wave
ampl:tude equations is maximum so that ‘wave coupllng ln Brllloum scattermg is Iargest
: Plasma gradnents can stlll affect phase mlsmatch through : H(C) ahd limit the’
spatual growth region. Only cases of ¢ ¥ 0 and simplifications to either temporal

“or spatual problems will be exammed here

. % )
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2.3.2 Spatial Coupled Mode Solutions )

A full solution of the remalmng three equattons in Equation 2 18 can ‘be obtalned

— directly and the time asymptotic. spatial dlstrlbutuon of the - wave amplltudes can -be
computed. This steady state Brillouin lnteractlon is the solution to the coupled mode -

equatlons where time derlvatlves are ignored. The slmphfaed steady state homogeneous

plasma equatlons are
(aao/a;'e -0 a

. 30 /30 = -a

n
]
=4
Q
N
—
O
O |

~
(9]
H

(]
~

. " Eg 2.20
.-Bas/a; + Ba. . = a g Q<

with boundary conditions

0 =1 (o) =k a(0) = e

The first condmon states that the pump electromagnetlc wave enters the mteract'on
region with full intensity at 7 = 0 » - ‘while the second is: the reflected'
: electromagnettc wave amphtude as it exits the unstable reglon The power reﬂectnvuty :

R s normahzed to the incident pump intensity. For subsomc plasma flow (see

‘Manhelmer et al |21] for supersomc fiow), the ion acoustic' wave experiences spatial .

0 for

n

‘growth as it convects in the . +r direction with lnmal amplitude €
;=0

'Equatiohs’ 520 are numerically integrated'and the solutions are plotted in Fi'gure

2.2 for several boundary conditions and dampm arameter . B - to show how the

spat:al wave distribution and amplitude are ected by these parameters. The amplltudes

o 2 ‘and as,?- are plotted since it is the wave intensity which is -

normally detected in-an experiment for both the electromagnetnc waves (W|th suitable

light detectors) and ion acoustic waves {through Thomson scattermg dnagnostlcs) The

2

spatlal mvarlant as - a_zvd.= 1 -R ~can be ldent;fred from the first two
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E ,'coupled equations is related to the ion ,wave dlstrlbutlon. From: ; =0 -, o«

"

B

equations of 2.20. There aré several interesting features to these plots. First, for the |

same electromagnetlc wave reflectiVity' the, ‘pe‘ak- ion fluctuation lel/el decreases

sugmflcantly for lncreased wave damplng The compensatmg effect |s for ‘the unstable‘ -

reglon to’ enlarge S0 that there is SUf’flClent growth ol the. reflected electromagnetlc

wave to attain the specmed R ThIS is. evndent upon comparlng the 8 =1 ang -
"B = 5 spatial dlstrlbutlons of d‘_z "~ for R =0.1 , At 4T ="2-4, .
-a_ o vanlshes for’ L B= 1 Whereas for '08_= 5 even at
= 5 v . VG_Z is OOl which is still too large for most plausible no:se"

sources frorn which ‘-d_' may convectlvely grow un the -z dlrectlon

| ‘ A second observa’tipn from Flgure 22 is that for g =1, absdute

' instability"can-e*ist in ‘s'teady state .since a_z" can b€ zero and yet 'the waves groi/lr.
For.. R = 0.1 and 8 =] R v 01_2 ('is zero at &.= 2.4 and grows toﬂv
0.1 at - C = 0 . The ion acoustlc wave d’g)e\s not smult-aneously vanish but rather

convects out of the unstable reguon and is damped. In general absolute nnstablllty can be

_created f@r B < 2 3 . but with increased ion wave dnsmpatlon the lnst?bll‘ty is

onvectlve (Forslund et al llO])

Another lmportant observatlon Wthh will lead to further sumpllflcatlon of the
2
.S‘

. o - - .
maximum and the couplingon the rlght handside of 'Equatlon‘ 220 is large. As T

grows rapidly to its peak value because both . @ cand © . o_ . are near

lncreases the 1on .wave amplltude passes through a maximum and decreases with :

, 2 y
_declining o ‘What is sngnlflcant 1s that for large wave dlSSlpatlon a < is

S

:moré‘ slowly" varylng through ~ th 'e ‘unstable reglon Thls ' suggests that Cfor

B> 1 ., the iion fluctuatlon can be aﬁ\oxlmated as constant and the spatlal 3

~ derivative in the ion ‘wave coupled equatnon |gnored With this assumptlon, an " analytic

- expression for the reﬁectnvuty from a plasma slab of Iength L  .can be derlved from:

.Equatlon 2 20 (Tang 22) V _ R TR w
R(1 - R) = e(exp(6(1 = R)) -R) "= ' Eq 221

“where -



y " . .
o n [ ‘n)V/2 2 1 - Eq 2.22
SR 0 1 -« — ’.‘ 0s . ' . ‘
L . 4 N d 2 .
N 4quc "oSover nrgeg -
2 B . . s E
and o&_ (L) =« _is the boundary condmon repre.sentmg the scattered wave noise

(4
s;\urce from wh»ch the anstabnhty convect:vely grows The fluctuatnon level

Y

/N ~is now related 1o the reﬁectmty through

'S/VNo. s 0'5('Y°é/vé)2("[-2*;/“5]”)/!? : ‘- ‘- . .. Eq '2.}_'23>

et

"The most obv:ous source of red sh:fted electromagnetnc no:se would be reflectnon from
a moving plasma- boundary If plasma densities, greater than nc “are created durlng_
plasma formatxon unity reflectuvnty of the pump electromagnetnc wave . can occur. Low -

also a s»gmf;cant electromagnetxc noise’

.reflectlwty from plasma . denslty gradlents
source It can be shown {Born_and Wolf {23‘ that the reflectivity R ».of a plasma

"boundary wuth 3 Imear denslty gradient from nv/»n'c , fo O.over a distance = L

s glvenby. = Ir‘] /where\ o SN e

L 1N x SR
r _.f — — exp(k, ify N(z) dz) dx - = . o
R B ' ‘.Eq-izzd,}-
a‘n'd-f__. Nx) [Ty

| For -exa.mple R =3. 6 x ];{)"4 for ‘n/n = 0.5 ‘and kg L = ‘2.5 S

‘which, as will be seen tn the data analys:s of Chapter 4, is a reasonable noase level to -

_seed convective mstabmty B " ' S S - )

The 1on acoustic wave dampmg Yg in Equatron 222 can be tLeated as a'

) phenomenologvcal dampnng coefflcuent However, rf the electron and ion temperaturesv RS

\

-are. known for a- Maxwelllan plasma ‘the kmetlc |on Landau damiping coeffument .can be
v5ubst|tuted for the hydrodynamlc value resu!tmg in '

| _"nw-s/zi, - 1m[(1”+x;)/(1-+5“x1. ’+‘x',e)_J

Eq 2.25
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ThlS result can be readily shown by comparnson of the coupled mode growth rate to~the

temporal growth rate from the kinetic dlspersmn formula, i.e.

o
v = 2y 2y ) COUPLEﬁ"MODEl

o g"“pe2/8“0)<V052/Ye21 Im[("qui)7(l +§xi.t,xe)] KINETIC

< X

Offenberger et al. [24] used the random phase appfoxnmatlon (see Tsytovuch [285] for a

" thorough explanatlon of thls approach ). to arrive at the same expressnon for a
monochromatnc pump fneld This earlier result. demonstrated the equlvalenf of the

random phase model and the coherent pump model in the limit of strong ion wave

damp:ng Substltutlon of the klnetlc express:on for the electron and ion susceptlbllmes

| ‘results in H A

*t Lo Y %Fé S L xexpx?

/_
N 2y ;,_T/ [1+(ZT /T )('l 2xexp XZI exp(tz)dt)]2+(ZT /T )2n2x2exp( x2)
:f.\\vs_,/""} : ) (e ‘//'

e e

where . \ o

_O

Real frequenc»es and’ wavenumbers a;}sed to evaluate X snnce the coupled mode

T -ff*equatlons apply to weakspml couplmg for. WhICh Equatlon 2.26 is being- applned toa

' _steady state solutnon The wavenumber dlfference 3 lk - lk | ' and in

I =
_0
Equatuon 2.14 was shown to be very close to ' 2k'o Equatlons 2 2l 2 22 and 2 26

) thus glve gain as a functnon of the non wave frequency shlft through Y /w
What remalns to be done to complete the descrlptlon of the heavnly damped ion’
wave model is to determme the electron and ion temperature ratlo and the fractlon’
. - PR r ¢/ of the ion dustrlbutlon whuch is contrlbutlng to the wave | dampmg Two -

: approaches can be taken The flrst approach uses a- very sumple lon\heatmg model



proposed by Phillion et al. [26] where the fractlon of the pump wave power deltvered tS

the ion wave glven by the Manley-Rowe relatlons : w / Wos . is converted to

[

.thermal energy for the entlre ion populatlon in- the mteractlon zone The effectuve ion:
temperature is calculated through balanc:ng this mput power with epergy flow out of the‘ ,
Iz unstable reglon as the heated lOl‘\S ‘stream out at thenr thermal velomty This energy

A

' balance can be wrltten as

\

o L
ngviTy = IR(VS/“Q)
: Eq 2.27
- . \ ° B ' " | N ]
where - . I is the electromagnetic pump intensity. With e . determined from the

‘ sweakly cbubled, ‘ion acoustic"' dispersion relation' and the above expression,
Al /T- ‘can be determined for a given pump intensity and reflectivity. For
‘ 'reflectlv;ty calculatlons it is more. useful to express the pump lntensny as the dependent
: varlable whereby it.is then easy to show '
Vos 2 n 1 3/ 2. l /2 . .
0 ) ] + 1 . a . Eqg 2.28

2L = ._._/ =
v n. R [T (A

e i »
' ‘Substitution o;"‘E'qua’ti_on 2_.287‘into; Equation 2:22 togsether with Equation.«2,26 is the ion
" heating model for steady state Brillouin scattering. The result of this substitution is

o

T kOL n1/2(n Y2(zT)-3/2( 3T)-1/2(1 e, 1
R(1-R) = eexp|—|1-—|  |—| |—% PO R B - Sl
o o bl Uzmg e R ey w

c Ve i/
' Eq 2.29

°A‘usef'ul ”extension ‘of this mode‘l has been made through introducing. the integer

dwnsor N o in Equatlon 2.28. This corresponds to a multnhne Iaser yvhere N is the
-

f‘r.umber of di fferent equal- tntensnty laser lines comprlsmg the eIectHomagnetlc pump. If:

. the frequency separatlon of these laser llnes, , AwL B is greater than the instability

'_bandwidth,‘ Y each line  will act as an independe’nt pump* [27) For

0 .
N >:1 the reduced pump mtensuty for ~each scatternng process results m a

x



- calculations, the combined effects o

- damping alloyvs only a small change in the N8

v ) . ) . : ‘ 2 3

/

\ s;gnlfloant decrease in the. total scattered power due to the exponential dependence on ‘

\ +N
\ .
\\ A Relevant solutlons for the ion heating model are plotted in Figures 2.3 and 24,
Flgure 2.3 shows the pump’ intensity. dependence of the refiectivity at the ion wave
frequency with - maxium galn in Equatlon 229 The curves show the self consistent

electron- to- ion temperature ratios due to heating as well as reflectlwty calculated for -

various noise Jevels as a function of pump power Flgure 2.4 is similar to Figure 2.3

| _except that a single noise factor ¢ 'l 0 C s chosen but more’ lmportantly the
reflectlvuty is shown for two plasma densmes and the decreased reflectivity is illustrated

~ for multiline pumps { N =2 and 3)
Inspection of Figure 2.3 shows' that ZTe/Tl: " decreases with the pump

wave intensity as expected through ion heating. For an oxygen gas target, with effective -

Z = 6, the ions are heated ‘to the electron ' temperature - for
. 2 . . : N |
(vvos/Ve‘) = 0(1)  but further increases in the pump intensity are slow to

decrease JANVA PR since ions are streaming out of the, unstable region. In both

Figures 2:3 and'2.4, an initial decline in the reflectivity .is evident for lntreasi.ng'pump

. intensity as ion Landau damping increases. However at some ponnt the rate at which wave

dlSSlpatlon lncreases is unable togully counteract the: mcreasnng pump ang the reflectl\uty.
R' beglns to rise “again. Thls transmon in the reflectlvnty functlon occurs at

ZTe/'T'i =4° . Also the weak. influence of the noise Ievel '€ on .the

'reflectivity is evident in Figure 2.3 and the logarithmic dependence can be seen from

Equatlon 2. 29 From Flgure 2. 3 a 104 ‘\/ariatlon in noise level changes the observed
reflectnvaty by approxlmately a factor of 3 Flnally Flgure 24 demonstrates the. reduced
scattered llght reflectlvnty which can be obtauned by leldnng the pump into several equal

intehsity components. For the condltnons of this calculation, the reduction factor is close

to the. number. of lines partlczpatlng, for example, the reflectivity -decreases by

approximately a factor of 2 when a 2 line s used The decrease is not exponential

because a lowered reflectivity'moderates‘-tthe ion heating and consequently ion Landau

damping - decreases. For the : mode; es and reflectivities of these
Tty division and reduced ion wave

Juin backscatter reflectivity. These results
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will be very useful in the data analysis where the laser was tuned to oscillate on more
than one line. | ‘

An nalternative saturation mechbanism‘ to wave.damping is ion trapping-in the
potentlal wells of a coherent |on wave. The trappmg process has been described
extenslvely m the literature (See for example, Ichimaru [18] or Davidson [28)) a;\d will be
outlined here only in the .context of d|$5lpatlng the ion sound waves driveh through
Brlllouln Scattermg lons whose thermal velocity ciosely- matches the phase velocuty of the
ion wave can be caught in the wave's electrostatic' potential and- be accelerated to the

\e\phase velocny in the ion wave frame, these trapped partlcles bounce back and

\ R
forth msude a smgl\way\ele\ngth well and resonant? energy with the ion sound

wave. The velocity range, Vtr‘ of, the trapped particles is related to the ion
- ‘wave potential ¢ = M1v%r/2‘e " where ¢ is the ish wave potentlal
related to the ponderomotive force "¢ « -Eo - £ _ . Thus-in the ry

frame, - ions whose velocities ‘ are between
- + . . = - ’ . . . .
cS v—tr <V <c Vtr can experience trapping. ) The; bounce
requency, wB of these trapped particles is wg e k(eq)/Mi )1/2 . and
in times 0(1/wB) the trapped ions are accelerated to =cs"

There are two interpretations as to how the trapped ions ‘can moderate the
Brillouin instability. In one model, the ion wave amplitude can grow until a significant
number of ions are trapped and therefore become an energy sink to clamp the lon wave:
level. A waterbag ion dlstrlbutlon is used to estimate the maximum ' /'\l of
the ion wave Figure 25(a) lllustrates the uniform ion velocuty distribution of the
waterbag model and the relatlve posmon of cS . From ‘the kmetn@dnsper’scon»
calculations of the last section, N = (]"+ xi)ek2¢' from which, - for'

y I e .
k?,)‘% << 1 L 'r\\'S/N = e¢/KT = Together with the expres'sion for = .

/

the trapping velocity vtr‘ , the trapping range can be expressed as a functnon of

i /N \. " When. Co = Vip = /3KT17'M1_ . ions l" the waterbag s
dlstrubutlon are trapped and there is an abrupt turn on of strong ion wave dl5$|pat|on The ,'
fluctuatnOn amphtude at which this occurs is easily calculated from the above (Dawson et

al [28]))
&
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.Figure 2.5 Two Particle Distributions for lon Trapping
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/N, = 0.50(1 + 3T_1me)"2 - (3T1/1Te)1/2]2 Eq 2.30

e
"

‘ It
X
"

This equatibn, together with the Bragg reflectivity relation

R = (/2 (RN nim )22

AY
determine the saturated: Brillouin ral‘fle‘ctivity‘ For example, if ZTe,/T i " 6
L/x =10 and n/ni=0.5 _.then K /N =0.134  from
Equation 2.30 and the power reflectivity, R s 1.2%. '
An alternative interpretation of ion trapping which also provides a useful
connection to the ion heating model can be imagined. In this mode!, the fraction of ions
trapped are assumed to be heated to a temperature ) = ZTe . thereby creating
a second distribution function on which the ion acoustic wave is Iinear‘ly Landau damped
.(Mahheimer et al [21). In any realistic laser—plasrﬁa int‘eraction, the potential well
coherence would not persist through the instability: and a distribution of ion energies
around ZTe would result. This would not be unlike ion heating in that the ion isn't
trapped for many bour’g:e periods but is heated and convects in the direction of the ion
wave. However, strong heating for'only that fraction ‘of particles in the trapping region
occurs rather tﬁan the hoderate heating of all ions in the ion heating model. This picture
compares well with particle simulations done ‘b.y Estabrodk et al [30]) where equivalent
darﬁping occurred with only a fraction of the ions heated. The ioh wave damping is thus
l moderated by that fraction of ions trapped. J nt/n . Figure 25(b) illustrates
trapping for a Maxwellian ion distribution. The fréction of trapped ions is easily calculated

by integrating the Maxwellian oyer the trapping/rgioh and gives

i
[}

nt/n = 0.5[erf(/lZie7T1.)(1 + Jl?én?n))} - sgn{1 - /{2&n/n)-

A ‘ o erf(-/!Zleﬂi)l'l - J(‘Zén/_n)l)] 'Eq 2.3
,

exp(-x2) dx

0

erf(z) =

N~

" where
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The etfective wave damping s now n./ney /u. where v /u, i8
calculated from ion Landau damping with T1 " ZTe - The ion wave dsmping
coefficient, vo/wg is large is.  O(1) | and the steady state, heavy
damping reflectivity equation is rewritten as
R(1 = R) = cjexp 59}-:’5-2—2-— 1 --'-‘--1/2!9—’—2(1 - R)| - R
8 Yy ngn, ne Ve . e 232
The normalized ion fluctuastion level, '?\'s/ No from Equations 223 and 232

-

completes this alternative ion trapping model. This mode! 1s not expected to accurately
describe the instability growth at high reflectivities where the ion fluctustion is large
Figure 26 shows several solutions to these two equations For increasing
electron—-to-ion temberature ratios the reflectivity increases at low intensities. This

results from fewer particles being in the trapping region for increasing phase velocity.

H,owever‘ for (\)oslve)z _>_ 2 .. most ions are trapped for all initial
ZTe/ Ti and the damping does not change with further increases in
(VOS/VE)Z . From Figure 2 6 one also sees an initial decrease in refiactivity

as a fungtion of o(voslve)z for large IANAF . This occurs because the

rate of increase of trapped particles with increasing pump is sufficient for the damping

to outweigh the pump and although 'ﬁs/ N o increases, the reflectivity does not

@

2.3.3 Temporal Coupled Mode Equations

The steady state pararﬂ%tric instability is relatively straightforward to analyse
because a ‘s_ystem gf ordinary differential equations describes the behaviour. When the
ihstability's femporal growth must be dealt with, it is no longer obm that a similar

- simplification of the coupled mode eguations is°valid.' Obviously, if the wave amplitudes

06{»

are constant throughout an infinite plasma, the spatial derivatives can be ignored and a
syste(n" of three differential equations with only time derivatives describes the 3-wave

decay. The appropriate temporal, spatial and density fluctuation normalizations to reduce

-. Equations 2.16 are.

LY

t = 2&2,ideksksHve/vos)(”“’pe)r' = r'/yo X = csc'/Yo

N, = /(2/2)—(cSkIS/clko)z(w°/wpe.

n )(VOS/Ve)aS’
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Figure 2.6 lon Trapping Model Estimatesl'of SBS Reflectivity
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Note that the time scale is - O('I/yo) where Y, 'is the homogeneous
plasma growth rate. The temporal equations are thus given by . o
. 3 ‘ N . : s
. |’ ‘- . : - B .
aao/ar = -a_o¢ |
aa_/arj = ageg

aas/at' + g'a. = aa

L ; .
Equation 233 is very similar to Equation 2.20 describing th% steady state ‘problem
except.in one importaﬁt'respect. The sign‘ of thél driving term is t‘igeversed in thé second.

equation and consequently the co_ns.ervatibn law from the first two equations of 2.33is

—a02,+. q_2 =1 “(initial conditions ao(O») =1 o
a_(0) =0 .. Thus the system eléctromagneti,c energy is constant within the -
approximation u»s/mo << 1. o

- Weiland énd Wilhelmson [31] have 'exaﬁ\inea Equations 2.53 and their conblusions

will be outlined a’hd‘i 'expandéd upon here. When there_‘ris no wave d»ivss'ipa‘tion,'
_ g' =0 - and the solutioh to thé sytem of equations are Jacobi elliptic funcfions. »
These functions desc’ri.be “oscillatory e‘x‘change | of ,enejrgy, between the two
elect’romagne‘tic_\)vaves ‘ar?d amplitude modUlatiorjof t@ acoustiérvwave: With io"n' wave

dissipation however, the ‘oscillations ~damp out and the system relaxes to

‘ a, = dsy =0 ‘and !a_l =1 » . all the energy has been t’rraris_f‘erred to
.the decay electr_omag_neti.t: w;ve. Figure 2.7 is a plot of. a_2 g >and' aszb "forv
several B' .For B' >0 o, the wa\'/e‘amplitude‘s stabilize to their steady’
state ‘.va‘lues in times 0(]0/70) " with some ringing. I‘ric;reased dissipation limits

the ion wave's peak amplitude which after several oscillations, becomes negligible. Once
a . =0 , there.is no parametric coupling of the electromagnetic waves and the

ins_tability‘” cea-'seslf’vyi'th the end result of the pump wave completely de;’;Ieted and

¥
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S R s Experirhentel 'Me‘t_hods

3.1 Outllne of the Experlmental Methods

A consnﬂerable number of dlverse expernments were performed m the course of

»

this laser plasma mteractnon research There were two broad classes of experlments
: &

fnrstly those experlments from Wthh laser or: plasma parameters were measured and

secondly those experlments where the Iaser plasma mteractlon was dlagnosed

Examples of the first type are laser lnjectlon mode Iocklng and lnterferometrlc plasma

k ‘electron densrty measurements whule the second class lncluded backscatter lnght and ruby o

i Iaser Thomson scatterlng measurements Thls range of experlments requnred a wude

varlety of 1nstrumentatlon and the purpose of this chapter ls to explaln this apparatus and '

lts |mplementat|on

The experlmental facnllty consnsted of two. hlgh power carbon leXIde Iasers and -

an evacuated target chamber in whlch a focussnng mlrror and gas jet target were located

~

’-Most of the mteractlon experlments in Iaser fusion use erther planar or spherlcal solld' -
targets The lnterpretatlon of Brullounn measurements from_ these experrments is " ‘
compllcated t])y large densny and velocity gradlents ln the underd‘ense coronal plasma’

v Also solld targets often have hmlted dlagnostlc access partlcularly for forward h

Jrr

when studylng SBS S L - s

'scattered or transmutted s;gnals These reasons alone motlvate one to use. gas targets :

Suitable ports on the target chamber allowed entry of the laser hght as well as"

viewing accessublllty for the- dlfferent dlagnostnc experlments Electronlc equnpment for
A

synchronlzlng the firing of the two CO lasers with the gas target generatlon was located

in a Faraday cage screen room. Other control mstrumentatlon and osculloscopes were

also located in thls screen room to reduce electromagnetic mterference generated from

the high voltage laser dlscharges When operational, the entire Iaser target system could

be fired and data collected once every 45 seconds in:this tlme the CO, laser- capacutors

were recharged ‘the target chamber was- evacuated to removp the spent target gas and

then refllled with a fow, pressure static helium fill Of course the data obtalned from any

~shot was specmc to the experlment being conducted The different expernmental{

' methods to be detailed in this _chapter lnclu.de‘carbon dioxide laser injection mode Iocklng



- and multiWav’eIength oscillation laser focussnng ‘and target generatlon ~
absorber/scmtlllator measurement of plasma X-ray. emlssmn temporally and spectrally
resolved infrared ltght detectlon ruby laser mterferometry and’ ruby Iaser Thomson

'scattermg

3.2 Lasers

3.2.1 TEA Carbon Dloxu:le Laser | _
The prnncnpal laser used for the laser plasma mteractlon studles was a hlgh power '
transverse electrlc atmosphernc (TEA) CO2 laser. ‘This TEA laser was desugned and
fabricated at the Unlverslty ‘of Alberta (Burnett and Offenberger 132)). On flrlng the laser.
three smgle stage Mar x voltage doublers supplled lOO kV to the laser: dlscharge
‘,electrodes and pre- lonleng p:ns The actlve volume pre- lonlzatlon was accomphshed ’
»through a series of pin dnscharges located on elther side of the main dlscharge volume o
and electrlcally connected in parallel with the Rogowskl proflled dlscharge eleotrodes_’_;
-.The total charge n the pln dlscharge arcs was lumlted W|th 570 pF serles capacltors
Upon furmg the laser Marx banks arcs between the pre- lonlzmg pms flooded the actlve -
~ volume . wrth photonomzmg ultravnolet radlatlon (Sequm et al[33] ) The resultrng O(lO' cm’l
. electron: denssty ensured a unlform electrlcal dlscharge between the maln dlscharge
electrodes Ieadmg to efficient’ exc1tat|on and mvers»on of the actlve medlum SIX palrs of
. ] opposmg graphlte and’ alumlnum Rogowskl electrodes ballasted the dlscharge current to
‘further lnhlbl‘t arcs. whlle dellverlng electrlcal energy to the main dlscharge volume: The

.total gain Iength of the TEA CO, laser was 3 m and the resonator. mirror separatlon was 4

~ . m. An unstable resonator desugn permitted 40-J Ilght energy extractlon from the laser mv

a 40 ns FWHM gain swntched pulse Up to 1 GW peak power was dellvered ln this mode
~of operation. Table 1, llsts the prnncapal features of thls CO laser
The gas klnetlcs of the CO,~N,-He mixture in the laser-is well known [34] and will
be briefly explalned here Basically, the mtrogen molecule .is vnbratlonally excned throughr
electron |mpact durmg the laser current dlscharge and it couples efflcnently to ﬂ’% (0001}
 state of Co, molecules 1o resonantly transfer ifs energy and exclte carbon dnoxude_

molecular v:bratlonal states The resultant mverted populatlon of CO2 molecules (between' '



Wavelength

Energy Storage:
Capacitance

 Operating Voltage
Prelonizarron.

Active Volume

Active Area
vElectrical Eff101ency

' Resonator :

Rear Mirror .
OUtpﬁt'Mirror

!Gas Mix (00,: He)
Laser nght Ene gy

Peak Power

v10;59‘micronS"“

1.2 microfarad

55 KV

,‘50'X.é side discharge pins
4.1 l ’ '

3.7 cm X 3 7 cm
2.7% |
L mjunst‘ble’ h

~

12. 8 m radlus of curvature

5 cm diameter - -

-k, 96 m radius of curvature _
1 cm dlameter

22:5:73
4o J
1 GW , galn switched

]

1.7 Gﬂ , 1n3ection mode. locked

36



37

s »

[

OO°1 and 10“0) ampllfles the mfrared llght and lasing occurs wrth an optical resonator

surrounding the medlum Helnum is added to the gas mixture to colllsnonally de-excite an
mterrnedlate CO2 energy level whnch would: otherw:se prevent efficient relaxatnon of the
: -

CO, molecule The helium also increases the thermal transfer .to the walls. A helium-rich

gas: mixture was requured to ehmméte arcs betweeen the-Rogowski profuled electrodes

) and the reduced carban dioxide concentratlen dld cause & slught decrease in the total

energy extraction. A numerlcal solution of the rate equations for level populations and
’photon llfetnme for the unstable resonator [35] showed a weak He concentration
dependence of the energy extraction in the first 40.ns of the gain switched laser output
Further detalls of this model will be explamed when m;ectlon mode locklng is dlscussed
.in section 3 22

The temporal modulatlon in the gain switched laser output was different from the

s:mpla numerlcal calculations mentloned above Strong axlal mode  beating resulted in an -

lrregular intensity: modulatlon of .the laser output as illustrated in Flgure 3.1 Flgures 3 Ha)
and 3.1(b) show two oscrlloscope traces where the,,laser power was momtored with 300
: ps resolutlon and 35 ns resolution (for est:matmg the average laser power) The fast
- power. modulatlons .as ‘seen in Flg 3.1(a cdn complncate some of the laser- plasma
nnteractlon experlments and necessitated constant monitoring of the CO laser output

power Flgure 3 1lb) shows a limited "nitrogen tail” in the Iaser Output where =80% of the

laser lught energy ‘was extracted in the 40 ns. gain sw1tched pulse. A power callbratuon of .

the laser detector was straightforward from these oscnlloscope traces once the totali

laser ‘@nergy was knpown.

The CO, laser's positive branch unstable resonator optics were designed for'low

output beam divergence and good energy extraction from %e active volume Zeroth K

order calculations from Slegmans equations [36] were used to determine the radii of
curvature and mirror sizes for 85% laser output coupllng. The calculated values are listed
4 ~in Table 1,'The_Ea\vity mode strucfure was not ‘predicted: from these calculations but
requires complex calcu!ations based on repeateddiffracting aperture ucaICUlations (371
Altnough these computa‘tions were not done here, some useful observations ‘could be
‘made. Firstly, the problem with the zero'th order resonator calculation is that the laser

moutput' is presumed to- be-a uniform annulus. In fact, the transverse modes 'of the

PR
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cylindrical resonator are described by Eeneralllz‘ed ,GaUss—Laguerre polynomials [38].

Rather than rely upon dé{dcalculations these radial intensity modulation$ in the beam '
. ‘profile were approximated as Gaussnan welghted smusonds whose period was

determined thr0ugh burn ‘paper patterns. These measurments were needed for the focal

.spot |nten5|ty calculations in section 3.3.2. A second important feature of the. unstable

resonator was the dlffractlon limited Iaser beam divergence.’ Tllns ied to higher focussed

»

laser intensities lllumlnatlng the gas target in the Iaser plasma experlrnent

RO} %njectlon Mode-~ Lockmg of the T'EA CO, Laser
Two modlfncatnons of the 4 m TEA CO, Iaser were made in the course of the
experlmental work. First, the laser was injection mode— locked to produce a train of short

duration pulses rather than the usual gain switched Iasmg This? modnflcatlon is described

here In the second change WhICh ts described in section 324 ‘the laser was for

oscillate at several wavelengths simultaneously in either gain e ed/or injection'

/' . -»

) mode-locked pulses. ' _ : *\\

Short duration laser pulses were required for their fast intensity rise .in the -

. Iaser-plasméinteraction and their high peak intensity as compared to gain switgned lasing.
Short pulses 'can be obtained through rnode—locking a high p"oWér laser “or amplifying a
‘ | Tow level light pulse. Preliminary experlments with two pass pulse ampllflcatlon in the 3 m‘

» ampllfler showed severe parasmc oscillatibns and made it necessary to use some other
pulse generatlon technique. This was not too surprising as the 'hlgh gain module was
desiéned for laser o'scll:ation“rather“ than light amplification. Con{/entional amplifiers
normally. consist of 5’ series- of‘low gain modules which are isolated to prevent' parasitic
generation. | '

'In;ectlon mode—locklng [39] was selected for producing hngh intensity pulses
from the 4 m TEA Co, laser. .This mode-locking method was preferred for its sase of
operation and did not requure modﬁlatlng high hght fluxes with expensnve easily damaged‘
electro-optic components Figure 32 is a schematlc of the injection mode- locklng

.system constructed in our Iaboratory The two laser oscnllators were a 1 m unstable
resona,tor (0.5 m gain length) TEA CO, laser injection oscillator with 1.00 MW peak output

power and the slave oscillator, the 4 m TEA CO, laser prev10usly descrlbed
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The injection oscillator was 2 copy of a single section of the slave oscillator but
with Brewster angle sodium chloride windows rather than the resonator optics sealmg
the laser box ends. This.was done to produce vertncally polarlzed light from the m;ectnon
oscullator, making it suitable for pulse slicing in the front end electro—optic shutter. A
laser triggered spark gap (LTSG) provuded automatic synchronization of the shutter with
the injection oscillator and controlled the light pulse width. Upon firing the injection

oscnllator the LTSG generated an =9 kV, 2 ns charge cable voltage pulse to actlvate the

K Chromlum doped Galllum Arsenide Pockels cell{7 mm x 7 mm x 40 mmi. For. the 2 ns,

~ the injection oscillator output_was rotated 90 degrees upon traversing the Pockels cell

and subsequently analysed py a 3500:1 polarization rejection germanium Brewster stack.
Low le\;el unpolarised light from the injection -oscillator limited the pulse-to-leakage

centrast to 200: L.

.+ The switched out laser pulse was directed into'a 2 mm diameter hole drllled into
the rear mirror of the slave oscillator and diffraction coupled to the laser mode volume. |
The timing between the injection and slave oscnllators was electromcally controlled
through two delay gener'ators. Timing ;ltter of 10-50 ns resulted from shot-to-—shotf

variation in the two oscnlators gain bul|d up but was not critical to achleve mode-locking.

“The light pulse swntched out from the mjectlon oscillator output was lnjected into the

slave cavity at threshold ie before spontaneous emission bulld up could lead to normal '
gain,.ﬁswit_ching. The subsequent cavxty photon gr_owth lS‘j described as regenerative
amplifica‘tlon The injected light pulse grows in the laser cavity and only'/ a fraction of the
pulse energy is re-introduced-into the cavity aftv reflection off the output coupler The
resultant laser output'is a series of short pulses separated by the slave cavity round trip

transnt time. The pulse width is apprOxlmately that of the injected pulse and the pulse train

‘ _envelope is s»mllar to the slave oscnllator gam swutched output.

Table 3.2 summarlzes the slgnlfucant IML system characteristics. As seen in Table

32, the lML laser peak power was nearly double that delivered by gam switching. The

* pulse- to low level Iasmg was hlghly variable and was a functlon of both injection tlmlng

and the m;ected photon density. Wlthm the 100 ns m;ectlon window, the pulse-to—noise
contrast was typically better than 20:1. Further improvement in the contrast was

accomplished by inserting a low pressure (=4 Torr-cm) sulfur hexafluojide saturable

¢



Injection pscillator

T TnjecttonCharacteristics

Siave‘Oscillator

S %

V
e

-500 mJ, 40 ns gain switched output

.—Selfvsynchronized laser triggered |,

sparkgap te:GaAs electro-optic

modulator ‘-
- 10 W total power -
- 50 ns injection jitter

- 100 ns injection window

-2 t03 ns FWHM injection pulse
- 0.020 to 0.035 cn™ ! gain

- -Peak power to 1.7 GW

- Horizontal Polarization

- Pulse contrast better than 20:1

Table 3.2 IML Laser System Performance
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absorber cell between the injection and slave oscillators to reduce low level light ieakage
“from the germanium gnalyser. IML laser prepuise levels were difficult to controi due to
_its sensitivity to injection characteristics. This meant that the CO, laser bowor had to be
constantly monitdred during laser-plasma experiments. Qne virtue of this varying output
power was that pump intensity scaling of experiments Was easily done~ a large number
of laser shots would provide data pé)ints over a large span of pump intensity.

3.2.3 IML Laser Model i

A computer model was written to assist in understanding the injection

rhode-locking and to conveniently study. the effects of different operating parameters.

The CO,-N,—He rate equations use%these computations are similar to Manes et al.[40].

A qsll model was used whereby fhé a}ctjive medium was partitioned into cells of length

ctp~\, where ¢ is the speed of light and tp the injected puise width. Competition
wifh spohtaneous emission was ignored and the slave oscillatgr re'sorator mode
structurg was assumed to be spatially'uniformn Consequently. the mode! did not predict

the observed injection window (see for eXa'rhple 141} where a different model is used to

- obtain this) nor the complex spatial variations in g%in saturation throughout the active

medium. The injection pulse ans introducod‘.m round trips after the sjart of the slave
oscillator discharge current and édvanc_ed to successive cells each t£ step. The rate
equations for-each cell were solved with zero photdn density in all cells except where
thé §ulse éurrent!y resided A fractbn of the photon density’f 1-R, coupled out of the
laser cavity each time the pulse reached 'the output coupling mirror of reflectivity R. The
remaining photons passed through the cavity twice bef“ore a second laser pQIse was
produced. Zero gain celis could also be introduced at either end of thé active medium to
model the effects of changing‘the cavity length. ‘

A simplified energy level scheme for the CO,-N, kinetics is given by Andrews et

al[35] and was used here. As seen in Figure 3.3, the nitrogen is excited through electron

impact to level N which resonantly transters tQ carbon dioxide level n,, at rate k. Within

the CO, energy levels, there is stimulated emission. of the laser line from ny to- n, with

subsequent decay to ground n, through intermediate energy level n,. Electron impact also

affects the CO, n, population to some degree. The various rate coefficients used in this

J
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b

" conservation equations used for aéch cell are

> ‘
model ‘were calculated for the 73‘5 22 He Ny CO, laser gas mixture. The' rate, and

.o
@ A N

- dng /dt 84N (n //fn ) +K(Nn -y N ) - é }‘? ocq(h1 - nz)
/ S b
aN/dt = 62n (N fN) - K(hlno - n]No)

anZ/dt 'oc‘q(n] - nél - K n2

(dng/dt = Kpny - Kyng * K13 1
dq/dt-= ocg(ny - n,) =
=Ny -n, =N, - Sl :
0 S 2 ’ T L . Eq31
Nof Nyg - N o ‘ , o e S
(4t/r)(1 - t/r) : 0<ts<rt .
'0; otherwise - ' '

n,
€

'

where ‘ne is the discharge electron.dénSity ando q . the photoh dehsity in a cell.

~ Ncp, is the total CO, molecule density and similarly N, is the total N, den%ity. The rate

‘w

- coefficients and cross éecfions. for this laser are: . & K
'6] ’=‘36x1_0'9‘cm3 s R o @
6% =2 x 10>'-'8 em® 57V
K = 5.412'10']3 cm3 s | | |
Ky = (85(He) + 110(N ) + 365(c0, ))760 112 x 10° 57
K, = 1.06 x 103(0.056(He) + 0 A6(N,) + (c0,))= 3.07 x 10 &7
k3 = 760(4000(He) + 40(N,) '+ 2oo(c02)) 2.25 x 10° s -1
=1x10 % em? e S
f=1. 157 | ;{/ Ty

v'(He), (N ), (CO ) are the fractional -helium,. mtrogen and
carbon d1ox1de gas const1tuents E S (

e

» »he laser electr:cal dnscharge has been descrnbeg by Burnett and Offenberger [32] who

LI
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'laboratorles (411 Another very lmportant effect clearly demons

’ the dependence of the peak pulsed power in the injected pulse wrdth The energy .

: vntensutnes by factors of two and more. This made it essentlal to pay ci%8
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measured "a 400 ns current pulse Electron density - calculatlons [42] from thenr fngures

mducate peak electron densities in the discharge X 101 cm’. e T

,Equatlons 3.2 were solv numerlcally W|th a second order Runge Kutta
conclusnons from the modelllng are as follows There is only

ak dependence of the peak lML laser output power on m;ected photon_

. densit and tlmlng This @as tested with Slx . 2 ns galn cells comprrsmg the laser and

energy from 1017 to 10+ J m;ected into ‘the slave oscnlator at ' 1'to 18 round tl'lp tlmes

: after the start of the laser dlscharge current pulse Spontaneous emlssuon was not‘

mcorporated in the model since the lnjectlon window is not as large as these results -
N

' indicate. Lowered output coupler reflectivity redubed—the cavity feedback and moved the

peak pulses mto hlgher galn above threshold. The -‘outcome was hlgher peak powers in

* the IML laser pulses with lower coupler reflectivities. A larger resonator gave the same.
‘ effect with an 8 m cavity. grvmg =40%. higher peak powers than for 4 m resonators wrth

v the same active medium length This behaviour has been experlm@lly observed in other

ed in the model was

' lf:lse remalned approx1mate|y invariant to the pulse width, resultlng in dec
poWers for mcreased pulse vwdth This effect was: very noticeable in the

where poor electro optuc gatlng of the m;ectlon oscrllator output
P> .

s

the allgnment of the laser trnggered spark gap and electro- optlc shutter
The modelEpredlctlons cornpared well wvth the lnmal pulses of the observed lML

laser outputr A model result and two measured laser pulse trams are deplcted in Flgure '

: 3 4, After the first few pulses the model does not closely resemble the actual IML laser '

_output After gain depletlon from the furst four or fsve laser pulses, the: oscrllator gam

fatls: below threshold and the spontaneous emission corﬁpetes w:th the IML -lasing in the

“nitrogen tail. - -Consequently, the nltrogen tail was reduced to a weakly modulated pulse

train as significant low level lasing decreaséd the gain'available to the IML laser pulses.

~ Figure 3.4(c) shows how SBS fed back mto the slave oscullator caused double pulsnng in

the mtrogen tall of the laser output to further limit the late time peak powers

sq’
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:’.;. -,.'~ The utlllty of the lML laser model came m ldentlfylng the parametrlc response of

the IML Iaser to |nJect|on timing and. denslty resonator couplmg and length and m;ected
pulse wxdth: These results revealed the wnportant features to aﬁend- to in operatung the
lasers:’ Since only the  first high po\wer pdlse ‘was. important _in‘rthe 'rla‘s'er—‘pl‘aSma-‘

experiments, the late time dev’lations’ of the model from the re”al laser performance were -

ignored.

3.2.4 Multiwavelength Oscillation of the TEA CO, Lasers
The CO, laser operation described. above has been for smgle line extractlon that

is, of all the available carbon ledee lasing transitions. only the P20, 10.59 rhicron line

was produced. This was sumply a result of P20 havmg, the highest gain and therefore the

faste'st buildup to gain - switching “.gpo_n _gain sv\(ipching, the CO, rotational - levels
re}—thermal:ze in 50.2 ns and_thus gain depleiion ocecurs ‘for all the possible tra'nsi'tlons as ‘
energy is extracted by the dominant P20 line. Single wavelength oscillation s not‘ always
desirable. V\?S:th extrernely short laser pelse- generation, the‘ thermalization time can be too
long for effective energy extraction from the active medlum Secondly ina CO,

laser— plasma .expenment a multlwavelength Iaser can reduce stlmulated Frillouin_

scattering as was demonstrated in this research It-was also. of scnentnf:c interest to

demonstrate that - it was poss:ble to obtaun multnllne m;ectnon mode—lockmg of a high -

power COwiaser ThlS section will descrnbe the criteria that need to be satlsfned to \obtain
multlwavelength laser oscnllatnon anQ[ how |t is accompllshed |
Two methods have been used in conventlonal gaun swutched TEA CO2 lasers, to

obtaun multiline lasmg Cavity etalon tumng provndes line selection and can preferentlall

'detune P20 to aliow other transmons to- lase 143} The second and more common method

is to install intracavity absorptvon cells which selectively absorb the P20 line and mhlbrt it

from lasung Our choice was absorptnon cells with sulphur hexafluorlde {SF) absorptlon_
gas SF, has strong - absorptlon at 10.6 microns as compared to other. CO2 laser
transmons and as a saturable abil;orber it convenlen tly bleaches at laser galn swntchmg to
mlnlmlze laser absorption losses and maxlmlze extracted laser power Figure - 3.2
illustrates the 7 cm aperture SFG_ cells.rnstalled-ln both the injection and ‘Slave oscillators.

Whether operated in a gain ‘swivtched or IML output, the, slave oscillator could be

1]
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_operated multiline. By simuitaneously tuning the injecti®a and slave‘oscitlatOrs to lase ‘On
common lines, muiltiline " IML ‘lasing was, obtained is is beheved to be ‘the flrst
demonstratlon of multuwavelength injection mode locking of a high power TEA CO, laser

B Muittiline oscullatlon of the slave oscnliator occurs through the snmultaneous growthi-
of several laser Ilnes WhICh have close to the same gain 'and consequently galn swutch at
" the same tlme For the snmplnfled case of a pulsed laser with a linear gain lncrease from

zero to a cm ! (averaged over cav:ty) in time T . the gain swutch tnme T for an

m;ected (or spontaneous emuss:on) photon density ¢ . emis [44)

T= < InWEL [T TG 7@ Eq. 32
where M-is the resonator magnific’:atlon ¢’; Is the saturation photon density ( ‘¢S =
2 x ‘IO“ cm*) and L is the cavnty length. The first term of this equation is- the time to

~ reach threshold from the begmnmg of the laser gain-and the second term is the time to
achieve .gain. swntchmg from threshold To induce two Iaser Innes in the oscillator output,
thelr gann switched tlmes must be approximately equal to ensure that.gain depletion from
one hne does not Inhlblt the second I|ne ThIS condition’ applles equally well to gam

swrtched and IML lasers For two hnes 1 and Kk to successfu!ly partnc:pate in lasmg then:
ITJ.-_- T | < cavity transit time

Inspection of Equation 3.2 for 7 shows the ‘main'controlling‘ factors in obtaining
mulfiwavelength oscillation. First, 7 is only logarithmically dependent on the spontaheous

or injectedb'photon density - ¢>1- . For example; with the CO, laser parameters in,TabIe 1

and a gain of 0.025 cm~, if 10 W. of power IS m;ected at one wavelength a second

mjected line with-4-30 W would satusfy the gain depletnon crrteria and still lase. Injected.

4

. energxes over six orders of magnltude (10 12 to 10°¢ J) were tested in the INML laser -
program and the gam switch time dld not change over more than =120 ns. This time
range 15 greater than what yvas acceptable for snmu!taneous ga|n switching but does
illustrate the vahdlty of approxlmatuon in Equation 3.2 . . Q

-



'fhe second observatnon is the direct dependence 7 has on o ~ —small changes‘
in the laser gain for any laser transmon could drastlcally alter its gain iwnch time. Slnce
, o . \depends on both the absorption cell losses and vthe {aser gain, their adjustment is
:‘/er!y critcal to obtain mdfﬁ‘vvavelen'gth lasing.‘The gain buildup time 7 is only dependent on '

the electrical discharge pdmping.of the active medi‘um and is the same for all lader -
transigions‘.'Overall, T was'approximately 600,. ns 1o;1000 ns wli't‘hin the normal laser
operating conditions. This range "was much greater than the permissible =2 M ns

‘ dnfference in gain swrtchnng for two laser wavelengths However control of . a
through the SF, absorptlon cell enables T for several laser Imes to be roughly equal.
Obtamung mumwavelength oscnllatnon from the gain switched LS:O, laser was
straighfforward. The intracavity absorption cell was filled with 2-250 Torr-cm of SF,
and hetiom buffered to atmospherrc pressure. As a résult, upon lasing, the 10.59 micron
P20 line 'was eliminated and lasingv on 2 to 5 lines in the 10:3 micron or 8 micron bands
took place. The output energy was reduced from ‘the single line output by approximateiy"
| 50% to 17 J because of/cell absorption losses and reflection losses from the sodium
chioride windows. An OpticaI.VEngine‘eriﬁg Co, laser spectrum ,analyser was used to
~ detect the various lines in the laser output. The laser energy. distribution in these lines was
determined with an i‘nfrared multichanne! analyser located behind a 0.5 m infrared gratino
spectrograph {see SECtIO’I’Q3 4)

) . lnjectlon mode-locking on several ||nes was achleved through tunlng the injection |
osciliator with |ts absorptuon cell énd those lines common to the two oscillators were in
the IML laser polse train. Table 3.3 gives those comb|natlons of equal power lines which

were obtained for various amount of intracavity SF, . The wavelength content was hig‘hly:
sensitive to the laser gain and SF6 pressure as expectedwtiation 3.2 Drift was
observed in the output line content as either characternstlc changed during laser operation

Band thus the spectrum had to be monitored contunuops!y. ‘

As with the gain switched laser, the IML laser performance was reduced in
multiline operationv Peak tota! muitiline powers of 390 MW were observed with o

. . ’ Ll\ " * i
pproximately equal power in the participating lines (up to three lines) .The power

contrast of the laser pulses to the low level lasing between pulses was égﬁ‘L»This was

significantly poorer than the 20: 1 contrast in the single line, 10.59 micron lasing because



INTRACAVITY SF‘6

-~

<5 Torr cm -

5-25 Torr cm

250 Torr cm

Table 3.3 Some Line Combinations in a Multiwavelength IML Laser

0 _.Torr cm

LINES*

P10(20)

‘Ri6(26)

Rlo(lo), Rlo(iu)
R10(18), Rlo(zo)

39(14), R10(18), R10§26)

Ry(14), B{,(16), Rlb(;s)

39(14), R9(18)
Ro(14) .

R(14), Ry(16)

R9(14), R9(16), R9(18)
P9(18)f P9(22), R;(lz)'
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a saturable absorber was not available to uniformly eliminate light leakage from the
'electro-optic switch at the injection‘ wavelengths and obtain a hlgh quality injection puise.
The total extracted energy in the IML pulse'tra?in was =15 J with approximately 50% of
the energy residing in'the Iaser pulses and the balance in low Ievel lasing. Only horizontal
output polarization was obtained with the multlllne IML Iaser The blrefrmgent mylar used
with the smgle line IML Iaser to obtain random polarization was a narrow 10.6 mlcron
bandpass filter and therefore could not be installed at the injection aperture of the slave
oscitlator for multnwavelength injection. R '

Multllme operatlon of both the gain switched ‘and mjectlon mode-locked

oscillators was valuable-m experimentally confirming the pump dependence in stimulated

‘Brillouin scattering. The details of this experiment will be'given in Chapter 4.

3.3 Target Chamber

- =~

o

The principal experimental equipment consisted of the TEA CO,. taser -sy.stem;‘anq,
experimental target chamber into which the. laser beam was directed and then foousse_o
onto the gas jet target. The - target chamber was‘ a 70 cm diameter by 35 cm'high
alummum cylinder with eight optlcal/general purpose ports ar0und ‘its perimeter. A & cm
thick plexiglass plate on top of the chamber was removeable to permit access to the gas

target focussmg mirror and diagnostic instrumentation. Electrical conneetnons gas and

vacuum lines were provided through smtable ports and feed-throughs on the bottom
plate of the chamber cylinder. The gas jet target was centrally located in the target
chamber and a gold coated 10 em focal length pa\gboluc concave mirror was located to
lntercept the incoming CO laser beam and focus it onto the gas Jet Details of the target
jet and focussing mirror are given later.

The interior layout of the target char'ﬁber and the position of its oorts are shown
schematically in Figure 3.5. The main optical access windows used were ports 2, 3 and 7.
' The CO, laser light was directed through the 7.5 cm diameter sodium chioride etalon at
port 2 which also provided a refiected ‘light signal for CO2 laser power, energy and
spectral content monitoring. Stimulated Briliouin backscattering,also exited from the
. target chamber through this port Ports 3. and 7 were used extensively for Ruby laser

Thomson scattering and interferometry.

-
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Figure 3.5 Top View of the Target Chamber
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o n operation, the target chamber was evacuated to =0.01 Torr with a dual stage
mechanncal vacuum pump and then backfllled with 10 Torr of helium (except in specnal
cases) for stablllzmg the gas flow in the target jet. The gas target reservoir was.
simultaneously re—pressurized to 2000 Torr of oxygen at the time of helium back filling.
ThlS target chamber preparatlon sequence was automated through a specially designed
microprossessor controller which was actlvated immediately after COJ las/flrlng The
evacuation and gas filling solenoid valves were operated by the controller and sold state
pressure transducers for ‘monitoring the gas pressures were mterfaced to it through
standard analog-to-digital converters. The controller software was designed to aliow
control system recot/ery from noise interference generated by the TEA CO, lasers as
well as electrical discharges from other experil:tnts. After the gas jet target was
produced and the TEA CO, lasers fired, the target chamber preparation cycle was
repeated. A 45 s experiment cycle time .Was possible with this arrangement although

longer times were often required for data recording or exp/erlmental modifications.

3.3 Oxygen Gas Jet Target o

{
l

The: focussing mll'l'OF‘Y and gas Jet assembly were located inside the target
chamber The gas jet assembly provided a supersonic laminar oxygen gas jet Wthh was -
irradiated with high intensity CO2 laser radiation. The laser ionized gas provided the“
medium in which the laser—plasma interaction took place. The construction of the gas jet
is illustrated in Figure 3.6. In operation, the refill solenoid opened to aliow filling the gas
reservoir 10 2000 Torr oxygen and then closed. Upon triggéring the gas target , the dual
solenoid valve was opened for 500 ms and the laminar jet was _forrned. A piezoelectric .
pressure transducer detected the gas.pressure pulse below the jet orifice and gave a
timing signal for instrumentation in the screen room and for synchronizing the Iaser firing
with the gas )et generatlon _

The expansion orifice of the target jet was designed as a supersonic nozzle. Gas

low became sonic at the thrbat and subsequently supersonic upon expansion into the 10
Torr Helium envlronment Gas parameters at the nozzle were 58 Torr pressure, 5 x 10
cm-? particle density and 500 m s! flow speed Shadowgraphy was used to o'bserve the

gas jet boundaries for different helium gas fill pressures to compare profiles with its
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calculated behaviour. The gas flow exhausted into Iow ambient helium pressure.

Under these conditions, an underexpanded ;at formed over the supersonic nozzle
and the potontial equation for compressible flow was soived through the method of
characternstucs to obtain flow parameters in the jet (Shlél:o {45). Isentropic calculations
were used and the re&on of validity extonded above the jet only until frictional forces
between the ambient gas and jet became mgmflcant Figure 3.6(b) will assist in explammg
the method used in the free jet calculations. First, in region 1, the gas is just leaving the

nozzile, wmh A Mach.number calculated from the |sentroplc flow relation:

1

1 2 l 'y-] 2 ‘Y‘+] * | .
Tz",' ]+ M -
M+l 2 oy - 1)

‘ | | where AT

is the noz2le throat dimension (flow is sonic at the throat) and M is the Mach number at

any position of dimension A doWnstrearﬁ from the throat. The ratio of ép@cific heats is
Y which |s 1.4 for diatomic molecules. Once the Mach number at;the_ nozzle exit

is calculated, all other gas parameters such as préssure‘ density and temperature are

calculated through the various |sentropnc flow equations. The gas outside the nozzle isy

freely expanding and the jet boundary condmons are determined from the static gas fill.

In Figure 3.6b). the ‘gas flow bomdames are shown wuth tpe streamline directions

""«: R

changung each tnme a. rarefactno’gxf .esszon ysave is croﬂ? Lmes a and b are

MU R

found as their pressu?mustu " : dsfference across

a free boundary). Once: thg&lach numbei’ of thesa two rggaensws ?ound then the. angle of

b 3‘,.,! .
the free boundary ca(fbe&&}culat‘ed fro;;n xhe Prahdtl Meyer equatlpn
3
w(M) = Atan(WZ - PR /(y +1)/(v‘*- 1) Atan/!f,«.g- 1)(M2 ~ 1)/(Y )

oy St

B ) Coy

' whe‘r"g . 63 - us the‘streamline direction in region
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conditions change The angle these waves make to the average flow direction (eg

(02 + 04)/2 across al is the average of a for the two regions
_separated by the particular line ~ '
— 2 hd -] .
a = Atan[(M® - 1)™"] Eq 35

3 with respect to the jet axis The rarefaction waves are lines across which gas .

¥

From these equations it is possible to foliow the flow:parameters through the free jet as -

rarefaction and compression waves are crossed Once the change in flow direction is

calculated. the Prandti-Meyer equations can be used to calculate the Mach number in thp;

. new region (region 4). The calculations are simplified by racognlzmg the jet symmetry and

\~

1 v 4 '
" Two cases of Py and Pye are calculated as above and shown in Figure 3.7.

replacmg the center streamiine with a solid boundary A program listing of the calculation -

. method 1s given in Appendix B.

where Py is the O, . jet stagnation pressure and Phe is the ambient

K

helium pressure. The measured throat dimension was 113 mﬁ?’bns and the nozzle exnt
o

was 460 microns. In Figure 3.7 the density n/n.- s mdnca@ sgmde each flow field '

where, N is the electron density if the oxygen in M |§ ionized to Z=6 and

n is the critical density for the 10.59 micr {

c , laser wavelength. Two

. features are,,,seen in these results Fnrst there is a high density sheath around a low

»
d&'&lty reg;on and finally a high density core of variable extent, depending upon the

pressure ratio. Secondly, the CO, laser focus was set up' such that the lowest density

region was not necessarily accessed. The densnty 'sampled in the Po =2000 .Torr.

pHe =10 Torr calculation would provide 0.78 nC and 500 microns further into

the plasma it would rarify to 0.29 Ne - The important conclusion is th}‘at there really is

an optimum focs! position for the C:‘O2 laser in the neutral jet and it must be carefully
selected.

Shadowgraphic measurements of the neutral gas flow boun_aary c%mpared well

{ with the above calculations. A pulsed ruby laser light source was used to illur%inate the

neutral gas target for these results. The dashed iine in Figure 3.7 for the 1‘D Torr

background helium is the observed oxygen jet boundary. The comparison of the
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theoretical)and experimental results is excellent although it must be remembered that

shadowgraphy does not measure the absolute gas densxty Interferometry measurements'

- of the oxygen density were not made because of the hmlted extent of the low refractlve

I gas: At least the theoretlcal calpulatlon is a useful guide to the expected

3’;'3-.2‘CO Laser Focussing o S . Fy
- The TEA CO2 laser and gas target performance have been treated in the prevaous
sectlons The remamlng prlnclpal component to be descrlbed is the paraboluﬂnrrror used
S to focus the lncomlng CO, laser light onto the gas jet The ‘mirror Con5|sted on an
alumlnum substrate coated wnth copper and gold overcoated for hlgh reflectlwty hngh‘

> damage t

shold and tarnlsh resistance. error fabrication was’ “done in the departments
opt|05 shop as descru : Arnold and Offenberger [46] The mlrror was mounted on a
moveable, tiltable carrlage so that '_ irror focus could be ad;usted to anywhere wrthm

the neutral gas jet, / '

The off-axis parabolic m/lrror focussmg of the CO, laser light was modelled to .

2y

; asslst in determlnmg the focussed taser mtens:tles Because of mlrror aberratlons CO2
vlaser beam dlvergence and. Iasf P;eam mode structure the mtensnty dlstrlbutlon was
dlfflcult to measure dlrectly Allso, measurements from a Hellum Neon allgnment Iaser
could only glve a limited estl ate of the mlrror fowssmg characterlstncs because its
dlvergence and mode structur were very dlfferent from those of the actual CO, laser
beam. L R
| . The calculation approal‘ch is shown in Flgure 3 8. Meridional rays are incydent upon

a reflecting surface y=Ff(x) )Whose radlus of curvature is r .= R( ). The radlus of %.

- curvature could be calculated from the shape of the parabola but since it is’ calculated

pnsities under dlfferent operating conditions. . . «

i

-

«. 7 witha second derivative of f(x), it is extremely -sensitive to errors in f. Thus the radius of /

vl

curvature of the parabola was directly measured in a'Ronchii test. The mcomlng Co, beam, !

Jrs inCident at an angle . & to the parabolas axis and is lntercepted by the parabola’s |

reflecting surface Ray tracing was done by approximating the retiected light beam as a !
bundle of rays The center ray O - was traced and the distance F along its reflectnon'

> was used to deflne the origin of a new coordlnate system ' ( ,y ) whose'

4. +os . !

|

>
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x' ‘axis was parallel to the reflected ray. All other .rays of the CO,V laser beam were
N ]

traced and their | y mtercepts calculated By weighting the rays with the Co,. :
- unstable resonator intensity dnstrlbutlon the intensity pl’OfI|e along the y'. ax:s was
easily calculated for any posmon along x A further reflnement nncluded laser beam
dlvergence Dlvergence was mtroduced in the modelllng by dlwdlng each ray into. severél )
equal angle spaced subrays Whlch were then traced These ' equal mtenslty subrays«l
spanned the range of incident angles resultlng from the laser beam divergenc®. - ) ;
“i " The measured functions f(x) , R(x) , and W(X) where &

W(x) was the'laser'intensity weighting function were:

-0.00959025 -

H
i 1 O
o
=
o
—
i

f(x) = I a; = -0.023095  a, = -0.00
- A= 2, = -0.0939635 a,  -0.001734167
: C | ag = -0.024770834  a = -0.00011277778 o
R(x) = 19.4 + 0.07547 x 0 sx < 2.65 | >
% =19.0821 +0.2105 x  2.65 < X < 3.6
= 19.4727 + 00909 x 3.6 < x < 5.8
Hx) = :

sin2(4nx/3.7)

The 0.3 mrad CO, laser beam divergence was calculated as the difﬂf-raction limit of the
'unstable resonator's - annular aperture (23] Further, focussing dlffractlon was
accommodated by selectlng a grid dimension close to the mirror's dn‘fractlon limit.- The:
dlffraotnon limitin’ the f/3 focussing was approxlmately 30 microns and so a 20 micron

-grid size was selected A finer grld vyould have generated nonphyslcal hlgh frequency @

Y

spatlal intensity modulatnon in the focal region. . PR j . ' o
- : 6

Figure 3.9 shows the calculated mtensnty proflle thr0ugh the focal region of the

&

parabolic mirror wnth the above parameters Slxty to seventy per qent of the mcadent ,

laser power is wnthm a 100 migron dlameter Spo'( in an 800 mlcro‘n walst ThIS long walst

%

is.a result of . the mirror aberration and as a consequence a uniform laser intensity
. 2
> il ninates the plasma region of mterest durmg the Iaser-plasma interaction (at least until |

@ sévere plasma refraction takes place) At the peak mtensnty (axaal position D microns in ,

Fat
&

Flgure 39) the beam FWHM is 60 mlcrons although at this axual posmon a sugnlfucant

fractlon of the incident power ls off axls by 150 mzcrons

7

o . s
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U . N e .
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It is important to consider how the Co, Iaser focus was aligned over “the gas jet

L6

- orifice. An alignment Helium—-Neon laser for the unstable resonator oppcs was focussed
_onto a 200 micron diameter microball suspended above the jet orifige. The mirror focus
. ‘ A »

was adjuéted for maximum occlusion of the He—Ne laser Iight frqm tHa.microball. Similar

.V. ‘M\

focussmg model calculations for the He-Ne laser showed maxumurﬁbcoh!snon within 200

mncrons of the CO, iaser focus WhICh is acceptable positioning ac kf?acy for a long beam
waist. Even for this case in calculatmg the CO, focus position and umsﬁs/ly dAsgr&mon
once the oxygen target is ionized, refraction and absorption a‘lter‘-the light intensity
distribution. However, it is still important to estimate the focussing properties of the

optical system for laser pump calcuations in the laser—plasma interaction.

3.4 Infrared Light Detection \ ‘ 2

-Several kinds of inffared light sensitive instruments were uééd to monitor the VTEA'
CO, laser performance and light scattered in fhe Iaser—plasmg‘interaction. Four detectors
were available for time resolved measurements of the infrared light. First, low sensitivity
doped germannium plioton drag detectors were used as monitors for the incident and
transmitted ‘light from the plasma Typ»cal responsmwty and risetime were 0.5

uV/W . into 50 @ and <1ins respectuveiy The observed risetimes

. were slower due to amplifier , cable and oscilloscope risetimes so that £2.4 ns signal

risetimes were normal. “Type 7834 Tektronix storage oscilloscopes with 7A18, 50

£2- vertical amplifiers (400 MHz baﬁdwidth) were the prinf/jpal oscilioscopes used for
all measu‘rements . Two other detectors were liquid ”;{trogen‘ cooled, ’gold'doped
germanium (Ge:AQ) phétodetecfors .Which were used in ‘abplications requiring high

infrared light sensitivity (0.2 V/W into 50 2. ) and medium bandwidth (1 ns intrinsic

risetime). Various bandpass, cut-on and cut-off infrared interference filters were used'’in ..

-

front of these detectors durmg multiwavelength laser experiments. Funally high speed
infrared light momtormg was done wuth 100 ps risgtime pyroelectr:c detectors (5

aV/W mto 50 @ ) comgd dlrectly with 1. 5 m of coaxial cable to a type
7104 Tektromx oscnlloscope with a 7A29 vertical amphﬂer The risetime with this

combination was better than 360 ps.

.

o
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_Time integrated infrared light measurements were done either with a pyroelectric

joulemeter for routine Iaser energy monitoring or with an infrared multlchanngl(,analyser

(IRMA). The IRMA was a PARC type 1204A pyroelectric vidicon with a 10 mm x 10 mm N

scanned area and 33 micron effective channel wndth. The IRMA controller had an output

line to synchronize scanning with the CO, laser firing Ac'cumulated data were displayed

on both.a numerical readout and ‘on an osculloscope Spectrally resolved backscattered :

light measurements were made by positioning the IRMA head behind a 05 m mfrared
gratung spectrograph wuth a suntable imaging arrangemant. Either a 75 lnnes/mm 64 x 64

mm, 8 micron blazed grating or a 148 lines/mm , 5 micron blazed gratnng were instalied

in the spectrograph. The lower reso!utlon grating yielded 3. 2 A/ chal dxspersson on,

the IRMA wuth 35 A resolution and the high resolution grating was approximately

‘twnce as dispersive with twice the resolution, as expected The low resolutlon grating

was normally used to provide a Iarge scanning range and higher grating efflc1ency

The “limited resolutlon in spectral measurements was improved through
deconvolutuon of the instrumental slit function from the data points* To accomplish this,
the sgectral data pomts were first convoived wlth the . measured spectrograph slit

function. In the first iteration the changes in the data point values are the correction to

the original data Several iterations of this calculation procedure were done by the

"pseudodeconvolution” method {47]) This approach was superior to direct smgle pass

matrix inversion to remove the instrumental response because of its low noise sensitivity

and avoidance of troublesome computat»onal round off errors. The calculatuon algorithm

is gvveh in Appendix ‘A. All spectral data in this thesis, mcludlng vcsxble light spectra ‘has

‘had the ‘hstrumental function deconvolved. A test of the method was .done by

-4

deconvolvnng an instrumental function from |tself Ideally, the solutlon should conve\ge to

a single pomt in fact the test resulted in a four tnmes |mprovement of the spectra!

resolution. Th|s was con5|dered very satisfactory performance and ;ustlfled its routine
application to spectral data. . ' o

;- v

v
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‘ 3.5 Plasma Electron Temperature Maasurement
The infrared detectors descrlbed above prov:ded information on the CO, laser
light and light backscatte_red' from the Iaser-pl’asma interaction. To complete “the
characterization of the interactigh, the plasma electron temperature, Te ; electron
density N, and electron density gradient V"e‘ were determined . The elec_trOn
temperature measurement is'described'her‘e.
Once the\'nggen plasma was created' through photoionization and 'cascade
.lonlzatlon in the gas jet target, the hlgh temperature plasma emltted bremsstrahiung. and
line radiation in all dlrectuons The X- ray spectra of this emitted radiation was monutol*qd
through a very snmple thin absorbmg foil/scintiliator arrangement from which the plasr’ha
electron temperature was calculated A detection head consisting of a 5 mm aperture

drilled in a shieiding alummum housing was Iocated approxmately 4 cm away from the

- plasma Varlous thicknesses (1.75 - 12 micron) of alummum foil were placed lmthls

aperture, behind which was located an NE102A plastuc scintillator. The blue llgh‘(";,;. 6
scintillations from the NE102A materlal were coupled to an RCA 8645 photomultiplier .
through & low Loss 6 mm x 30 cm flexible fiber optic bundle. The calculated response
time of this arrangement mcludlng oscnlloscope cabllng and ampllflers was 3.7 ns ll5OO |
V on photomultlpller) The relatlve photomultiplier signal as a function of aluminum foil
thlckness was compared to theoretical calculations for a Maxwellian electron distribution

in an o'xygen plasma (48] to provide electron temperature éstimates. In all cases, the

electron temperature was much less than 1 keV.

3.6 Plasma Electron Densny Measurements

The plasma electron density was measured through ruby laser mterferometry The
diagnostic method provided a 400 ps exposure single frame interferogram whose fringe .
deviatloh:s—were Abel transform inverted to calculate the radial and axial electron density
dlstrlbutlon Flgure 3.10 shows the interferometer in place for the laser—plasma
experlment A pulsed ruby laser light source illuminated the plasma and the Fresnel
mirrors were slightly angled to each other to produce fringes. This ‘arrangement was
essentially a Fresnelv mirror division of wavefront interferometer with a telescope to

image the plasma region in front of the recording camera lens. This interferometer was
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selected because the optical paths. of the reference and test sections were nearly
coincident, ellowing simple beam handling. Also,”maximum fringe brightness was achieved
~ as compared to the 50% intensity reduction with division of amplitude interferometers
vsuch as the Mach-Zender interferometer. . B

The interferometer light source was a Korad K1Q ruby laser which produ‘ced 20
ns FWHM, 200 mJ pulses of 6943 R light. An optical shutter consisting of crossed
Glan-Thomson polarizers, a KD*P Pockels cell and a laser triggered spark gap, sliced a
400 ps pulse from the ruby laser output. The laser triggered spark gap voltage and
optical alignment were critical in achieving maximum energy ang contrast in the pulse. Full
wave voltag'e was appled to the KD#P cell in a fast rising step from the spark gap so
shutter transmission occurred only on the Ieadmg edge as the Pockels voltage) passed
through its half wave voltage The shutter output was expanded with a convex/concave
Iens‘, telescope and directed into the target chamber so that one half of the beam .
intercepted the pl-asrria region and the other half wes an unperturbed reference Beérr\ﬂ/i»'
two- lens telescope then directed the ruby laser hght onto the Fresnel mnrrc7rs and.
locahzed the fringes at the plasma An interference fulter in the telescope cut out the '
plasma bremsstrahlung emission. The optical configuration of the mterferometer was
designed to optimize film exposure, image magnificatioo on the film and fringe resolution.
Typical figures for this. setup Were 1 ‘uJ/cmz . energy onto the fim, 50x
magnification and 25-50 micron fringe separation. More information on the
inter ferometer design is given in Ap‘pendix C. ‘

The ruby laser was etectronically synchronized to the TEA CO, laser tiring with
approximately 20 ns jitter. The main contribution to jitter was in the CO, laser gain switch
time. Timing of the interferometer exposure to the plasma formation was done through
simoltaneoﬁrs monitoring of the 400 ps ruby pulse on a high speed Optics Technology
pho\todiode and infrared beckscattered light on a pyroellectric detector. In most
-experiments the ruby laser was timed to iluminate the plasma during stimulated Brillouin
scattering from the CO, Ieser - olesmka interaction.

‘ Interferograms frorr:" this diagnostic method were photographicaily er\larged and’
then digitized on a Hew'lett Packard microcomputer. Data smoothing artd an Abel
' *

transform technique were used to unfoid the refractive index distribution through the
s ) R
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2 _ 2
plasma The refractive index formula vo=1- ne /Eomewr‘ . where

u is the refractive index and W is the ruby laser frequency, was
used to convert the refractive index to electron density. The computatichal algorithm for

. the AbeT transform is given in Appendix A

A

3.7 Ruby Laser Thomson Scattering o o

Aside from mfrared light measurements, ruby laser Thomson scattermg 149]
provnded the most versatile d:agnostuc method for probing the plasma mstabclmes
. produced in the laser—plasma ihteraction. Both thermal and nonthermal eleétron and non
| fluctuations can be measured wnth this technique through approprnate selectnon of the
incident and collected light directions. In the experrments done in /thns research only the
ion quctuatnons driven by the Brillouin mstabmty were of direct mterest However, some
general comments on the Thomson scattermg diagnostic method; will be made first.

Thomson scattering takes place when a Iight beam impinges upon a region with -
. free electrons such as in a plasma. The electrons are perturbed by the electromagnetic
.fieldb and re-radiate light due to their acceleration. 'if these electrons are already 'in
motion, the incident'light is Doppler shifted in the electton's frame as is the re—radiated
Thomson scatered light in ‘the laboratory frame ‘The.outcome is a double Dopplér\
frequency shifting of the Thomson scattered light. Since the electron scattering may‘be
due to either uncorrelated or colleé:tivé fluctuations, the Thomson scattering method can
probe both types, of plasma fluctuatnons The difference wavevector of the mcndem"
‘probe beam' and Thomson scattered light determines which ‘is detected Wavevector

matching of the two electromagnetlc waves and the wavevector of. the fluctuations

‘giving rise to the scattering is given by ko = ky + ke © where ko s the
“incident wavevector , k—s the Thomson scattered wavevector ‘and kf is the
fluctuat»on wave vector. If lk DI >> 1 . where )"D ~is 'the plasma

Debye length, then the fluctuatuon ‘'scale length ‘being sampled is smaller than the Debye
shielding scale length. As a result, uncprrelated electron density fluctuations such as
thermal motion are sampled. In the opposite casse where IB_fADI << 1

long scale length electron densify fluctuations are detscted. These electrostatic wave

fluctuations can be either ion or electron plasma modes and are distinguished by the



‘wave number, v Am/l |

€8

fre_qnency shift of the scattered light The phase velocity of the particular wave connects
the frequency shift Aw of the Thémson scattered light and the fluctuation
T e ] .

Simpie geometrical arguments assist in interpreting‘ Thomson scattering
experiments. Figure 3.11 illustrates the wavevector geometry for Thomson scattering
where 0 is the angle between the incident and scattered light. With electrom;gnetic
wav;s whc;sel frequency is much larger - than the electron plasma frequency.

' ]50| & |Es| ; and so [l(_flz ?IgolsinO/Z . or for small

0 such- as for Thomson scattering from Brillouin ion fluctuations,

|k | = I_ISO[O . The associated wavelength shift of the scattered light is.

= (Zon/c)sinO/Z where v s the component of the electron

velocity in the ‘ _k_f . djrection. For low velocity ion motion, the wavelength shifts
can be very small, often Iess than one angstrom

o

The plasma ﬂuctuatlon levels associated with the sampled wavenumber determine

. the scattered light level. The scattering cross section’ ~ do written in terms of the

scattering form factor  S{w,k) is do = GTS(m,k)dwdQ . Here dw
and d? are the frequency interval and light collection solid angle respectively and
"T

all w gives the total Thomson_ scattering for a selected k . Calculations

is the Thomson cross section,8.85 x 10-% cm. Integrating S(w,k) over

for thermal plasma fluctuations {49] show: S

@

S(k) = /S(u,k)dw = 1/(1 + a?) + Z/[(1 +.62)(1 + a® + Za2Te/Ti)]

a = 'I/k)\D l’ ) ' Eq 37
9

where the first term is the electron mode contribution and the second is the ion mode

contribution. When - k>‘D << 1 . the thermal Thomson scattering is primariily

due to ion mode fluctuations; conversely, electron thermal motions dominate scattering- B

when kAD >>] . When nonthermal levels of fluctuations are present from the
CO, laser—plasma interaction, the form factor can be greatly enhanced and large

Thomson scattered signals can be detected. It is in this context that Thomson scattering
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was applied to the study of the Brillouin induced ion fluctustions in the CO, laser-plasma
experiment. :
The Q-switched ruby laser descrlbed in the interferometry experiment and a

scattered light detactor were the main lnstrumentatlon used in Thomson scattering A

slmple lens focussed the ruby laser Hdight onto the plasma and a second lens was

positioned for Thomson scattered llght collection. Flgure 3.12 Jllustrates the equlpment ,

layout, including the Mam dump and stray light shield which were necessary to prevent

swamping the Thomson scattered Ilght signal with stray ruby light Precise alignment of
the ruby laser and collection optics was done wnh the ruby laser allgnment He-Ne laser
lllummatlng a 200 mlcron cllap\etlr plastic microball positioned at the CO, laser focus The
He~Ne laser light specularly scattered off the microball and the light intercepted by the
Thormson scattering collection lens could be seen by eye, allowlng relatively’ easy
positioning ot the light detection equipment. | -
‘ The ruby laser output was monitored by the Optlcs Technology photodlode {
< 05 ns risetime) for 'scattered signal normalization and timing the Iase: th
stimulated Brillouin backscatterlng The 20 ns FWHM ruby laser puise made tlmmg th

the short duration Brillouin event relatlvely straightforward although fine structure (& 1 50

ps pervod ) was ocassuonally oetected With hlgh speed instrumentation. With a 7 mm ruby

. Cavity aperture 05 J pulses with 0.8 mrad half energy beam dnvergence were produced

‘Stops mserted in the ruby laser path to ellmmate hlgl'dlvergence structure in the laser

: output lowered the amount of energy reachlng the plasma to =160 mJ. -

»

Three light detectors were used in the Thomson: scattering expernments One

detector wgs an RCA 8645 photomultiplier whnch permltted absOIute scattered light ievel -

measurements through a blackbody calibration procedure. With | the modest 37 ns

detection risetime, only trme averaged density fluctuation levels were calculated from the -

amount of Thomson scattered light. The second Thomson scattered- llght detector was a

PARC type 1205A Optical multichanne! analyser (OMA) The OMA target head consisted

of a silicon mtensmed target v:dxcon with an S$-20 photocathéde The ta. get plate was a -

linear array of 500, 25 micron wude channels each with 2¥p-20- photons per count
sensmv:ty Thomson scattered ruby llght was focussed into a Perkln Elmer E-1 058 m
gratlng spectrograph whose output was lmaged onto the@MA target plate. The

-

wp
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.04 ﬂper channel dispersion and the 0"4 ‘l“\ ' resolutnon of th:s spectrograph/OMA
setup limited its usefulness in th/e Brillouin’ experlments ‘. } \.a
' The most useful de.tector for Thomson scattered ruby llght measurements was a
hngh speed streak camera. The scatterlng system is |llustrated in Flgure 3. 13 The streak
camera consnsted of a Hammamatsu C979 temporal dlsperser 1000~ 18 high %n
| vidicon camera and a. C1330 temporal analyser Ten plcose\cond resolutnon was possxbfe v
with a 30 micron entrance sllt and hlgh light gam ( < 6 X 10’) was achieved with a
mlcrochannel plate in the streak tube Streak .camera mformatlon was dngltlzed by the
‘temporal ‘analyser system and dlsplayed ona vndeo monltor The dlsplay field cons:sted of v
- 64 windows, across the 3 mrg&tre%k camera entrance sllt and 256 tlme channels Varlous
data routlnes of the ‘teﬁpora?*yalyser permttted grap;hlcal d:splays of the: streak camera
L lcounts Consequently the" dT;mzed streak camera flEld was. three dqmensnonal as’ tlme
' space and lntenslty co- ordlnates ‘were dlsplayed The spacee coordlnate was. aso
callbrated for wavelength or wavenumber of the Thomson scattered llght as- different
|maglng methods were used‘ A fldumal ‘Was placed to one side of the streak camera.

. entrance slit to permlt scattered llght normalnzatnon and tlmmg to the. ruby laser output A

¥

. 50 micron diameter core x 30 cm gradedmdex silica fiber (1275 MHz km/bandwndth-)“‘"* '

vfwhose free end was illuminared wuth a fraction. of the ruby lght was - used for this

‘ purpose e v '

R _ N .

LRy As,,nmentloned above vyous imaging technlques were used to’ |llum|nate tr;g
streak cameras entrance slit. Spatlal imaging was done wnth a magnlfymg relay leng
focussmg the collected Thomson scattered light onto the ‘camera. slit. This arrangement_

| allowed one to follow the temporal evolutlon of the jon n)ode spatnal dlstrlbutloa,Better

»than 10 mlcron resolutnOn referred to the plasma source was achleved ‘with the £/10

focuss:ng onto the. entrance shit. In these spatial measurements lt was lmportant to

@ .

8. ensure that the ruby laser beam unlformly |Ilum|nated the whole scattermg reglon This

'reqwred a slight defocussrng of the ruby probe beam at the CO2 laser plasma mteractlon o
o ,volume Flgure 3. l2 lllustrates the optlcal conflguratuons for spatlal measurements as well
T as. wavenumber and frequency spectra of the scattered %ht Defocussed |Ilum|natlon onﬂ
-

,_f_the streak camera sllt permltteq w?venumber dlscrlmlnatlon of the Thomson scattered

: “"lnght The sumpler approach wlth a snngle"tens co_‘ 'mat?hg the soattered lnght and pro Jectlng \
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it onto tbe camera slit was not lmplemented as it reqmred a small aperture Iens close to.
the CO, Iaser fogus. Both small aperture diffraction and obstructaon of - the 'CO, Iaser
beam by, a close proxnmnty lens made thns direct solutuonh impractical. Ray matrix
calculatlons for the optncal .omponents and path in Fugure 3.12 show how in this
. wavenumber dxscrnmnnatudn method, a poor choice in optical design could lntroduce a

source posmon dependence in the streak came?a ilumination. In ray matrix notation.

. Yy,
Tout ]. - A BJ "in
N T ’ J
" out ‘C Djir in
where 1n and rout are the source and detected ray distances from the optic

axis.and " denotes thenr slope The ray matrlx coeffuments AB.C and D are calculated

from the product of ‘each ray matrix along the optical path To ehmlnate the effects of

3

source posmon on rout the A coefficient must be zero whnch nmposes the crnter:a

. !
> : o

il

o R BN Sy L . Eq 38
2" 2 174 , . S

PR o '_ o § e L ‘ o

.where f] is the, coliection lens focal length, f2 is thewmagmg iens focal length

and - L is their separation’ The requured distance from the »maglng lens to the camera

slitis X - The coHectuon optics’ conflguratuon was set up to satisfy this. condition.

N f'l T 10 cm; f2\ﬂ SB'Em L  =350cm, X 7—33 cm).
For the smal! Th

:wavenumber was drrectly proportlonal to 0 . the scattermg angle. Typlcal G
values expected for Thomson scatterong from the Briliouin fluctuatlons were six to elght'
degrees, dependlng upon the plasma electron densrty and wavenumber bandwndth These
small angles requured ‘effective ruby laser beam spatlal flltermg and dumpnng to prevent
“stray light -interference.. After takmg these precautuons Thomson scattermg was
~positively mdscated as ruby hght was detected only when a scattermg plasma was

p'esent nght refractvon from ‘the plasma was. not lmportant at these angles as was

estnmated through an approxnmatnon of. the eikonal equatlon and the known refractnve' |

mdex proﬂle measured through ruby laser mterferometry ERRN .

,’

75

son scattering angle in this. expernment the ion fluctuatnon'
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» Finally in exaetly the same rnanner as with the OMA the stresk camera was also _
~ located behind the E=1 grating spectrograph for scattered hght spectral measurements
A’Tlme broadening across the diffraction grating [50] hmlted the ultnmate tempor.al
" resolution capab:lmes This temporal smearmg is the result of path length dlfferences‘,
across the grating for a given wavelength and is gnven by '
at = mNA/c L © Eq 39
where ’AT is the tnme broaden;ng Nis the number of gratmg lines mterceptnng the ‘ ¥
A wavelength light and m is the dlffractvon order. Time broadenlng At > 100
ps i xpected from the E-1 spectrograph. Although this temporal resolution was
. sufficient for all but the fastest modulatrons ghe spectral resolution still hmlted the.
overall usefulness of these measurements ‘ Y AR ai;’
All of these streak camera diagnostic conflguratnons were used to completely
characterize the ruby Thomsonﬁfscattered Inght Subsequent ‘calculations from these

&
measurements provided important m5|ght concernmg the |Qn fluctuat:on content: of the

:

g plasm{énd in particular, those fluctuatnons driven byﬁthe Brrlloum mstab:ldty durlngﬁ;

& : {
b

QD laser—plasma mtgactron - .
% I R S %;% &
. L B

b -

. . . . . ’ ' 7 . : IE‘?%' «
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4. Reaults
» |

4.1 Introductory Remarks on the Expeﬁental Re_sults
A variety of experiments are presented and analysed in this chaptar. The ’reusults
are exlamined in an attempt to firs‘t characterlze the laser and plasma conditi\ons under .
which the light scattermg occurs and then to expl‘ann the nature of the stnmulated Brllloum
instability. The chapter is dIVlded mto three sections. In the first section, the plasma -
.electron density and temperature are dnscussed followed by a bruef recapltulatnon of the'

carbon dloxldg,.taseg 3

next segi f 12191 llmlnary measurements of the Brllloum b@scattered light from

haviour both when gain switched and’ lnjectlon mode locked The

edlctuon&re validated. Finaily, in the last secthn more detalled
on mode behaviour are mterpreted These are based exclusively oh

measurements o’f'ruby laser l'homson light scattering from ion acoustnc waves driven by, "
'
the Brillouin nnteractlon Cumutatively, this chapter |dentlfles the laser plasma processes

which determme the space and tnme evolution of the Brllloum scattermg
Y

4.2 Interferometric Mea‘surements .of the Plasma Density
‘Several mterferometrlc measurg ments of plasma electron denslty were,

med W|th the apparatus descrubed in Chapter 3. Not only was‘?he average electron°'

s

d@sny measured, but the axial and radial profrles were compute through Abel lnversuon
of the lnterferogram These denS|ty measurements represent datgwhlch were cruc:al for'

- determmmg the stimulated Brllloum growth rate and mvestlgatlng whether plasma
inhomogeneities or interaction nonllnearmes in-a homogeneous plasma centrol the
Brillouin gain. ~ v | » . ' ' R o

| Three distinct laser—target condmons were exammed Two test conditions. were
with a gain -switched COz laser |rradlat|ng the oxygen gas target and a third with the .
' m;ectlon mode locked laser. The oxygen stagnation pressure hellum chamber preSSure
ritio was elther 2000 Torr : 10 Torr or-2000 Torr : 0 Torr for the galn sW|tched carbon ’
| 'dnoxlde laser Whlleo JO Torr hellum background was always maintained for the IML laser

- o N

'shots The two condmons wuth a: 10 Torr hellum background were,’ a' '

' . S i & S . . S °

-

j exCIUSlvély
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used for further laser-plasma studies as it assured reproducible underdense plasmas
even though there was a penalty of neutral“as densnty gradients within the target which
could restrnct the elxtent of unlform plasma " _

Figure 4.1 shows an mterferogram for a plasma w1th|n 1 ns of the start of the
Brnlloum scattering event. A 700 MW peak power CO2 ‘laser lrradlated the helium
stablllzed oxygen target. In the same fugure the electron denS|ty is plott' for the first
few. frmges from the Ieadlng edge of tl'?e plasma. The axnal densuty is é” behaved in a

K ¥
ﬁ lOO micron diameter cylinder w1th|n whtch the averaye electron densny is 4.3.x 10% cm?

(excludmg the first frmge at the lOﬂlZatlbn frontl,,ﬁ'ld %ﬁe densrty adaent scale Iength .
. [(dn/dx)/n] ~ =600 microns: The f.ormed plasma‘@’ tends 15 mm axlally,
with a boundary approxlmatmg that of the calculated laser focus though wnder as a result

of h.ydrodynamlcal expansnon and photonomzatlon from” the mten‘& hne and -

-

""‘tr‘ihlung emnssnon from the laser heated plasma’  Also, as seen in the

interf " ogram. the baék end of the plasma is shaped like a diverging Iens ( u < 1 for

plasma "l for@whlch beam refraction can expand the laser spot sue over lts vacuum

dlmens»ons A computer s:mulatlon with CASTOR [51] supported ‘this idea though
e

un‘fortunately the snmulatlon did not m_clude photoaonlzatlon. Figure 4.2 ns a second

electron density profil :‘"“"-; v.now measured 3 ns after the stimulated Brillouin scattering

_began The average axial electron. density is £0.7 n con‘siderably higher

C .
+ 005 "c ) and

tan that in Flgure 4.1 A combnnatnon of Abel mversnon err

haet 19

‘fu varlatuon could account for the dens«ty change. From many mterferograms the mean

: electron density was calculﬂd to be £05 - nc in the tw*er‘.] ’from the

start of the Iaser*plasma mttactnon

When the gas jet was operated w;th 0 Torr helium, similar electrqn densmes and .

@y radlal proflles were obtalned At flrst sight, this might seem surpwghbecause of the

- conditions were generally d\f longer axial extent and the lonlzatlon front moved axlally

=38 x 10 ¢ cm/s Wlth 10 Forr heluum background on the other hand the jonization’

'vfront moved at a speed <1 X 104 cm/s durmg the Brillouin lnstablllty This, lower

speed is thought to be due at least in part 'to laser inverse bremsstrahlung absorptaon in

-
- N

k’\.-‘_"

. ) .
extreme underpxp&suon in the jet flow However, the flow Macp ‘number was’ low and an

;_nnterAmedlate densnty core to the gas flow - persnsted Plasﬁ”prmed under these )

iy -
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low denyjty, low temperature plasma formed away from thg interaction zone leading

in laser intensity at the ionizatioﬁ front [52] { where radiation and
conduction losses balance the heating resulting in a relatively—s(ationaray front).

The final series o‘?" interferograms were made'for 2 ns FWHM laser pulses
irradiating the gas target. Figure 4.3 pfesen}s density"-pfofiles for the plasma created
during the Brillouin scattering. Again, the pyl'asm'a bogndary was similar to that expected
from the laser focussing geometry but there were two striking differences from the

_previous int'“er_fervogramsx First, the ionization was significantly lower than that obtained
with the gain switched laser. With the short 2 ns laser pulse, the Brillouin scattering was
‘prompt because of the hiéher pump intensities at the time of gas breakdown but
corréspondihgly the finite ionization times resob.l{ in lower _ioni;atiéﬁ. In; the gaihvswitched ‘
laser irradiation case, ‘t\he Brillouin scattering;:y\ias“delayed ==4 ns é_ffér gas Break down.
This long time explains‘ the increase&fionizatiop-,of the oxyﬂl‘gen for the, gait¥switched zlaser'

. experiment. The second feature of the densi\ty pro.f.iles in:,,,AF‘igurem4.3, was the sudden -

C C

* density jump from =017 n_ * to 50’.31. ~h_  (calculation error | $ 005
S ! ) "(»
ne in both cases) over 50 microns. This density. step was the resuit of the plasma

breakdown érossing a Mach line in the neutral gas fiow. The&ele‘ctrdh density gradients
. were not smeared through plasma é)(f)'a“nsionuat. this egcly time of plasma formation (as

also evidenced througﬁr-ﬁe low electron Hensities). From this bbservation it is clear that "

the laser focus position has' to 'be carefully chosen to ensure that the bl'asma
characteristics are not complicated by the density structure in the neutral ‘gas flow.*

Positioning the CO, laser focus 300 microns further back towards the laser eliminates

/

this problem in the B‘rillouin interaction. zone. Sut_;seqoent inter ferograms consistently

showed an avefage electron density n =0.230 n. * 005 n

c as expected for

-a low ionization plasma.
4
¢
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4.3 Electron Temperagture Measurements

. -,

The second plas}rr{:arameter.e diagnosed was the electron terfiperature. . As

discussed in the experimental methods, an  absorber-scintiliator detector arran.gement '

was used to-obtain relative X-ray signals for varying absorber foil thicknesses. These

‘ o . -
relative signals were compared to those‘calculated for an oxygen plasma emitting both

Ime and ‘bremsstrahiung radlatnon at dlfferent temperatures and detected through various

thlckness of aluminum_foil 148]
‘ - Electron temperature measurements were done for plasmas created with a gain
‘s\wtched laser and the m;ectnon mode-iocked laser. F:gure 4 4 is a plot of the measured

X-ray signal® from the gain swutched laser irradiated plasma for several a|ur/mr[\um foil

thncknesses For comparnson these experumental results are super»mppsed on theoretlcal

relatxve X-ray signal curves ‘The best futtmg theoretuoal curve glves an eiectron

temperature estimate of 120 + 20 eV, The accuracy of the temperature estimate (Nas

limited by the shot-to- shot varuatnon in the X—ray sugnal at any foil thnckness There was

no significant temperature change over the range of 3OQ MW to 1 GW {nmdent laser

power. With the IML laser, similar X~ray measurements gave Te = 150 = Q0O %V for
“' o 4 : - L.

500 MW to 1 GW incident laser power. "7 o |

All measurements were tume mtegrated by the 4 ns detection nsetnme nd
consequently the temporal evolution of the X-rays was not examined in detall Hc\wevér
it was observed that the < 20 ns signal pulse duratioff’ was shorter than the £40 ns;/

gain switched laser pulse. This was a result of ~plasma rarefaction whrch Iowered both

plasma temperatur® and density at late -times in the laser—plasma mteractuon. Plasma

interferograms taken 15 ns after plasma breakdown showed a low density core |

., n<0.1 N. ) which would have a greatly\ diminished X-ray emission sven with
continued laser heating and sustained temperature The low temperature, hugher den51ty

plasma periphery would also be'a weak X ray emstter with the overall’ consequence of a ‘

'short lived X~ray signal as compared to the Iaser pulse. ., T




N o0 4o WO
|

H
B

o
I

X-RAY SIGNAL (Arbitrary Units)
e
l R

1 J.l

S T R S N
3 4 5

f . i
[ |

v "’”Fl”ggre 4 Electron Tem‘peratuTe for a Gain Switc|

Al FOIL ‘THICKNESS (um) -

]

6 7 8

L3

A _ ' :
hed Laser Irradiated Plasma

]



' - 'M o ‘ ’ ‘4 ‘
e 4.4 Pretlrnlnnry Obsqrvatlom of Brlllouln Scattering B C - ; P
L s J
The first and easwst characterization of the stlmulated Brnlloum scattenng was ¢

}ﬁthrough monutormg the backscattered réd-shifted CO, laser light. An 8% s&dium ch‘lorlde
"beamSphtter in the incident laser path collected derCtly backscattered light- lto wathm E‘B *
mrad). Earlier laser plasrpa studles on the polar. distribution of CO2 leserglnght scattered ¢
from this target lOffenberger [53)). detern'tmed that durmg the. flrst 10 naaoseconds

| after gas breakdown only backscattermg occufred Late time forward refraction of the‘
mcndent hght occwred but 'was unrelated to the Bl’lllOUll’\ scattermg Besvdes ray L
re- tracmg l54} and a gain maxlmum [16] to explain the strong dlrectlonallty of. the
backscattered light; polarizatian and plasma density g)radlents could be’ very lmportant m T
this experlment Brillouin sadescatter ampilification is undlmmnshed for®r ransverse Electrlc

, l'TE) polarized llght and is zero for transverse magnetlc (TMl polanzatlon [12]. For this
reason, the maxjmum mstabuhty gam for an unpolarnzed gairt switched Iaser beam would - /
be in the backwards dlrectlon The TE polaruzed lML Iaser beams also exhlblted strong
direct backscatter which suggested that other mecha lsms were sufficient to controT ‘W
'_Brllloum S|descattermg These could intlude the finite focal spot size and the 200 300 e
micron radlal denslty gradient scale, length measured frdm the |nterferogran‘\s Wthh

- would- restrlct the plasma lergth avaulable for SIdescatter gam As mentlonfd in the theory o
. chapter this vs due to the phase- mxsmatch from the electromagnetlc wave. dlsperSlon in

the mhomogeneous plasma limiting the spatlal amphflcatnon In addl lon Jaser- beam . l,.;é
mhomogenemes could act to enhance the transverse density mhomoge eities and further ‘

mhlblt sldescatter The cumulatlve effect of alt these features t

the las‘er-pl mai: l‘ j 47
i lnteractlon is that direct backscatter of the’ Brllloum generated llght s ould doh’nnate “ // ‘
‘ ‘ Prellmlnar”y Brulloum scattered light measurements identified; the—temporal features v

" of the 'instabllity.-ﬁigure--4.5 shows /he ihcident 'gatr/t’—sWitche' CCJ2 laser,’ laser llght

transmltted through the plasma and’ Brillouin backsdattered 'lght The relative mlng

o ,between these plots is accurate to better than 1 ns. Axlal beatmg in the CO laser o
output resulted '“"‘YP'Ca”Y " BO% modulatlon%f the beam Wtensity. Prior. t gas T

breakdown the transmltted Ilght followed the mcldent llght but wnth breakd?wn the slgnal

fell rap:dly to nonse level as lught absorptloh and scatterlng occurred "The Bnlloum o

f scattered lught conslstently appeared 4 ns a,fter breakdown lmdep%yfof the mcldent, o i
= . l i ) X v , N (P
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laser powerl Thls delay seems llkely to havé resulted from 8 comblnatnon of hmlted
vs |omzatlon rate, laser absorptlon durmg |onlzatlon and plasma electron density and velocrty
~ ’ / 'smoothing from hydrodynamlc flow. . The exact contrlbutlon, from thesel was not
‘\.-_\k\ ‘ separable from a sumple measurement of ht transmlsslon B '
A \ “The. Brllloum signal rlsetlme “Oq(,\‘ RS) >> 1/w , 1/Y suggested that
N ‘. fast tempdral growth to convectlve saturatloh d\d not occur Tlme resolved ruby laser
‘, P‘ [f ~ Thomson scattermg measurements of the ion mode conflrmed this and will be disctssed:
later. The mstablllty growth can be moderated by wave energy loss mechanlsms such as
mvérse bremsstrahlung absorptlon of - the pump and backscattered lnght and lon Landau
’ damplng or |on trapplng actlng on the ion mode However in vuew of this long rlsetlme
/”, and the duratlon of\stlmulated Brllloum scatterlng a steady state model descrnptnon is
" lnkely adequate Flgure 4 5 shows an example of 2 4 ns duratlon Brnllouun scattered llght
pulsé dufing which time convectlve saturatlon can occur. Over many laser shots the"
backscattered light varled in pulse wndth from 2ns to 8 ns duratlon wnth an average of 4
ns. Mbre quantltatlve dlscussmn will follow in succeedmg sectlons One flnal comment on l‘
the galn -switched  laser ‘is . that the scattered light: modulatlon ‘was not completely -
: / correlated wnth the” pump modulatlon Brllloum mstablllty gam is g FOPOF |onal to pump
mtenslty but as seen in Flgure 45 the scatterlng termlnates before the Iaser pump , is
removed Thls splky behavnour/o; SB\S\h}s-been observed by other researchers 53],
l55] l56]l even wrth temporally smooth laser pulses No smgle mechanlsm has been
posmvely ldentlfled to cause this abrupt termlnatlon of the Brllloum mstablllty v \
o Slmular studles on the IML laser plasma lnteractlon showed notable dlfferences to N
that wn\h the galn swntched laser. In the first place Brllloum backscatter"ng was prompt ln
Fugure 4.6, the mcndent CO, laser the Brllloum backscattered Ilght and the ruby Thomson
\\. : scattered sngnals are Lllustrated As seen in - this flgure the scattered light turns on
\\\ ‘_ o abruptly wuthm 2ns of the pump arrlval The ruby Thomson scattered 5|gnal provuded a
v \\\‘ ‘ - useful |ndlcator of plasma. formatlon and also conflrmed the rapld rise. of the Brllloum
' ' lns..ablllty The Ruby Thomson scattered sugnal had a precursor 750 ps ahead of the
\\ " Brllloum ion mode scattermg Thrs source of this precursror is not known although
. \‘\4 enhanced Raylelgh scattermg due to a neutral O resonant state could take place [57] The
‘Q"\\ . main pomt is that the Bl’l“OUIl’l lnstablllty occurred much sooner after breakdown than for
: . 5 ' .
\ .
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pump fleld : A '

4.8 lnfrared nght Dlaghostlcs B "";1_.- ey

‘ wuthout expandlng on its- characterlstlcs ‘and how they compare to model predlctlons

\

.

swntched

mstablllty decreased abruptly and frorn Flgure 46 was clnrly ‘not related to Iack of

pump mtensuty 'f‘he mstablllty duratlon was even less than that normally seen wlth'the galn. e

sw:tched laser and may have been related ta rapnd plasma madlflcatlon in the strong laser

L]

4

&

- o
Ao .
- In the last sectlon prellmmary remarks watr-e maéle ‘on the Brnlloum mstablllty

Here :nfrared spectral measurements and CO, lught reflectu\\y determlnatnon wnll be

reported and analysed The complex behaviour of stlmulated B lloum scattermg in a real’

i

experlmeﬁft lS' dnfflCUlt to explam through one self cons:stent model. However 8 '7

composr‘te descr;ptlon can satlsfactorlly account for the prmqnpa\observatlons Thej

sesults w:ll be mterp‘l’eted through the ion’ heatmg models developed in Chapter 2 Al .

together the observatlons mdlcate that the convectlve saturatlon of the Brnlloum

- mstablllty is prlnc:pally determined from plasma. densnty gradlents and ion acoustnc wave

¥ ’ .
S
; swrtched CO, Iaser lrradlatlng the ges target Red shifted” backscattered hght was .

\

dampmg on heated ions.

4. 5 1 Backscattermg wrth a Gain Swntehed CO Laser ,
' The furst observatlons of stlmulated Brllloum scatterlng were made with the gain .

focussed onto elther a Ge: Au detector or a pyroelectrlc detector wuth a suxtable ryumber .

‘of myiar sheet' attenuators ln front of the detector to en?re lmear slgnal response. .:.

Reflectlwty callbratlons were made - by msertmg a Ssodium chlorlde window

- retro= reflector in the co, laser beam path to prov:de 8% Back- reflected lnght when the

S

: laser system was flred into an evacuated target With ‘average focal spdt intensities of 6

X 1012 Wiem?, power reflectuvmes of R = 0.20 were’ -recorded ‘and at half this

mtensny L R=c0. 14. Yet a further red”uctlon of two in pump intensity to 1.5 x A10“

.

W/em? resulted in a drastlc reduction in reflectlwty to " R=0.08 Thus a knee in_

‘the reflectlwty as a funct:on of pump- mtensnty occurred at. 3:x 10“ W/em? above whlch

R _stowly varu_ed. These results are “similar to those reported before - on thlsk’gas

L

f‘laser because of the hngh imtul pump mtenalties Agam the Brulloum" ; _‘ L
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‘ measurement through ruby Thomson scatterlng determlnes the po

‘pressure balance equations - VnM u /2 -VT n

; lower by approxlmately‘an order of

R
RIS
i

l

target [24] The values re(erred to are peak power reflectlvlty, as a e‘onsequence of tho:f‘
[ short scattermg tlme as, compared zo the pump duratlon the energy refleotlwty was -

1
]

agnltude s 0

/Further detalls on the Brlllouln lnstablllty, whrch asslst in formulatlng 8 model

" , came from tlme mtegrated mfrared spectra' of the backScaﬁereH lléht For theet -

) »measurements the backscattered llght was dlrected onto the lnfrared multlchannel-
: "f‘ analyser after paasmg thr0ugh 8 gratmg speetrograph anure 4 7 ehows three typqs of
spectra whloh were detected Flgure 4.7a) is 3, representatative spectrum of red. shlfted
'backscattered rlught generated in stimulated Brlllouln scatterlng The apparent wavelength
red shift from 1059 microns was 55 R with 20 A FWHM Before :
deconvolvnng the lnstr'umental function as dlscussed in sectnon 34 1, the apparent width
~was 30 ' mdlcatlng that careful handling of the spectral data was requrred . '
Several lnterpretatlons could posslbly account for the spectral Wldth though the

’most probable explan’tlon appears to be ion wave damplng Plasma velocrty gradlents or
- dens:ty gradlents c0uld also cause spectral broadenlng but are much less. llkely for our
condltlons The frequenCy dlsperSlon due to an approxlmately 100 micron’ long Brillouin

actlve reglon as determlned through model reflectwaty pg:tlons and dlrect -

Doppler shlfted ion mode and electromagnetlc wave dlsperslon together alter the |on_

mode frequency by duw ~ (cS + u)dk + kdu " where U ois the plasma axlal

-

flow speed Electromagnetlc dlsperS|on enters through wavenumber matchlng m - k
Wlthout the laser deposmng energy in the plasma it wouId be srmple to- estlmate the

; flow velocnty gradlents du/dk - from the observed densrty gradlents by using the

- e e

4 of both electron temperature and electFon dens:ty gradlents in the plasma compound the‘
‘ dlfflculty of directly - applymg the pressure balance equatlon Moreé: rlgorous computer-
. s:mulatlons usmg CASTOR lndlcate I51] axial velocities £1.x 10¢ cm/s which are small

compared to cs .' . Also, the meaSUred 600 micron density gradient scale length is

b N
long compared to the /100 ‘micron Brillouin interaction zone, 'elirninating it as a likely

i

candidate to explaln ‘the observed backscattered llght spectral wndths Thus ion acoust\c '

wave. damplng remams as the most llkely explanatlon for the large Brillouin lnstablllty

.

le spectral spread »

However the presence -
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_Fig_u?e 4.7‘~3a¢kscaﬁered Li_ght Spectra from a Gain Switched Laser Irradiated Plasma



frequoncy band\mdth - L e A I A

lon wave dampmg can breadon the resonant froquency opoctrum {sven for

' R . Ak/k <« 1" ) and indeed the dampmq coefhcvent can be estimated from the

observed backscattered Iught spectrum, whsch we caloulate now. Although a sngmhcant

| contnbution of the béckscattered light was due to the ruslng and falling portions of the
riliouin sngnal apphcatuon of steady-state formulae allow ‘spectral widthestimates. Pump

depletnon' cah  be ignored for ° low Brmoum reflectavntnes whereby

R=c¢ e_xp G o where G -is the’convectiva gain in the un;table region,
G =k ansvos /8ve s"e. ' . Tne ion wave frequency dependence in
G is through the ion wave dampung Yq /w . The nouse source € is est:mated

from Equatnon 2 24 to be CO, laser light reflected from the plasma density gradnents Thns

approxlmanon yields e =107 -3 when n/n = 0.5 ™ and

s
¥

the densnty gradient scale. Iength is 20 microns. Noise source estnmates from the
reflectlwty curves [24] give samnlar values Typlcal reflectrvmes and pump mtensuty are, R

f
—0 15 and - ( /V ) respectively. Wlth an 80 micron interaction

Iength and the estlmated gain G= 5 the inferred ion wave dampmg f&:m the gain

o exp(essnon is Ys/ws 0.6 This iarge dampmg factor implies strong ion wave -

dissipation. A ‘ . . .

’

3

The correct kinetic frequency dependent gain calculation incorborating ion Landau

dampi“ng provides a comparison to the measured_ spectra ghown in Figure 4.7. 'fhe gain'

]

factor G written to include frequency/’dependencg is .

P
. . max (Y /w~ ) ’ '

a
y

Equation 2.26 is used to caiculate the. damping facter,» Ys/ws as a function of the
backscattered light wavelength' A»curve fitting of the calculated backscatter spectra to
" the. experimental spectra in Figure 4.7 using the proper susceptubllmes for vanable

: e
\ ‘ temperature ratio. The calculated spectral peaks were sensitive to the electron

T, -T1. glves the plasma electron temperature and electron—to-ion .

temperature while the widths were sensitive to the'.té'mperature ratio. However, the .

. © spectral shape was not strongly. affectéd by the choice -of Gmax/ " . This

.
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® ’
vi;oak ‘ Gmait - ~ dopendonca incresses the confidonoo in the curve fitting estimates
of T, and . T /Ti from the blckscatter spectra._ Tho dashed line in Figure
4.7 is a curve fitgng with Te- = 130 oV and 2T /T =1.0. This value for
Te‘ is in good agreement with the value of 120 eV determined from x-ray

measurements. The larga ion temperatures O(ZT ) . however, gre not expected from

electron- ion coilisional equilibration alone further justifying an ion heating model ’
We. now address the question of ion heating At low Brillouin refledtiVities heating

estimates from the energy deposited to the ions in the Brillouin interaction show that

there may not be sufficient time to heat all the ions. The fastest ion heating rate for a

where  w fw s the Mariley Rowe energy fraction transferred to the ions |

in the Briliouin instability R is the power refledf‘wty 1 is the purnp intensity B

_.damping factor, however, is diminished by~ n /n '

Ny ‘ is the ion denSity and L is the interaction Iength For 20% Brillouin

i
Y

. reflectivities and "1 x 10% W/cm' pump intensities the 2600 eV/ns’ ion heating rate

calculated from the above can account for the high ion temperatures. However, for 5%
reflectivitiés and 3 x 101 Wrem, the ion heating 'rate is too slow;\in_der these low
refiectivity conditions, it seems more_: probable that some ion fraction is‘_trappetxand
heated to ) Ti' n O-(ZTe) Indeed. -simulations would suggest that this
occurs [11]. The broadened‘gain bandwidth due to ion Landau darmping on the fraction of
. would be the same as if all the ions were-heated. The

and the curve fmed.’io? _

heated ions nt/n

‘temperature estimate is that of the trapped and heated ions Any jow temperature ions in
the plasma would not broaden the Briliouin backscatter resonance

The spectral data are not always sO easuy interpreted a; seen in Figure 4.7(b) and
4.7(c). Both of these spectra show significant specular r[ection as well as the cleariy

¢
identified Brillouin backscattered component In Figure 4.7(b), the narrow ion wave

. feature is curve fitted as above’ oniy now the electron temperature and electron to-ion

temperature ratic.are Te = 90 eV, s ZTe/ T1._ =2.5 . The smaller ion Landau
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e
dampmg is attributed t0 decreased Brulloutn reflectivity resulting from s lowered purnp

intensity. in some laser shotf tho time integrated backscattered light had s large lpocular

reflection coefficient Figure 4.7(b) and 4.7(c) sre two examples of .this. Overdense “\
plasma could form in the supersonic gas target during the laser~plasma interaction snd.

' , B | .
reflect incomipg CO, laser light This specular scattering from overdense plasma and the

" Brillouin scattering do not ﬁobuurily oceur simultaneously or st the same power leveis.

Unfortunately ‘the temporal features of the spo,gylar hght compomnt are not known
»
from thése time mtegrated spectral measurements Fagure 4, 7(c) also hps a small amount

é""of 20 A "blue shifted light due to Doppler shifted refiection from a moving

- plasma boundary. Overall, the backscatter spectra in Figures 4.7(b) and 4.7() occwréd ‘

o™

infrequently and the majority of the backscatter spectra were well behaved Briliouin

. spectra as illustrated in Figure 4.7(a). ‘ L . R

Although the reflectivity and spectira of the Brillouin backscattere hght could be

accounted for through ion trapping. heating and Landau damping, the ef fective interaction:

length, remains to be explained For a Gaussian laser beam, a diffractio imited fogus has

‘a half intensity waist A/n x (focal length/beam radius)) = 240 microns This

calculated beam waist dimension is within a factor of 3 of L calculated from the Brillouin

gain and that determined from ruby Thomson ‘scattering off the ion mode, but it is-

~ misleading. As explained in Chapter 3, the focussing parabola's aberrations extended the

effective beam waist to 1 mm so that the interaction regnon was not determined soley

from the pump lntensuty

- Density gradients in the plasma can potentially limit the resonance zone for the
_ instability.- Inspection of ‘Equatfcn'2‘.‘71'8',sh0ws that when = H(x) ~ 0(1) . sufficient

dephasing of the coupled waves reduces the instability gain to zero. For an assurrfed

Imearly varying wavenumber mismatch resulting from electromagnetic wave dnspersuon

the estimated unstable region is then:

2L (1 -n/m)?)1/2
. - n C
L = ;
’ _ kO n n/'nc |
where Ln is the density gradient scale length. This limit on the unstablie region

occurs because the ion acoustic waves can propagate into plasfna where they no ionger

©

\
\

\'.x
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satisfy the local 2k° . matching with the oloctromagﬂitic wave pump. From the
interferometric measurements showing L -600 microns end n/n =05, we '

estimats L 350 microns. This mtorlctlon longw is loss thm tmc 80 mlcrom
determined from reflectivity and ruby Thomson scattering measurements. it is likely that
) during the interaction, a.number pf’ ion modes are excited whose resonsnt points are
axislly separsted Oncel the ph_srm density gradients fix L, the hepvily dimped Britiouin
instability convectively grows as doecribod by tho ion heating or ion trapping and heating
modeis. In summary! ion-heating and densnty anhomogeneny appur adequate to accour\t

for the spectral and gain length chwactonstncs observed exponmemalty

-4.5.2 IML Laser Backscatter Spactra ‘ ‘ ‘ .
Backscattered light observations were made with the ML CO, laser as a pump
. source. The Targepump intensity range: was sufficient to give a wide range of Brillouin
backscatter refiectivities. Figure 4.8 shows the refiectivity as a function of laser intensity

‘over the imensity range 1 x 101 Wiem! < | < 1.7 x 10 W/cm? The nonlinear

reflectivity trend can nomnnally be explained through ion trappmg and heatlng Apphcauan‘ e

. because ion Landau dam Aeesrrot increase mgmfucantly once ali the ions are trapped
,..,WLMMZ:E mode! also exhibited ; similar behaviour but because of the
Iong time required to heat all the ions ( t > ZKT ny Lw /RIw ). it was not
hkely to occur. st least for short mteractson tames and Iow reflectwmes The dashed line
n Fugure 4 8 was computed from, the ion trappnng and heating Equatnon -2.32 The best
flttmg plasma and interaction \parameters for these ‘results are, = € ’= 104,

ZTe/Ti =15, n/nc =0.3 yS/wS' =03 The large electron-to-ion
temperature ratio is that,of the plasma before ion heating from the Brillouin instability.

" The fitted curve shoWs higher than measured reflection. This codld be in part due to the

assumpxnon that only trapped -and heated ions damp the ion wave. The ion energy

equnpartmon time is 400 ps and sp some heating of all the ions can take place dunng the

“

#
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Figure‘ 4.8 SBS Reflectivity from an IML Laser Irradiated Plasma
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e trapped and ion. thermal eqm&bmben is mot importent .ibeve ' meneity the
‘Brillouin ion mode density fiuctustions epproseh uniity and ouch e wave

bresking (Forsiund et al (11} cen uke place. NeMtess remnebte agresment iy
shown between experiment and mads! ‘ealoulations med on jon neetm to further imit
the Brillouin mltebihty ’ ,
The time integrated spectrs of the Brnbum beeksemered liqht wst stili broad as
axpected for ion Landau damping on the high tempenture ion fraction Figure 4.8 shows ‘
e(series of infrared spectra recorded for condiﬂdm 0.1 <R < 0 §3 AL
these intensities, the pump level determunes the instability strength and very lsrge
reflectwmes were oObserved. Speculsrly reflected infrared light wis not detected
beceuse the short Ieser puldée did not. heve time to romze the gas terglt to crmcel
. densities. | ’ .
Theoretical spectral curves were generated byf the seme method as tnose for the
gain switched laser backscatter spectra In all three theoreticai spectrs plotted.in Figure

49, the electron—to-ion temperature, T /T . wes selected Y0 be 1 The ion’

temperatures corresponding to these theoretvcel curves are 120 eV, 240 eV 3nd
in Figures 4.9(a), 4.9(bi and 4.9i(c) respectwely Together with the measuréd 150
eV electron tempereture these ion temperatures rndacate a low everage ﬁuutnon If
o O(ZT ) * fromion treppmg and heating, the avereqe ionization, Z, is less thq»‘3
2 However’ mterferometrnc measurements of the elpctron density in ‘the IML laser
'rrraduated pZasma indicated Z > 3 Thns contrethnon in Z suggests that the ton
temperature is less than ZT e . although a decreased T would not account for
the hacgscatter spectral width. Other laser-plasma effects such as Doppler ,shifting from
plasma motion and ion mode frequency pulling due to the intense Iaser.p‘urnb" (/see section
22) could have contributed to altering the time integrated spectra from theoretical
estimates and making their exact interpretation difficult Also, unlike the long pulse
spectra, the short pulse spectra exhibit tails to the longer wavelengths, suggesting that
the differences may be related to time dependent condrtvcns for the short pulse case.

In summary, these backscatter $pectra demonstrate again the elevated ion
temperatures and strong ion wave damping in the laser— plasma interaction. The

quantitative agreement wrth our steady-state model is hot as complete as time dependent
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effects are Iikely of some importance for short pu‘lse I diation.

L b R . . .

aser

‘ - 4.,6. Stlmulated Bnllouln Scattermg wnth a Multlhne CO, ,
Stlmulated Brulloum backscattered lrght levels e a direct measure of the’ |
: mstabxhtys strength in vuew of its- practncal lmportance in laser: fusson a serues of -

experlments ‘were performed in an -attempt to decrease Bralloum gam and- consequent}y ‘
\ reduce ‘the amplltude of the backscattered light. As” descrnbed in, Chapter 3. both the gain.

’ swntched Co, laser .and. the m;ectaon mode locked taser could be induced to osc:xllate on

two or more laser llnes snmultaneously When the laser frequency separatlon Aw - was

much greater than the homogeneous growth raI.eJ Y. = (w /w )]/2 : ./2¢c.
0 - VosUpi

‘our experlmental results ver:fled the | theoretlcal predlctlons of redc‘ced SBS ‘with

mcreased number of lines ‘as expected More- cornplex behavuour was observed when

Aw a\ Yoo o for which backscatterlng from the varnous laser pump lmes were‘w

o

not decoupled o ‘ _
~-Brillouin backscatter reflectrvmes with the gam swrtched CO, laser ogerated both

w smgle wavelength and multiline are . plotted 'in Flgure 4. 10 Average single wavelength

(1059 mlcrons) power reflectivities were seven to ten tumes hngher than that ‘observed
~for. the same tptal pump mtensuty equally dnstrlbuted in 10.59 macron and lO ;5 mlcron
laser hnes The res:dual 2% reflectlwty for more than ohe lme did not change with three
or four eﬁual mtensny Imes ‘and,’ moreoger showed longer temporal features than the
: .Bnlloum backscatter Iught These observatrons undlcated ‘that thls remammg hght was
' specularly reflec‘ted from 2 crmcal densnty layer or steep denstty graduent somewhere in -
| " the plasma Thus behaaour is consnstent wrth the spectral measurements mentloned earher. :
aﬁbemg unrelated to the Brnllounn mstablllty The Brullouun gam reductlon was greater than’
the algebralc reductlon expected frqm the »on heatmg .model. “n- these results the

reflectlwty reductlon is closer to an exponentlal reductuon . RA € exp(G/N)

when - modlﬂcatuor;s due to ion heatmg are not mcorporated For i G ‘ =5, two lines

: " result ina12 tlmes reductlon of the reflected light. From this, it is very llkely that the ion

heatmg model is. no longer valnd at. these reduced reflectlvmes since the ion heatlng rate

b e
s correspondlngly low .
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" homogeneous growth rate.

T 101
: ; . ¢ at

rn yet o;her expenments wnth a multiline pump laser satisfying Aw Ny

10289 microns and 10. 274 mlcrons for a total nrradlance of B x. 10n W/em?, the SBS

- reflectivity. shared equally between the two llnes was reduced only 30% from smgle llne

lasing at 10 289 micron. The small effect of the two line irradiation-on SBS in this case is

"

attnbuted to the lack of wave decouplmg when Cbw A Yo o -

Further evidence of anomalous behav.our when Aw N y was seen when

one of the. Iaser Ilnes was much weaker than the other Figure 4 11a) shows the time

o -
- the SBS reductlon was conslderably less than above For roughly equal line intensities at

\

_mtegrated spectral content’ obtalned w1th the mfrared multlchannel analyser. This plot'

shows  that the SBS reflectlvrty of the weaker line approached umty Whereas the

gﬂommant line mamtalned 9% réflectivity. For. this partlcular shot the line mtensnty ratlo

' ‘was 1:11 and the SBS ratio was 1. 21, lndlcatmg that, wnthm exp r’tal error, the weak

Ime was entirely Brllloum reflected Thls suggested that the strong pump drove on

fluctuatlons from Wthh the weak pump could scatter When & third pump. line at 10.26

_micron was untroduced “the presence of the very weak 10274 micron line led to only

‘moderate reductlon in SBS reflectnvuty In Flgure 4.1 1), the laser intensity, was nearly

reduction in reflectuvuty However a weak 10 274 m:cron pump was strongly reflected as .

/:

it apparently coupled to the ion modes driven by the 10 289 mlcron pump consequently .

Vthere was no reductuon in overall reflectnvvty in thls example the 10.26 micron line did

\

rf
~not produce Brllloum scatterlng in splte of it bemg much ‘more mtense than the, lO 274 .

=

In order to determlne whether any slgmflcant temporal dlfferences in SBS exlsted o
for multllme irradiation, the gain- swrtched CO, laser was operated at 10.28 microns’ and )

" 955 mlcrons For these W|dely separated frequencves narrowband fllters and two Ge Au

oetectors were used to monltor the mduvndual laser llnes or thelr assocnated Brlll0um

backsqatter »‘ As expected ,_'vfor‘ these' two wvdely .separated lmes {

l 4 x 1013 '] >> ¥, o l the reflectivity was greatly reduced Within

equally dlwded into two lines where Aw =~ was large enough to expect slgnlflcant )

» mlcron line.- This clearly ,shows the comple-xf behavnour .of SBS whnch can result ‘with -

. multiling irradiance  when the line separation Aw  does not significantly exceed the .

. the 2ns lnstrumental resolutlon both lines exhibited identical characternstlcs in lnput and -



- (b)

‘Incident

SBS

M0.260pm 102

Incident

585

102

S | k‘ : \'v J_(’

I 7% Noise Limited

e N . ¥ 2

74pm | 10.289 um

~ 10.260 pm_ q0.274pm  10.289 um

‘Figure‘4.:1 1 Mult'il‘ir'\e‘CO;,La_ser Babkscatter Spec{ra



o

N ) demonstratlon of thls very effective method for vi

‘ina laser plasma mteractlon

47 R.lby Thomson Scettenng Measurements of SBS lon Modes ST \\ '

Ce

SBS reflectlon characterlstlcs thus precludmg scatferlng from the d:fferent Imes at

: dnfferent times durlng the laser—plasma lnteractlon

- o s

%

Fmally SBS reflectnvnty measurements were made wsth the m;ectuon mode—locked ‘

Co, laser to verlfy slmllar sBS reductuon for short Iaser ulses Unfortunately addltlonal “ .

‘ 'laser cavsty losses from the lntracawty SF. absorptlon call l)owered the evallable focussed

intensity to a reguon where the SBS reflectlwty was already low. A maxlmum lntenslty of

28 x. 10" W/cm’ was achneved from whlch a smgle llne (10289 mlcron) reflectlwty of

10. 274 and 10. 260 mncron) reflectlv:ty was decreased t0 0.5 t 1%, As’ wnth the gain

\

Iong pulse multnllne laser lrradlatlon of a.

ally ellmlnatlng the Brillouin process

“a

2. 0 *. 3% was found With the same total mtensuty in two Imes (10.289 mlcron and

10 274 mncronl the reflectivity was reduced to’ 1 2 * 6 % and the three llne (10.288.-

. SWltched laser results, it was. llkely that the reductlon of SBS reflectlvnty was somewhatV

moderated ' because of ~ the .vsmall . kafrequ separation. E e
Aw=2. 6x10” -1 -'l 0]2 ] ). l\ieverthe‘les_s,‘ these ébc.:‘;'servati\ons'were ~a_gain“ »
: '_conslstent‘wnth the expected reduc_tlon of Brillouin oack5catte§.,reflectiv\ity forAa multiling
'laser pump - , ‘ \\ | | : | ..

ln summary a dramatlc reduct‘t&n in Bnllounn reflectlwty has been observed for‘

plasma Thns is. the flrst experlmental‘ “

The Brllloum mstablllty excutes both electromagnetlc and electrostatlc waves in a

prs ,..s

L wave lS examlned durectly to further clarlfy the behav»our of the mstablhty The: dlagnostlc

- plasma The backscattered Ilght ‘has been analysed showmg the essentlal detalls of thev.

: lnstablhty that is, ion trapplng and heatlng along with convective growth and plasma_j

method employed was ruby laser Thomson scatterlng which -has been descnbed in

- Analyser for: time lntegrated\pectral measurements a photomultlpher for average

speed streak camera for temporal detalls of the ion wave k spectrum and its spatial
g N\ C = ) K Ry o o

Lo,

""?Chapter 3. Scattered ruby laser. llght was. detected with' either -an Optucal Multichannel -

'.scattered light measurements ‘and absolute fluctuatlon level determunatlon or a hlgh o



“distribution in the plasme. . R G I e

- 474 Determinatlon of Absolut- Level of lon Fluctuations .

¥

Probably the most convnncmg evadence for the extstence of a heav:ly damped |

'convectuve ' nnstabmty was obtanned from _‘ /photomultlpher scattered' ~light

demonstrated strong damplng The observed slmple functlonal dependence of the ion -

104

'measurements By determmmg the ion mode fluct ation level for known pump mtensnty :

,.tand backscatter reflectnvvty, an effectlve dan\pnng constant was found which dlrectly;

ﬂuctuatton level on reflectlwty s sn/n « /_ R, was the sngnature of "heavy ion
wave damplng. The ion fluctua.tnon"level ‘ én/n was calculated from' the Thernsen‘
scattered light power. e |

Cahbratnon of the detector response was made with a tungsten fnlament.

‘blackbody source posmoned at the CO, Iaser focus. Flgure 4 12 shows the two lens

3
ribbon fulament was.-placed at the parabolas focus and onented normal to the collectnbn

axis. The blackbody emitting area was determmed w:th an ITIS Iocated between the two

- Ienses Once the fliament temperature T was measured with an optlcal pyrometer the

blackbody sc>urce hght reachmg the detector could be calculated from

e P I(AT)Ada dy

where |, the blackbody vemissivity is

-

I(A,T) = (thzlkf;’)E(A)[exp(c‘z‘/ﬂ - 1-)]—41; 'erQ/K s cm? ér

c, = 1.438 O en
= 0.43  for Tungsten at 6943 §
and A is'the effective ,emitting -area, de : . the cellectien so‘lid angle and "dA was

the - detection’_(bandwidth. Her,e o dr = ‘v4‘ /‘-’\ “was’ determlned by a narrow

o _yscattered Itght collection used in the photomult:pher detectlon system The tungsten

'

k2
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Figure 4.12 Blackbbdy Calibration of Thomson Scattering Ph‘dtomultiplia'r Detector.
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bandpass filter locate"d in front of the/photomultiplier This cal’ibrat{oﬁ together with the

known attenuation introduced to obta/n hnaar rasponse to scattered light sngnals allowed
~ absolute Thomson scattered power levels to be calculated.
The scattering form factor - S(k) which is related to the ion quCtuati_on. level

l 6n| could be deduced from the‘e“rho'mso'n scattered power
Sk) = F',scattere}.*d/l,nev‘oe °

- . o ‘ -u R

- where ., - is the scattered light power, . the lasma electron
- Pscatter*ed : gt P e P

density, V the scattering volume estimated from the mtersectnon of the ruby probe
beam and’the Brillouin.active reguon I  the probe beam mtensrty % the Thomson

' scattering cross sectaon (8.8 x 102 cm? ). The scattermg solid angle dQ* was not

necessaruly the same as do . the Qollectnon optics solid angte. As will be duscussed

Iater the k spectral wndth of ien fluctuatuons was ' measured to be Ak/k~ = 0. 20
which translated mto a_small "angular spread of =0.6 degrees in the scattered hght
,Consequently the effective Thomson scattermg sold angle at the first collectnon lens

was Iess than the availabie. collect:on solid angle

Once S(k) was calculated the fluctuat:on level, &n/n could be -
' determmed from the Thomson scattermg theory result [58] |
- - '
sn? (132 )
=5 = || [ |S(k)JK® dk
. n 2n Na
if S(k) is assumed to vary slowly over the wavenumbers of interest, then defining
4
(2 - A)k <k < (2 + A)k where A is a measure of the k spectral
width, we have: A
sn2  16a
—=—5(k) .
n2 A3n

e

where A is the aneIeng_th of the CO, laser light inducing the collective ion

fl%ctuation.

I3
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The experimental results for .6 at«erage gain switched COH, laser intensity of 3 x
10" W/cm? are plotted in Figure 4.13 as (6n/n)2 versys backscettered light "
reflectivity, R. The ion fluctuation leve! is seen to be linearly related to the backscatter
reflectuvuty as expected for a strongly damped convective instability. In ,steady state
‘Drake et al [9] have shown have shown that . én/n _ is related to the

ponderomotive force by

SO sn -k ,
. .k XiXe E.E
n o 8mmow? (l+x +xe)’°'°'

eeo

.. which reduces ( as shown for the ceupled mode equation calculations of Chapter 2) to

sn 1 ]2 g
- = —-J =R
n 2 .Ve , 2y

—

From these equatlons and a curve fit to the results: in Figure 4.13, the dampmg ’
coefficient, Y /m . was estimated to be 03 The solld line in Flgure 4 13 is the fitted
curve This large dampmg coefficient is still less than ys/ms' ~ 0.6 whleh was
‘est_lmated from the Brillouin backscatter spectra. It is difficult to isolate the reasons for
the different damping-coefficients although it must be realized that all the models used to =
obtain these figures are approxlmate Possibly the Iower reflectivity { - R'a 10%) in |
these results account for less heatmg and ‘a lower Y ‘\‘. In"any case. both these
damping coeffleaer\ts are the result . cf Brnlloum mduced ion heatnng and ion Landau
/

damplng of the ion acoustic waves.
) A}

4.7.2 Spatially Resolvecl Thomson Scattering"» ‘

' . The remaining Thomson scatte:lng experiments used the high speed streak
camera for llght detection. The streak . camera not only had the advantage of provndlng up
to 10 ps temporal resolutlon, but the multlchannel detection capability allowed streaking
' of ei_therv"spatially _imaged, wat/enumber resolved or wavelength r'esolved_ Thomson
scattered light Each of these measu‘rements w.lll'be discussed here.'lnvthe first two

arrangements, a two lens telescope was used to relay Thomson scattered light to the
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Figuré 4.13 SBS lon Fluctuation Levels Determined from Thomson Scattering
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streak camera slit\ For spectral measurements, the light was dispersed through an E1
monochromator loci\ed at the focus of the second lens and its output was imaged onto
the streak camera slit \(vnth a third lens. ‘

‘ The length of tr}e stimulated Briliouin scattormg zone is an important parameter in
descrnbmg the mstabulsty. The infrared backscattered light ievels have been analysed from
which an interaction length, is inferred. A rough estimate of L from the Bragg reflectivity

relation is \

5

i
\

i&/x)? = R/[(n/2)2(n/n )2 (sn/m)?]

\
Here the ion fluctuation &n/n  is not self consistently calculated from ‘the coupled
mode equations, but rather is determined experimentally. With the gain switched CO,
laser parameters, this equation implied L/x =3 for (cSn/n)2 = 0.02

which is much smaller

both the CO, laser focal depth | 500 micron).and the
. density gradient stale iength) ( Ln =600 micronf . |

Ruby Thomson scattermg from the Brillouin driven ion modes a\owed direct
measurement of the stlmulated Brillouin interaction length as well as the fluctuation
distribution. The’ f/10 focussing optics’ 6 micron resolution limit. did- not interfere
significantly with the ‘spatial imaging For. both the gain switched CO, laser and the
injection mode locked laser, the average interaction region FWHM was measured to be
80 + 20 microns although a range from 50 microns to 160 microns was seen for -
- different laser shots. Fugure 4.14 illustrates a streak camera plot {relative scattermg levels
only), of SBS ion fluctuations in"a gain switched CQ, laser-plasma interaction. Thus the
directly measured value is greater than either the inhomogeneous L k! -1/2. or the
Bragg L bu? is less than the‘optical‘depth. This gain switched la”ser‘rersult was |
pérticularly interesting in that it had two intensity,,peaks 1 ns after the most intense phase
of the interaction. This is supportive of densny gradients or at least axial densnty
nonumformnty determmlng the instability zone. The spatial densnty fluctuatnon d:sctrlbutuon«
at the time of most intense scattermg is quahtatnvely similar- to the damping calculatnon of

section 2.3.2. It must be remembered that the. wa\(enumber dephasing from a density
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Qradient alters the coupling cosfficients in the coupied mode equstions. Two oxcmpl;a
of the ion fluctustion ;pntlal distribution for an IML iaser pump sre illustrated in Figure
4.18. The two plots show the observed varistion in tho interaction length. The ‘most
‘slgmflcant difference between these results snd those obtamod for the gain switched
lager l!v the shorter time duration of the ion fluctuitlom. "
| The B0 micron average spatisl dlrﬁonsion of thc scattering region corresponds to
=15 in the steady state. WKB spatial solution of Equation 2.20.
For the laser and plasma condmons the corresponding f\Ofﬂ'\lllZ.d damping, B s 10
from whlch one infers Ys/ws = . This anofmlously large damping figure is
probably due to inexact determination of the laser P“".‘Fl intensity in thé interaction zone
In any case, the l‘arge' ion wave damplng inferrad confirms the conve'ctivc gain mode“‘l‘
concluded from SBS reflecuvuty and backscattared hight spectra as well as time

lmegrated Thomson scattering results

4.7.3 SBS lon Acoustic Fluctuation Wavenumber .
j The ion fiuctuation calcolation lrom the photomultiplier results. required an
estlmate of the wavenumber distribution. Thls figure was obtained fr'om the streak
- camera me eménts of the vvavenumber resolved Thomson scattered light The streak
camerA::ce was moved away from the second lens focus of the collectipn
telescope used in the spatial imaging experlment, As dlscusced in Chapter 3. the light
detected across the streak camera slit was proportional to the Thomson scattermg angle
From Thomson scattermg theory k. = Zk

ion ruby
scattering angle o - probing Brillouin .fluctuatnons ' i O)n

smG)/Z or-for the small

L .

. he i
r‘uby @ . Hence the ion
wavehumber k. on was immediately calculated from the scattering angle measurement A’
typical wailenumber spectrum is plotted  in Figure 4.16. The wavenumber width,

Ak/kio = 0 15 in this case is slightly lower than the average,

Ak/ki'on = 0.20 . The scattering angle was reduced from the 7.5 degrees

calculated for k corresponding to the vacuum CO, laser wave ngth’ because ‘of the
: S .
plasma refractive index, i.e. m-.,..%’"\
> i :
k

= ZmOJI - n7nc /c . ’
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A more ‘careful callbratlon of the absolute scattering angle would evndently allow the
plasma densnty in the Brllloum mstabnllty reglon to be calculated. |
A srgmflcant observatnon also made ‘was that no subharmonncs { ~‘k0 ) or
harmonlcs { 4k .} ‘were detected wnth the pump levels used in this experlment.
T < 6 X 10“ W/cm2 even though saturated Brlllouun backscatter levels of 10 to
20 %o occurred Elther of - these harmonlc fluctuations, if excnted by the Brillouin. decay
products could act to saturate the mstablllty l59] ‘1601 This absence of harmonic ion
‘waves. contrasts sharply with experlments of Walsh. and Baldis l61] where 4k vvas‘
seen even for 6 to 10% saturated backscatter reflectlvuty with a short pulse CO Iaser~
pump Both lower ‘pump mtensntues and higher * ion wave damplng can explaln the‘
dxfference in results, though the stronger damplng |s a more Ilkely cause. This result again
contirms the heavy. ion wave damping?of the present ‘experiments. The absen’ce\of
subharmonlc spectra rules out secondary-ion wave decay as a saturatlon mechanism ln'
this case as well . This too was consnstent with the large’ lOl”l wave damplng ‘since decay

_requires Gn/n LA /m

4 7.4 Temporally Resolved SBS lon Fluctuatlons ‘ . i

The 10 ps temporal ‘esolution of the Hammamatsu streak ‘camera allowed
accurate deterranatlon of'the Brllloum :nstablllty growth as well as decay along withethe
observatlon of high frequency fme structure if present anure 4 ‘l7 shows typncal streak
”camera results of the spatially umaged Thomson scattered llght with a gaun swntched €O, -
laser pump. These figures |llustrate the monoton:cgrowth of the non acoustic fv'luctuatlon.
level which over many shots showed growth perlods of 150 to 700 ps with an average
of 500 ps: The mstablllty decayed in sumuar perlods The absence of exponentlal growth )

in tlme or rapid. modulatnon in the Thomson scattered light was clear evidence for strong

. ion wave damping appearlng well ahead of- the: peak ion fluctuatlon level The scatterlng'

’ ’ _rlsetlme was less with the IML CO2 laser pump (average risetime —400 psl and again did -

'r.ot show rapld modulatlon This temporal behavuour was conflrmed over a detection,
'dynamuc range of better than 10, OOO obtalned by usmg dlfferent neutral densnty filters

' fto attenuate the Thomson scattered llght and by changing the camera streak speed

Kl
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The homogeneous growth rate Y gives a risetime of 1 ps-, or for ahea\/.y”

0 .

sdampmg, snmple convectlve galn celculatnons glve a rlsetlme estlmate of 'GL/cf =12

. wave oalculatlon .

ps which are far too rapld for the observed slgnal growths The more detalled

. convective growth rate calculatlons from the coupled wave equations in sectnon 2.3.3

also do 'not seem to. apply to the above observatnons except that the lack of any .

osclllatlon in the ion fluctuation level |s qualltatlvely consustent W|th the strongly damped

.

On the other hand, ion trapping and heatmg 1S a wave energy snnk tt?fé;an account

- for the slow rise to saturation. As the ion wave' amplltude-grows energy is expended m

E trapplng and heating lons From balancmg the fractnon ‘of the mc:dent pump energy -

imparted to the ion acoustlc wave and thereby to the trapped ion energy a growth rate

can be calculated. In this model the mstablllty convectlvely saturates to levels determmed '

by ion Landau dampnng and/or plasma lnhomogenelty Now Kartunnen and Helkkmen [62]
prevxously demonstrated by solvmg the coupled mode equatlons lncludlng wave dampung
through trapping, that the saturated instability levels ‘were unaffected by trapplng evpn "

though the growth rates were . Their formulatlon dld not mclude éther wave. damplng or

R account for wavenumber mlsmatches in mhomogeneous plasma Conversely Rosenbluth .

o

| et al {71 who solved the equatlons lncludlng both plasma mhomogenelty and wave

damplng but ignored ion trappmg dld not find a reduced growth rate to saturatnon of the

‘ mstablllty Furthermore both of these models dld not allow for mcreased lon Landau

damplng on the trapped and heated ions.

Such a model is proposed here A steady state solutlon to this. problem was

derlved earlier in Chapter 2. A rough estlmate of the BI’l”OUln mstab:luty temporal growth

" was madé from the energy balance Wthh |gnored ion eonvectlon and trapplng dynamics.

Three equatlons were used to obtam an expressuon relating the trapplng veloclty width

9

and the Brllloum backscatter reflectlwty These were

Y 2 2Le3) Mo
_ én/n = _e¢>/Te S . -
~én/n Ao.s(_vosrve) (’ws/les)m. - . Eg4
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all of which have been mtroduced earl%r Ehmlnatmg ¢ and. 8n/n  in these"

"“-equaiio'ns g'ives'v' S F

e T ol . _ o
o Next‘ the net--energy ’ dE.‘r expended to accelerate (and deqelerate nons) to ‘C‘S‘

- -upon trap‘pmg them is determined from

= fleg - ) (Mye /2 - m, (c - v-.)2/2).dv o
N fle, +’Ytr) (Mi(cs‘f_vt ) /2 - M Cs /2) Eq 4.2

Lo

| "u-‘lnf‘egrating”the right hand side of thfs eqUatidn gives the total energy-”ET " absorbed by

the trapped ions. A Maxwelhan dlstrlbutron is assumed for f and the trappnng ve!ocaty "

- : V.'l':r-“ s’ normahzed to ' vtr" K- c V : : Wlth these assumptlons Equatlon 42;"-

redul,es to '

. m V_
"

B AT n (ZT + 3T (T YT, + 3)1/2
| f;max {V[(z - v) exp( 77 /2T - 3/2)(1 -»v)2

(2 + v) exp( ZT /2T - 3/2)(1 +. v) ]} dv .

Eq. 43

AL

. vmax: ( os e Yw 72y »’ZT /ZZT + 3T ) R
The avanlable |on wave energy is a small fractlon of the mcndent electromagnetlc wave . -
energy If the backscatter reflectlwty grows hnearly from 0 to R the energy avanable to-

‘the ion waves- m a tlme T . can be approxrmated as

E

s

W = TRegr/2Lu, v'; A . Eqa4
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Equatlng“' Ew to the energy delivered to the trapped ions allows the rlsetlme B to
'saturatlon to be estlmated Flgure 4 18 shows the. results of such rlsetlme calculatlons._i
for. various experm;tental parameters of mterest What is. |llum|nat|ng is that if steady state
reflectuvnty R mcreases the rlsetlme does not diminish proportlonately because even N
- though more. energy goes into |on waves more ions are trapped and heated Also lt is
"-clear that lower densxty plasmas have fewer avallable |ons to trap and heat /and the‘_
."‘rlsetlme decreases In the case of the short pulse CO laser pump where lower electron‘
ydensmes were measured mterferometrlcally faster . lnstablllty rlsetlmes were detected
- Even ‘with thls crude model the estlmated tlme scales are close to thorse observed
experlmentally and . qualltlatlvely substantlate the ‘differences- between m;ectlon mode
'locked and gain swntched C:O2 laser pumps Inc:dently as the lnstablllty growth rate is "
L « n k one ‘would expect the high density plasma wt the galn swntched
- CO, laser to exhlblt faster rlsetlmes The opposnte trend glves further credence to the ion
'trapp:ng and heatmg plcture presented here at least until lon “wave. convectlon oceurs.
'The characteristic tlme scale for’ thls convectlon would be 1 o .Lf/c . . which, 1

1s. much longer than the lnstablllty rlsetlmes

>4 7.5 Wavelength resolved Thomson Scatterlng o ‘ : ‘ " —— £ '
The flnal Thomson scatterlng experlment was undertaken toﬂ! orneaSure the. '
frequency spectrum of the scattered llght Unfortunately time broadenlng through the :
.lvmonochromator made hlgh speed streaks unuseable.lnstead time lntegrated scatterlng
'measurements were made wrth the PARC Optncal Multlchannel Analyser Absolute
. wavelength callbratlon was dlfflCult to achleve because of the small wavelength shlfts_
- ‘from )\d’” WhICh were present although the mstrumental resolutlon ( 0.4 was -
i.suffncnent to: observe the scattered line w:dth after- deconvolutlon Flgure 4.19 shows a

: typrcal Thomson scattered llght spectrum when the gain swntched CO, laser lrradlated the A

oxygen plasma’ (l =5 X ‘lO” W/cm’) For comparlson the 0. 30 . 3 _ spectral FWHM can

be correlated wnth the lnfrared backscattered light spectral wodth From Thomson{ -

_"scatterlng theory o da /A : dv/c . S where dA Lois - the'

'scattered ruby Ilght spectral wndth and dv s the spread ln the ion wave phase

ve oc:ty The Brnllounn ion. mode wave. number is - 2k o 50 the frel\quency spread in
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4 the infrared backscattered light is 2k6 dv ;_<and the corresponding wavelength
"spread is dA“eb(ZIXO/O) . (d)\h/Ar) L Thus for the 0.30 A" Thomson
scattered light spectral width, one expects a 70 A - infrared backscattered spectral
width. This estimated s larger than the -directly observed 30 A average
backscattered Ivght spectral wndth lt is likely that dA - Wwas overestimated since the
Thomson scattering detectlon mstrumental wndth was larger than dA In any case,
the Thomson scattered lnght spectral width again lndlcates strong lon wave dampmg
{

-

- 4.8 Termlnatlon of SBS in the Laser Plasma Interaction

The fundamental questlon stlll remanns as’ to what caused the stimulated Brllloum
scatterlng to terminate - well ahead of: both the IML and gain swuched laser pump.
lnterferometry showed that the plasma was still’ suff:c;ently dense to- provvde a. high gain
medlum and no anomalous densnty structure such as proflle steepening was seen Pufmp
- _cutoff through crrtlcal Iayer reflectuon was also unllkely smce the Brullouln backscattered :
hght ceased even with 0 Torr helrum background gas where underdense plasma was
assured. The remammg possubllmes include fllamentatlon ‘with” resultant electrOn heatlng
" increased pump absorptlon through =nhanced |on turbulence or inverse bremsstrahlung
. absorptlon large velocaty gradlents resultmg in wave phase mnsmatch or plasma
'susceptlbullty changes. . v '

Fllamentatlon occurs when transverse pump nnhomogenemes mtensnfy and ‘the
pump wave is channelled mto a number of high lntensnty fllaments ThlS happens because
. the mc;dent llght beams . ponderomotlve -force on 'the ‘ plasma electronsv
) 2y ) 2

= -(e /2m w V<E > - drlves the electrons from “the regloh of

‘hlghest plfmp intensity. The resulting refractlve mdex change fogusses the laser llght to
~ create even higher local pump intensities to relnforce the original pump ‘inhomogeneity.
Although the llght mtensrty is higher- due to fllamentatlon the decreased plasma density
and elevated electron temperature can result in an overall reduction of the Brllloum gain.
When T r/T > 1 . the. convective Brilloin growth rate is ‘much larger
~..than that for fllamentatnon However from the results d|scussed in this chapter, the ions
can. be significantly heated to Landau damp the ion modes ~associated w:th Brillouin

. scatterlng {this is often called Compton scattering). In thls case fllamentatlon can compete
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with Brillouin scattering. The maximum filamentation growth occurs for k v = 0 and
. i -

KEGE = (0/an ) (v 1) 20701+ T 72T )

T
o

where k "' is the filament wavenumber parallel to lk and k is the perpendxcular

vcomponent [12] The spatial growth rate of the fllament for large dampmg is

ky 5‘,Wc(l“pez./&"oc)(Ves/ve)z(] * T3/27¢)

Slnce the densnty fluctuatlon wavenumbers associated with filamentation are not normal
modes, these growth rates are not dlmlnlshed by mcreased Landau dampmg as they are
for the Brllloum mstablllty Brnlloum scatterlng has a. spatial growth rate larger by
" (wS/ZYS) e whleh means that for heavy damping, the growth rates of the two
instabilites are comparable. For n/h = 0.5 (v )2 =2 T_i = ZT . the
optumum fllament transverse dimension is 30 microns which mdlcates that if a smgle
~ filament. forms (whole beam self fOCUSSIng the local pump intensity can increase tenfold
over the usual focal spot lntensrtles. Density rarefacQOn in the’ filament through the
ponderomotive force will act to deerea'se the Brillouin gain “ and also -the filament
transverse dimension as calculated above, will enlarge Further filamentation can glve
electron heating as well {121 thus -reducing (v, /v )% Although difficult to
conflrm there lS separate experimental evidence for fnlamentatlon in the jet (Offenberger
[83]) and it is feasible that fnlamentatlon could prov»de a mechamsm to inhibit Brulloum
scatterlng at least until normal plasmararefaction could do so. ;
A second possnble mechanlsm to mterfere w:th the Brillouin in“stabllity 1s- enhanced
~ short wavelength ion turbuience. An increase m the plasma resistivity due to Strong
-densnty fluctuatnons results in increased - Ilght absorption over ' classical inverse

' -bremsstrahlung (Dawson and Oberman l63]) Faehl and Kruer [64] show that the - |on

turbulence absorption length Is

|_.=‘ 4vg/[wo'(5f'l/nc)2] = ZAO/E/TT/nC nlﬁn/nclzj
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where |,6n/nc|'2 is the square of the normalized homogeneous and isotropic
density fluctuations. Ruby Thomson scattering measurements on the gas jet target hvave
revealed short wavelength ( kAD = 0.5 )ion fluctuations in the plasma yvhich
grew as the Brillouin instability dec;ayed (Al-Shiraida et al. [85]). A 240‘micror; absorption
length is calculated from the observed |6n/nc‘|2 = 0.04 Although this length
is larger than the 80 micron Brillouin intérac{ion region, the ihtegrated effect of the
enhanced absérp"tion over its extent un the plasma ahead of the focus §0uld' be sufficient -
to ihterrupt the Brillouin’instabliiy at later time as the turbulence develops. The classical
absorption iength for co’mpa‘ri'so‘h,' was £1.7 mm which is even larger still and is
A t‘herelfore unlikely to éontribute to decrementi'nggthe laser pump.

- Although several mechanisms are postulated for ion turbulence generation,- one
predicts an even Worse situation if t_h,§ Brillouin instability itself is participating in the ion
turbulence generati’on. lon tra;ﬁping in the Brillouin ion fluctuation potehtial Can excite a
bump—in—tai.l instability (Davidson, [28]) whereby short wavelength jon fluctuations are
generated (Kartunner; [62). This new instability is an energy sink to the Brillbuin ion
‘ fluctuations which lowers the Brillog:iri‘_growth rate ;nd at the same time is a source for
the ion turbulence. The e.ff‘ectivenesfs of the mechanisrh has not been studied thoroughly
but qualitatively suggests that the short wavelength ion turbulence produced in this
. manner can have a twofold influencer on the Brillouin instability through laser pump
absorption and ion -Wave damping The ion fluctuations produced by th.is ins{ability are

‘ ,nonjinélly paralle’l with Jso and do 4not aff‘ect absorpfion. However, mode coupling and
diffusion in k sbace may be important for Iarge fluctuations. This bump in tail instability
alsb succeeds in explaini‘ngﬁth'e relative timing of the the two instabilities.

' In conclusign, the abrupt termination of the stimulated Brillouin scattering is as yet
unexplained though it is plausible that filamentation and strong ion'turbulence which are

known to exist, may account for the observed behaviour.



- 8. Conclusions ,

A comprehensive study of short and long pulse CO, laaer induced Brillouin

scattering at intensities 1 ~ O(10"* W cm-?) has been done. The careful characterization

of the plasma parameters which included electron temperature, elsctron density and
} electron density gradients, allowed a quantltatnve mterpretatuon of the stlmulated Brillouin
(scattermg results Both the electromagnetuc and electrostatuc waves of the Brlllounn decay
trlplet were detected and the dominant laser and plasma effects were pdentafued .
 The broadened, red-shifted spectrum of the CO, laser light backscattered from
~the -exygen plasma p_dsitiyely identified stimulated Brillouin scattering as the generating
mechanism. Backscatter reflectivity and spectra for both the gain switched and IML laser
suggested that a self consistent ion trappnng/heatmg effect was responsnble for elevating
the ion temperature as requnred for ion Landau damping to broaden the instability's
bandwidth. For the gain swncl;\ed Iaser,» ‘large- ion wave damping coefficient,
Yo /m =06 was estimated from the infrared backscatter reflectivlty The
comparlson of a kinetic, frequency dependent gal\"élculatlon to the backscattered Ilght
spectra yielded electron-to-ion temperature ratio estlmates, T /T . =1 This small”
temperature ratio confirmed that strong ion Landau dampmg took place |
The IML laser backsca/tter results. were a convincing demonstratuon of ion heating
from the Bﬂl’l“OUln interaction. The interaction time was too short\ for significant
. electron-ion collisional vequilibration and yet the broad backscatter‘ﬂspéctra again

substantlated an ion trapplng/heatmg description. A- 51mple model ‘predic ction based on ion

heating accounted for, the IML laser. reflectnwty mcludlng the high backscatter at low laser\

intensities. The lon trapping/heating mode! was prepared from the WKB coupled mode
equations with ion Landau damping from a fractlon of the ions heated to temperatures

o(zTy) - . , _ . N
lon fluctuations driven by the Brillouin instability wiere diagnosed through Thomson
: scatter'ing of a ruby laser" probe beam. In Tho .son';s.cattering wavehumber
measurements, the detected ion tluctuatl_ons were clearly those of the Brillouin instability

o : ' N o N . . q
since the meagured k -~ © wavenumber corresponded to that expected from

Brillouin wavenumber matching No k= or 4k~ ion wave harmonics were

. o - ‘
- detected in the Thomson scattering experiments, thus eliminating ion wave decay as a

4 ' . * ’ e
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Brillouin saturation mechanism at our laser intensities and for our plasma conditions. In a
second experiment, measurements of the normalized lon fluctuatoon level, én/n )
and its R ~ reflectivity dependence verified that .convective saturation of the
Brillouin instability through ion heating had indeed 'taken place A third experiment was the :
" direct observation of the Brillouin interaction zone through spatially and temporally
resolved ruby Thomson scattéring. The observed 80\ micron interaction length was
expla:ned through wavenumber mlsmatch of the partucvpatnng waves away from the

instability’s resonant pomt Th’s length coincided wnth earlier estumates made from the

infrared backscattered ligh reflectivity. ln these same experiments, the 500 ps ion -

fluctuation risetime was strong evndence for ion heating. These slow r:setlmes agreed
‘with the model of heasted ions diverting energy from the Brillouin ion waves to lower the
Brillouin growth rate. Risetime estimates from the ion trapping/heating model were close
to those observed.

A successful attempt was made to reduce the Brllloum scattering by using a
multiwavelength CO, laser. The selected laser lines had to have frequency separatnons
larger than the Brillouin homogeneous growth rate»ot‘her_wlse anomalous mode coupling
occurred and reduced the  effectiveness of the multiwavelength laser. This unique
demonstration of SBS reduction is encouraging evidence that simple laser madifications
can potentially imprpve laser—plasma coupling in stion experiments

The termination. of . SBS in. the laser- plasma experiment is still not fully.
understood, although fnlamentatlon and enhanced pump absorptlon remam as the most
likely candidates to lower the SBS gain below threshold. Both fllamentatlon and strong ion
turbulence have been observed in other experiments made wnth the CO, laser and gas jet
target. Indeed, the‘cessatlon of SBS just /before enhanced ion turbulence takes place,
suggests that strong laser absorptlon could be interrupting the Briliouin instability. .

‘In /Summary the complete characterization of the laser plasma and interaction
parameters permitted the quantltatlve mterpretatlon of the observed stimulated Briliouin
scattering. Spectral, spatial and temporal measurements‘ of SBS and the associated ion
fluctuations strongly support the model of ion heatlng and wave damplng along with the'

fmite matching length
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- ".”‘""Appen‘c':lix A =

B

‘ Nonlinear Equatnons L ' .
Several nonlrnear equanOns had to be solved mcludmg the ion heatmg reflectnvnty , v

“calculatlon in'Eq: 2 26 the lon trappnng m Eq 2 32 and the stlmulated Brllloum dlsperSIon,
;relatlon ln Eq 2 11 The furst two nonllnear equatlons were solved through Newton'
‘Raphson methods lmplemented ona computer Except in the s:mplest nonllnear equatlons .

the functlon derlvatlve was approxlmated by a forward dlfference [-{e) the lteratlon

o f ormula became

Xy = - e (Flx; + n - Flx;))

'Careful selection of. l'nitial values of X were | requnred due to the exponentnal
behavnour of the nonlmear equatlons The slmultaneous nonlmear equatlons descnbmg the

stlmulated Brllloum dlsperSlon were solved through an |teratlve substltutl’on rnethod as

'descrnbed in Chapter2 . Ck . TR p‘ e

. 'Or.‘d-ir?ary Dif'ferential'_ Equations » |

. Systems of ordinary‘vdifferential eduationshad to be'-sol\'/ed 'for the rate equation'
. model of the mject on mode locked laser the spatlal coupled mode equatlons and the
vtemporal coupled mode equatlons A second order Runge Kutta mtegratlon formula was

‘used’ with mterval halving ’to en5ure that the error. was within 0.5% . The two step

.computatlonal method used to calculate yJ 1 i =< N ' _was:
C : Lo
_ yji = Yyt hyg (X-.yh,...,ym)/z |
(1+-|) hy (x h/z,yh,---a)’m)/z i

-

131



132

'The‘abQVe shows the calculation-of yj 1+'l u“.“fr.om” E _y t.w_ith -step’si‘z'e |

s

Deconvoiutlon of Spectn :

.

_ The analysus of spectral data was: compllcated by the mstrumental functuon of the

dnspersmg elements In partlcular the resolut:qn of a gratmg spectrograph is determmed )

by the number of gratng Ilnes N o y dlspersmg the mcadent hght ‘i.e.,vy
- A)\/ A 1/ N for first. order. d:ffractuon For mfrared hght measurements
Aw1th the 75. lines/mm gratlng spectrometer the resolutton is 28 A whlch lS the

‘same order of magnitude as the detected line" shlfts and wrdth in. Brrlloum backscattered'
hght The pseudodeconvolutnon of Jones et al [47] was used to remove the anstrumental
.responses from’ the spectra Thrs xteratwe method lnvolves convolvmg the ornglnal data',j
o with the mstrument response and the re5ult|ng functlon is compared with the. or:glnal data‘

i 'to gvve a measure of the spectral broadenmg The algonthm for this dlscrete point’

g methodrs v S
oM S S x (s /c(s )) Y s / o
(2 S1 R s- X (s, /c( )) [ T
where (S ) s the convolution of the ‘/QJ—. th ‘spectrum 53

'Wlth the lnstrument functron To reduce computatnonal nonse fnve pount feast squares
smoothlng was passed over each S v ’ '

'§1.,k_'=“[1-7'.s1.. : 12(5 (1) v, (kﬂ)) 35, f(ee2) * 5 ‘m))]/ss

" where . §1. - isthe -k “‘t,h‘: K 'aVera'gved‘pOint of S, "_I'ypi‘call'y four

‘ 1terat|ons were: used to deconvolve the spectra and _ ‘Sh g - were convolved. with
the mstrument functlon for comparlson wuth the ongmal data. . - 56 s vt:o',ensure that

it could. be recovered s
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: Abel Transform .

The computatlon of radlal functlons from data mtegrated along cords in.a

. cyhndrlcally symmetrlc system is. achleved through the Abel transform This transform

‘ ;was applled to a numerlcal routlne used to mvert plasma mterferograms and obtain the

" radial. electron densnty proflles at various axnal posmons in the plasma The tﬁual inversion

’ ‘formula for refractlve index can be wrltten

: . ' g LBIT du- S . /
where, u(r, z) . is the refractive "in’dex ‘at“radial position rin"a cylindrically
symmetrlc plasma of radlus r‘ The frmge ~shift at “u : is g where.
U= r2 " and Us.'= ‘risz : The refractlve mdex proflle is related to the

‘electron ‘density b =7 - 2/e m w2 o from ‘ Wthh, .
: y y u n e /e e ruby Col
e( ,z) is found A llnear approxrmatuon to o dS/du - betwee_n data

: poln*s reduces the mtegral to the numerlca/l computatlon

s - %i#1 SN2 e,
S >? 2“1[( -Jl"),vz--(‘u._-'»u'.).]/z.]«
~ oo J= ] CUsay = Us A . J o1t
> T M | A
. ;The ‘refractive lndex at the =t th . ' of ', N eqwspaced data pomts |s_
TN 'ui bl Although thls is a hlghly smplnfted computatlon scheme (for comparlson

»
see for example 166]) tests done on analytrc solutlons conflrmed its’ accuracy to wvthnn a

satlsfactory 5%

Plasma Susceptlblllty Calculatlon S R ’,
The kinetic limit of the SBS dlsperSlon relatlon in Equatnon 2 11 requured the |on

-

susceptlbllltv X (w k) = (kl)%/»kz)w(z)' - ', where

o A T , ST T
W(z) =_l,r_zfexp(f;2/2)jb exp(”yz/Z)sdy'+.t/?7?7zvexp(—zz/Z) .
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+and o w/v k. which is complex The * function w(;) L .isT

: related to the usual plasma d:spersnon funcuon r(z) - (Friedand Cbnte [17]) by:

W(z) _5(2/75)"r(z//;27 + 1,,,

-

 Two computatlons were approprlate for ca!culat»ng wc(;z) ) and . i-I‘('Z)

dependlng upon Im(z) - When’ IIm | > , & céntin‘uedg

- fraction. algorlthm (Fried and Conte) was used to compute - p(3) - from which.
W(z) : - was derived. A convergent series. (Ichimaru’ [18]) gave W(z) dnrectly‘

for all other cases. These two algorlthms are summaruzed below w¢th corrections to the V

orugmal references.

. lIm z[ > 1
- . R i nvvn
where . Apyg = bn+1 n §n+1 1 Al A =0
n+-' = bn+] -Bﬂ a.n+'| Bﬂ"] ‘ B_] = 0 | BO =]
with o N o R
acz
an+'|" = -n'(2n_’- 1)/2_ | n= '1,-’2’:}.‘.‘.

o
]

U T o -
: n+] . _22 +\1/2 +_2n /
E .. : . _ Bl * "' i v A . 2 N
1oImz<-1 r(2) =r(z )+ i2/7 exp(-2°)
-1 <Im z< '1

N
w(z) irn/2 z exp( -z /2) + 1 + z TJ

‘where 0 T o L

Tha = Ta2¥ (20 43))



S Appendix B\ '

Free Jet Program o T \\
The method of - solutson for free Jet flow is weII kngwn from hodograph theory -

: (Shap|ro {45]) Reference should be rnade to elementary te

on supersonic flow theory‘
to assist in understandlng the equatuons in this append%( Figure B 1s a dnagram of the

free jet showmg the‘ Mach lines a-h separatmg flow fields 1 to 8 Upon crossing a Mach |
line, the gas flow parameters change consistent with the various isentropic relations. The

free boundary angle Oo is found first by calculating the Mach number -, M3 Loin
‘region 3 from pressure baIance P3 = PA - where P3_ |s,the__pres,sure in
region 3 and . PA.Y is the ambient pressure (pressure dif ference does not occur across.

stationary free boundarnes) and then applying the Prandtl Meyer equatnon The change of

{
the flow dlrectvon . when gomg from region: 1 to regnon 3 s

: OO = Wy - owg . The twc&_ e‘quations for calculating the above are
= [@/(y = Mp/p) Y /2 e
S, v+ (y-1 o, Y1/ |
w(M) = Atan(M® - 1) - Atan (M® - 1)
L . /" I : Eq B2

Equﬁation? B.1.is an isentropic flow ?élation and B.2 is the Prandti~Meyer eqnation; The |
ratio-of specific heats, y s equal to 1.4 for a diatomic molecule For exampie, if
P0~ =2000 Torr, PA =10 Torr and M] =286 (from the nozzle calculations

outlined in-Chapter 3) then - 4 21 and

3

o = ~(w(4.21) - 0(2.96)) = 68.45 - 48.98 = 19.470

Depending upon whether a Mach line is a c‘o‘mpresision (Type ) wave or

~
rarefaction: wave (Type II), the flow direction after crossing them is determined from

135
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‘2

Figure B.1 Flow fields and Mach Lines in a Gas J_et .
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‘9 and 8

I -1 g:lefingd as
' eI4=';QTM) + 21 .- ]600 fv - )
eII‘é w(M) + 211 ] 1oqq "‘ -
The integration constants 21 - 1000 - 3 ' -and. 211 - 1000

are useful during computations. From above, if one travels from flow field i to flow field

j. then ;
L 85 - By = wy - uy | . for Type I
ej - o, = '.,(“’j - “’1) | for Type I"I E"éi.gB.3~
YA ;ypé Il Mach line is indlined to the jet axis at an ’angle ot b
where o

a = Atan(1/MZ-1)

Clearly . o is the angle that the Mach line makes to the downstream streamlines and

6 is added to it to restore it tS an angle with respect to the jet axis. Similary, a type

i Mach'line is atangle 6 - o to the jet axis. Equation B.3 can be rewritten as

2]
{]

I+ 11-1000 -

1-11

-
€

The variable | is unchanged when crossing a type Il wave, and Il is unchanged when a type
I'wave is crossed It is then a simple matter to calculate 8 ., w for different flow

regions in the jet From w M is calculated with Equation B.2 and then <«
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from above. Once all 8 and a ' _are known, then all Mach line angles are -

determmed From .this . nnformatlon trugonometnc relatvons are used to |ocate the

' mtersecnon of the Mach\\hnes and the flow fneld pattarn can be drawn.

" The free jet program below is written for a Texas Instruments 99/4 A computer.

The key variables are:

'A(2,8) = (1l values for the 8 fields

oM@l = w )

TH8) = ~ © | for the 8 fields ' oy
MMig = M for the 8 fields

AL8I= a for the 8 fields
A1-G L = Mach line angles to the'.jet axis
XX(N),YY(N) = X,y coordinates of the points L to Q

100 'DIM A(28) - |

110- REM FIRST CALCULATE w(M1) w(M3)
120 INPUT "PO,PA": PO,PA

130 :}sgzn(S*((PO/PA) 1. 4/1.4)- 1))

- =140
" 150° REM 1170 IS w(M) SUBROUTINE
- 160 GOSUB 1170 i
170 Wi=w j
180 M4=2.96

150 GOSUB 1170 .
200 REM INITTAL AND B.C,

210 . on(1;=w
. 220 TH(1)=0 ’
T 230 TH(3)=W-W1 :
: 240 " TH(2)=TH(3)/2
250 TH(4 =o‘ :
270 TH(?) 0

280 REM START OF FIELD CALC.
290  A(1, 1% 500+OM(1§/?+TH(1§/2

300 A(2,1)=500-0M(1)/2+TH(1)/2

310 A(1,2 1)

320 oM(2)= 2*A(1 1)-TH(2)~ 1ooo —_—
330\ A(2, 2; (1000-OM(2)+TH(2))/2

340 A(1,3)=A(1,2)

350 ‘OM(3) =2%A(1,2)-TH(3)-1000
" 360 A(2, 3; (1ooo-om(3)+TH(3))/2
370 A(2,4)=A(2,2)



740
750
760
770
780
790
800
810
820

840.

850

860
870
880

890

- m(u)=1ooo-2u22 '2)

gﬂgg;:ﬁéi ﬁ;:ﬁfi g;-iooo -
oM
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1,4)=1000+0M u)+rn(u))/2
31 s—ké 1,4

A(2,5)=A

6 1000+TH(6)-2*A(2 5)
5

gz 6)=A(2,
A1 6% 1ooo+on(6)+rﬁ(6))/2
A(1,7)=A(1,5)

on(7) 2*A(1,5)-1000

§1 8)=A(1,6

2,8)=A(2,7

on(a) Aq, 63-A(2.7;
TH(8)=A(1,6)+A(2,7 -1ooo

FOR I=1 TO 8 _ e
T=0M(1) :

GOSUB 1000

MM(I)=M -

AL(1)=57. 29578*ATN(1/SQB(M*M 1))
NEXT I

PRINT "MACH + STREAM ANGLES"
FOR I=1 TO 8

A2, 7§ (1000-0M(7))/2

- PRINT oM(I) TH(I)

NEXT I : ¢
PRINT "MACH N’O ALPHA"

'FOR I=1 T0O 8

PRINT MM(1),AL(I) ° o - ) Ao 6

NEXT 1 - : w

TH(2 )+TH(3)+AL
c1 (AL(2)+AL(4)-TH(2
D1= (TH2 § TH§5g+ALg

+AL(3))/2
-TH(4))/2
§+AL(5 /2 :
/2 EEE- VR
-TH(6))/2
+AL(53+AL§ %/2 ) '
-TH(*7)-TH(8)) /2

gTH(1§+Th(2§+AL§ §+AL(2§ /2

E1=(AL(3)+AL(5)-TH

Fl-éAL(S +AL(6)-TH(5
TH(5)+TH(7

Hi=(AL(7)+AL(8

&1/57.29578

Xx(1! -1/TAN(Q*A1) &

YY(1)=1 ' ‘

Xx(3 -(1+xxz g*TAN(Q*Cl))/(TAN(Q*B1)+TAN(Q*01))

YY§3 =1-(xx xxg g*TAN(Q*Cl)
;o;(g =Xx(3)+(1-v¥(3)) /ran(e*p1) .

X (4 ‘(XX(Bg*TAN(Q*El)+YY(3))/(TAN(Q*EI)-TAN(-TH(B)*Q))
YY(4)=-XX(4)*TAN( -TH(3)*Q)
XX(5 (1-YY(a)+xx(2)*TAN(Q*F1)+xx(u)*TAN(Q*G1)/

(TAN(Q*F1)+TAN( Q*G1))

YY(5)=YY(4)+(xX(5 -xx(ug *TAN(Q*Gig

xx(6)= +(YY 5)-YY(4 /TAN(Q*HlV

YY(6)= YY(u)

PRINT "CHARACTERISTIC COORD."



900
910
920
930
940
950
960
970
980
990

1000
1010
1020

'1030
1040
1050

1060
1070
1080
1090
1100

-1110°

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240

140

FOR I=1 TO 6
PRINT xx(I),YY(1)
NEXT I

PRINT “FIELD DENSITIES"
TOR I=1 T0O 8

M=MM(1)

GOSUB 1210

PRINT NC

NEXT I

END

G=1.4
Go=SQR(G+1)/(6-1))

DM=, 0001
M1=N
GOSUB 1130

i
M¥FEM+DM

GOSUB 1130
M2=M :
=M2-DM*F1/(F-F1) , .
IF ABS(M2-M)>1E-4 THEN 1040 » e
RETURN : 4 :

-

MR=SQR(M1#M4-1)
F=57.29578*%(GG*ATN(MR /GG ) -ATN(MR) ) -T
RETURN : :

REM W(M) SUBROUTINE
cc=sqn§(2.u/.u )

MR=SQR(M&*M4z21 - >
w=57.29578*((GG*NTN(MR/GG)¥ATNQ.§))
RETURN j

G=1.4 .

P=PO/(1+.2*M"M) 12, 5
NC=P/2000#12%6 ;41

RETURN *
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Fresnel errors lnterferometer Tt @ o)

4 ‘ from theoAbel mvers;on of ln;erferograms Tmplementmg a workable and convénlenti

. crmcal components in'the Fresne! Mirrors mterferometer made |t attractive to use K

Mach Zender mterferometers were t@d and found. unsatlsfactory Both of these are
division of" wavefront mterferometer%wth an unacceptable 50/0 reductlon of. the

lnterferogram exposure Also, the Mach- ender optlcal elements were located msmle the

' expernment target chamber making ad ;ustments awkward Finally, the minimum: number of

§

Flgure C lla) and.C.1(b) will be referred 1o in explaunmg the mterferome _

desngn goals had to be satisfied snmultaneously through the appropr < selection o,f"' :

lenses focal lengths and positions. These desngn objectlves mclude

~—The plasma electron densnty measurements reported in thrs thesns were generated B

mter‘ferometer was not as trnvnal as lt would flrst seem The usual folded wavefront and .

' the image . :

‘ ‘magnzfrcatlon fringe spacmg fens L1 clearance from the CO, laser beam and not_ :

oamagmg the exlt etalon with focussed Ruby Iaser lnght The expanded and colllmated‘

Iaser light passed through the plasma posmon 01 ;in flgure C ‘I(a) One half of the laser

llght was the reference beam and the other half the test beam The telescope lenses were

separated by f, + f,

1 2 to: recolhmate the Ruby llght At the ‘same. tlme the

frmges were locallzed at the plasma From the thrn lens equatlon the real |mage loca lon

‘N

41'2 ' and telesr'ope magm‘tca' M wereg ‘ S
‘ W IREEE B
"'I/2=(l+M)~-0-|M7- & ch1
,M = I2/0 N %;;:’.o S

~,"é?:; :

th_»?é M= Folfry |
- The overall magmflcatlon B M
T Yoy .

magnlf catlon | ‘M . The Fe;;nel mnrrors were slnghtly inclined to eath other:

camera
l
langle ¢ .in.Fig:- C. 1(b)) to cause beam oveﬁap By locatmg the mirrors very close to

w I% Further ‘the lnterference ﬁfrmge spacnng at 1, was -

2

T o, e . "?x«x{z,m,j_; ST

was the Rroduct ofx ”M and the'cameraj'
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where 0]4 = 0 /f
' ylnterferometry are: mdrcated wrth mtersectmg dashed lines. In th
“diameter alignment microball posmohed at the CO, laser foc

: Abel inversion analysns was then done on the collected mterferograms Ly

143

. o : S
Ax = AI'Z-/ rM . ~where A was the Ruby laser wavelength in thls case.

The width of the oVerlapping area was r‘M'* : Referrnng thls frmge spacmg back

v' “to the plasma the mterferometer s line resolution is then:

HLE e . EqC3

'Some convemence results in normahzmg O‘l and obtammg sllghtly dufferent expressnons :

for the magnuflcatvon and resolutlon These are

. /
KA

| = [M +tM- 2,(-1(.0} -»l)]k R  EqC4

Axp = AO f /rM EqC5

* R ‘ *" - :
Figure C.2 shows - 0, ., as a functlon of M, . for various M

Once M and M are sele'cted s O'I Solis easnly determmed from Flg c2

. . * . % o * .
“Also, T, = MO.| o where I,2~ tE 12/_f1~' . One set of parameters for the )

2

arrangement
B i} = * .
, 'f]' L= 30 cm and M 07 cm, and the _- calculated with |

Equatlon "‘5 to be 26 mlcrons Thls frlnge spacmg cor,g : closely to the 25

mlcron resolution éstlmated from’ count_mg 8 He~Ne Ia NS across a »200 micron

Phe overall maghificatidh, '
MT =Mx Mcamer'a P lwas 50X onto the Polarord type 410 fiim in- the.
mterferometry camera it should be mentloned that CO2 laser beam clearance and a safé ‘

‘Ruby laser mtensrty onto the exnt etalon were also satlsfled in thls confrguratlon Normal

5
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