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wavelength rESolved Brillouin backscattering of 002 laser
radiation from und%Pﬁense hydzégen nd . helium plasma with.A“/.f:

varying T /T ratios has been observed.. Thg measured shift

. - B

of the backscattered ra ion confirms ion-acoustic waves

"as bein nsible for such backscattering, comparison of'

-

‘shifts 1n‘hydrogen and helium plasmas also shOW§ the‘#mim mass

‘dependence expected from the Brillouin backscattering component.‘w
¥ 3 ° : /I . A - '
The experimental maximum growth rate was found to be S 93Xloll;

sec_v:‘L which agrees with the theoretical value evaluated from'

‘Tsytovich s random phase wave scattering theory.‘ Te;poral.
characteristics of the backscattered signal, reflectivit9 of
the incident radiation,_and pressure dependence are discussed.'

iExperimental plasma and laser paramecers also satisfied the

fthreshold and growth rate conditions predicted by the coherent

.wave conqeptt, S - EET s ' . !
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'lNTRODUCTION S

~

The concept of u51ng a hlgh 1nten51ty CO2 laser«beam

Ny
.

to heat a plasga to thermonuclear temperature 1nside an . °

»Lnltlally unlform solen01d magnetrc fleld was suggested by

4;‘».

. ‘ 1 '
Dawson, Hertzberg and Kldder.- Slnce-then, 1nvest1gatlons“

@ e - !

related to .this’ concept naveAKeen conﬁg;nedaw1th problems'

of 1n1tial generatlon of a plasma colen whlch could prov1de
. ‘ u
”a sultable den31ty proflle for self-= ﬁocusing and hence ' trapping_f

3

of the . 1aser beam over. long paths. Th%s requlresva density e

’minimum on- axls and rgﬁlal conflneme “of the laser heated...

° . . - . -

'plasma by magnetlc fields in the several hundred kllegauss
range. In additlon to- normal colllslonal heatlng, cdnsider—‘

Qable 1nterest has been shown—in the study of nonllnear laser

‘

~p1asma 1nteract10n wh;ch could e1ther enhance heating or

lternatively lead to stimulated backscatterlng of the R

s cos B -

“incident~laser radiatipn.' :
; . ‘ 2-5 Lo . * . 6-8 .
. Over theopast few years, tneory .-and experlment
have been pursued to investlgate nonllnear absorptlon via
-'parametric instabllltxes whlch may lead to heating of
flaboratory'plasmas.r However, unllke the absorptlve parametric
. G..

nstablllties whlch appeared to be Just what was needed" for-
fu51on,"st1mulated scattering does relatively little plasma

vlheating In partlcular,-stimulated BrilIOuln backscattering o

a

"occurs when an incident electromagnetlc wave above a certain

"power levelgns transformed via nonlinear interaction with

e



Sa

. . . o ! : / . .
plasma into ‘a backscattered electromagnetic wave anﬂ an ion—

acomstic wave Since this process can take place - in under*

dense plaSma, it may lead to enhanced reflection of the -
'inc1dent laser beam in hoth the laser pellet ¢ompression'

/

‘..and laser heated solenoid appr?aches to qu}on, preventing

effiCient heating of the plasma.? Hence the\study of
. \<
stimulated backscattering may answer some quegbions which

‘arise in,laserépellet fusionlo and laser—heated,solenoids.f'

."

*l.IﬁfReVien of Some Work Done.on Stfmulated Brillouin

N
SN L
kS

Backscattering _,{

(l) Theoretical TN

Perkins and Flick have discussed the decay of an .

‘,C ﬂi. . Lo

electromagnetic wavé into other waves in a plasma.: It’was>
/

Alpointed Out that plasma'inhomogeneities could also stabilize

.:mainly caused by inhomoé&neous Doppler effect when the

'between wavenumbers and frequencies.

g, .
parametric instabilities by destroying the matching conditions

@ o

e

FolloWing thisﬁ Rosenbluth gave the threshold conditions

-of any decay type/parametric instability (including Brillouin

© ‘ /

backscatterigg) in an inhomogeneous diSSipationless unbounded

<

r_plasma.' According to. his results, only spatial amplification

s -

’could occur 1n inhomogeneous plasma, so that the threshold

Pl

depended on both inhomogeneity and the Size bf the unstable

region.v;'> : ' _ "

N

In 1liné. with the above discusSion,'Rosenbluth et all3‘

ubfshowed\fhe frequency shift of the ion—ac0ustic wave was

It

S N



.

©

’plasma;corona expanded with-supersonic bldwoff‘velocity:“

i . - A -

ThiS'could be more’important:than the~electron temperature

inhomogeneaty ) Also the reflectivity of the plasma and ]
hence‘the growth rate was’. shown directly proportlonal ‘to
the 1ntensity of thevlncomingnwave. | |

.Snbsequently the Los‘AlamOS'crbup présentedcbothtu
analytlc theory and 1nhomogeneous plasma computer 51mu1ations
ito show the nonlinear'development of the BrllLouln‘back-
s.catte‘ring 1nstab>111.ty., Us:Lng a‘ one—-dlmens-lo-na‘lf F‘Od%: “
‘they verified Rosenbluth's threshold and predlcted back--
scattering of the order of the. 1nc1dent laser energy; with
prov151on that particle trapplng'and heating effects could.u
significantly reduce backscattering.

Shortly afterwards, Llu and’ Rosenbluth15 analysed the.‘“
growth rate and p@ase shift of - therion—acOustlc wave anh
‘concluded they were dependent on temperature, density.and
velocity gradieht of-the plasma._ They“claimed the“depletion'

"of pump energy undoubtedly llmited the penetration depth
'1 of the laser into,the plasma. - At the sam? time’, Pesme»etz

'alls“gave the instability:condition of stlmulated.Brillouin

'nbackscattering taking all p0551b1e cases of damping, bounded—b

ness and inhomogeneity into account.v X ,
. . PR N
“Later, Shukla, Yu et al17 published a paﬁerﬂon the -

_ S
fthreshold and growth rate of the ion acoustic ‘wave’ in
3Brillouin backscatteringain magnetized plasmas for circularly

'polarized electromagnetic waves. They found the growth rate

‘increased with the magnetic field fom a right hand polarized

«

o

14
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pump wave. i
(2) - Experimental, R . oo o T
'Recently,istimulated-BrilloQ}n backscattering has been,'
~observed in an- experlmentla using a neodymiud glass ladir‘ a'fp“

with peak intensity of 1. 5X1016’watts/cm2'ana lZO_psec (FWH&);
pulse widthL chussed.pn spherical taréetS\ef lithium

R . T ; Lo T
dguteride;' It was  reported that. the reflectivity of the-

nplasma'increaSed with 'incident intensity but saturated_at a-

bvalue of lOZ. S e T “l_ I L o /- - //K-

At UCLA .- there. were reports of 1ow level backscattering °
from a dlffuse pinch in he11um and argon.?‘9 The spectral o
: - .. :

shift meaSured using a Fabry*Perot inkerferbmeter was'fonnd'
. . - oo B W Ca L e® L
in agreement with the ion—acoustic frequency shift based on | .

an estimated'plasma temperaeufea Thuls stimulatederilleuin:

'backscattering was indicated. Their pesulté were peerly‘

.- | R
'reproducible amd they had a 0.1 to 1.5 usec delay between

backscattered signal and peak laser power.’ Their resultsl"

‘perhaps require additional interpretation becausepthe_ S ‘/
B \ . ‘ ‘. L
‘incident power to the plasma at this delay time was only SZ_‘ '//.
¢ : . PR ) S
G s . . /

of the peak power of O 4 GW. . ' ’ T R
E In addltion, the Univer51ty of Washington group20 (
.measured a Brillouin backscattered signal from their under—
'dense magnetically confined plasma with a 300 nsec delay, 'At
‘lthat time the incident power was. about one half of their :
'E beam Sustained CO 1aser peak ‘power giving ‘a . focussed

‘Wintensity on the order of 1010 watts/cmz}: They indicated

o

t"a peak reflectivity of about 0. 2 to 0. SZ from the plasma.

B



:Theee experiments are still in progrese; stimnlatedﬁ"

Brillonin backscattering will‘occnpy the attenqéon of both

theorlsts and experimen{alists for some - ‘time ungll the
_physlcs is- better understood..a '

)

1.2/ Nature'of,This Work

ﬁespite the'effortbméntionedhaboVe; still little 1is
known about étimulated Brillouin‘backscattering in under¥ﬁ

deneefplasna. Experimentally one would de31re more informat— '
\ i

ion about the followlng. (i) the tlme structure.adfthe back—;

lscattered llght " (ii) the spatial and. temporal evolutlon of

'Vplasma durlng backscatterlng, (11\) the red Shlft spectrum
. o
for dlfferent 1on-masses, (iv) the variation in spectra for

~.
~.

different electron temperature to ‘don temp rature ratio

'j(T /T ) in the presence of a-. plasma confinlng naggetic field

\

(v) the. reflectlvity dependence on anident power, and\\<:

.(v1) the effect of plaSma density (hence the backfilling

pressure of the gas befqre plasma is created) on backscattering.

The work reported in thls thesis,dealsfwith tne‘
_nenllnear interactlon of a nlgh inten81ty CO2 laseribeam
"(> 1011 watts/cm ) with hydrogen and, hellum underdense plasma.-
'zIn‘partlcular, detailed observatlons of stimulated Brillouln |
backscatteying were undertaken. | | o _ |

In Chapter II details\Bi\backscattering including
ﬁthreshold growth rate and4wave interactlon related to this
experimentAyill hevdlscussed. | o

~

vln'Chapter_III,7thehexperimentalhapparatusnand.set;up



\w\ill be described. .' This. inclu'des the high anénsity vlaser,'» u
underdense plasma generation, red shift spectral measurement,

.

laser beam attenuation, magnetic field generation, optical

'arrangement and the timing sequence as well as syncnronization:_m
: Experimental results are described in Chapter IV.j'Thezf.

exponential dependence of backscattered signal on 1ndldent‘
laser power, pulse shape of signal and its dependence on
backfilling gas pressure,‘streak photos of plasma column

i generation,vresults with and w1thout magnetic field reflect—"
1vity and ion mass dependence will all be presentedt»
| A general discussion of these experimental results is;
given in. Chapter V. The resolved red shift spectrum confirms
the ion—acouStic waves as respon51b1e ‘for the scattering,~
The qualitative difference in spectra with and without B
field Wlll be discussed.‘ Finally, results of thlS experiment
are compared with those previously reported by=other_groupsr

.
o .



" CHAPTER II

THEORY

'backscattering have been actively studied and heoreciig; s

o

. 3 S
predictions ‘abound. The proquion of theories make it very
~hard for "an experimentalist to gain an intuitiwe grasp of

& .
the important phySical mechanisms involved w2l Notwithstanding

A.

all the difficult theories, one can still find two basic o
:approaches which complement each other, 6ne u51ng a coherenttj_ﬁf
jwave concept and the other assuming a random phase wave.
'picture., The wave concept derived by Vishikawazg, Lashmore -
xDaxteszag Galeevzﬁ“etc. used the coupled mode approach and |
‘ ponderomotive forCe to explain parametic‘phenomena. In the.
.following sections, only baSic background concepts and’

‘ conclusiOns relevant to this experiment will be quoted. iOne
' qpoint worth noting here is that in an. experiment of this.sort,i"
plasma turbulence is unaVOidable:' Added. to this problem isd

the uucertainty of coherence and randomness of the back~

bscattered light. The best one can do ,L1s to analyse the'

L4 -

results and determine whether they are consistent with the
theories developed under the coherent wave theory and/or

the random-phase quantized theory.

2.1 ’CoherentUWave Concept

’(l)'°Nonlinear Scattering and Interaction Mechanisms'

Nonlinear effects .can be understood relatively straight-

o



’ -
/

‘:forwardly from a physical viewpoint// In‘the absence of .an
externalifield, only particle thermal motion can give rise
Vto charge,separation. The. self- consistent internal field
ugiVen by foissbn‘s equation'can be analyzed as non-radiating
wave- like phenomena. A

WhEn an external field of swfficiently high amplitude,
is present, howeVer, nonlinear effects can arise through'
(1) induced inhomogeneous polarization effects created by

o

the field acting on plasma cnarges and (ii) the Lorentz .
“\___ - v

force term}which is_of order ZE; where V~E% thus giving rise
"to ' E - terms.
,These_mechanismsvgeneinte.the interesting nonlinearities
R RN R , .

for absorption and scattering.
(2); Stimulated Brillouin-Backgggttering

'ln'parametric instabilities, when an intense electro4
.imagnetic ggeld excee&éng some threshold is focussed into a

vplasma it can cause the growth of other waves out of the

‘ background thermal noise. 'These waves grow at the expense-

;\ o

,of the driv1ng electromagnetic ‘wave which is usually referred,

to as the "pump’ wave" In the cas'e of Stimulated Brillouin

.backscattering, it is the decay of a. transverse wave into

another transverse wave and an 1on acoustic wave..

(1) >Ion—acoustic wave

The laser irradiation induces strong particle motion.
» A

‘Electrons are pulled along with ions and tend’ to shield out'

<

.electric fields arising from the bunching of ions. However,,



‘this shielding is not perfect due to electron thermal motion. '
N .
The ions form regions of compression and rarefaction, just
- n . #

'asbin ordinaryvsound waves. "~ The compresseﬁ regions tend to
‘expand %nto-the tarefactions for two reasons: first, the

~don thérmal motions spread out the ions and sécond, .the ien’

y J . ) . N . .
bunches are. positively charged and tend to disperse because

'of the repelllng electric field. Thlsxﬁield is 1argely
§nie1ded out by electrons and so only a small fraction proport—
ibnal to XTe (where X = Boltzmann s eonstanL and Te = electron

temperature) is ‘available to act on the ion'bunches. ‘These "

-

two effects can account for the dispersion relatlon25 for
ion acoustic wave which is approximately given by
wi._ e rxexte+YixTi‘%
k., T Ss = m )
* i ' i
'~vhere ‘
| mi'ﬁ ioh\acoustic frequency’
‘ki ='ron_waye number _Q'. - . . ,‘ . p .
LY = ratio'or specific heats -
subscfipt i’ ; ion '
e é eieCtron

»

’fhe electrons move rapidiylrelative to tne~ane and'theree'
:fore have timehto equalize their temperature everyohere. °

'.Thus they are isothermal and Ye 1. In Wotion, the ions ouer—
shoot because of their heavier mass and‘hence their inertia;
.Rtherefore compressions and rarefaetions are regenerated to

.form the'ion-acoustic waye.‘ -' .vp_‘ AR p 'p; ' 'p .'Lk

L



For electron temperature T "much higher than ion

temperature Ti’ the dispersion equation reduces to
w, /XT L S f
_.1_ = o - _——me ‘ Co C - :(1)

Since motion of massive lons is involved, low-frequency

osciilatious resnlt;}

(ii) BackPenttering and Ion Contribution

"The ion-—- acoustic waves subsequently interact with the
pump 1aser to.give another transverse wave propagating in
an opposite direction to the incoming laser beam. .Tne
piasmanacts as a mixer for the incident laser of freqnency
Wy wave vector ko and the ion—acoustic wvave of frequency ‘
wi "and k Fig. 1 shows the dispersion relation of stimulated
Brillouin, backscattering ‘with wy being the backscattered
transverse wavef Since both W and w, can befmncn iaxgerb
than wp, such backscattering,can'occur in underdense-plasma; ..

The matching condition for w is then w,=w o, o ST

172

w | 1 ?
LY N
. 51
k;
c o ) 1
| , @
Fig 1. w vs k DispersiOn. Fig 2. Vector:Wavennmber Relatipns

s

R



B

In Fig.{Z(a), although the acoustic wave ‘vector is compar-
able‘in magnitude to k adﬂ k the acoustic frequency ia
very small compared to the 1ight frequency. Therefore the‘

wave vector triangle can be considered as isosceles, with

\

|50|2‘E2|élkli hence‘

Ik | =”2[£|sin%‘.

The maximum acoustic frequency that can be involved in

©

‘Brillouin scattering is obtained from backward scattered

711ghﬁ, i.e. @=m. Since k, is in the opposite direction of

2
.Ei énd JEZJZIEQI’ fhefefofe' : o -

. ) i . v s L ’ ) : - ) E - g \\.
note that from (1) * L : v _ »
mi = kigs 4 \
= 2koc8.. - - . é o | ) T (3).

The Vlasov and Poisson equations‘arevsolved with the external

field as a driving force assuming the unperturbed velocity

distributions are’ Maxwellianz6 27 The effective fields
’acting on t&f particles can be expressed a328
e S s-Qikg(' e S 1(“f‘&;£).3
- Teff e "1+e +ei- ' -
- :e‘—l' LT
i ¢ : « L(wt=ke-r): y
E = ik—(sT——")e "V = = \
eff fell¥e e 0t \
) . : . . ’ Lo ‘\\l
. \
’ - \\ . R

11.
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- where ¢ is the potential of the external field,

o

e is ‘the particle charge .

: amﬂ e=g te 41 is the dielectric cqnstant of the , o
: af . B
~ s waz-mh‘g’ .
plasma with< = 1 - pz I —_ dv and o can either’
: (o S KZ m_lsx — .
: . -0

-be electron or ion, f is the velocity distribution of the

"particle and wpa is the plasma frequency of the particle.

The power dissipated by the: 1ncoming pump wave in the

plasma is found by- computgng the work done by the eledtro- “'

e

magnetic- wave on’ the electrons ‘and. ions in the plaSma over

a period of 27m/w giving-
' e -1
e

Evi o
————+ei| Red’ ) .(4)

- 1 ke -

'In.the-casélﬁhen no external pump wave»ispapplied,'

resonance occurs when l+e +€i=0. nln the presence’offa'high

Aintensity pump wave, - energy can be coupled to excite one of . o

‘the natural wave modes in the plasma provided matching condition

'fon k aq' w are satisfied. 1In this case;. it is the ion— -

.

*1acoustic mode which is of most interest. ‘Resonance occurs

°

s

when |l+e +e | is very small. It can be seen that scattering
of waves is. caused by both electrons and ions, howevet,'for

Brillouin scattering the ion contribution dominates., Thus
the second term in equation (A) will contribute most to the_:

Bfillouin backscattering. i . o ’ -
N i '



(14i4) Threohold und Growth Ratc.‘

Parametric inatabilitiee can occyr at any amplitude if
there i8 no damping, Lu; in practice even a small amount ofﬁ
either collioionel.or:Lnndnu dnmping uill prevent the gtowth;
unless the pump wave is sufficiently strong. ‘Therefore there
.existo a threshold condition beyond wnich the stimulated
Brillouin backscattering can take place. Since the plasma
‘related to this experiment is homogeneous with\a column qf»
0.44 cm long, the threshold and growth ‘rates for homogeneous
plasma and:for finite‘homogeneoquplasma will be examined.

Such conditions vere summarized by’ Chen and ‘in refe:ence 21.

For homogeneOuS'plasma, the threshold is

- A}

Vo.2.. 8V4V%es . L )
2 Grws . (5)
when v, = quiver velocity of the electron = eE
- 0 _ mwo
E - incoming laser field amplitude -
* | -mb = laser frequency
. m -~messjof electron o ) - .
vi/:vthErmngvelocity.of electrOn.; T;ﬁi i
v = ionrelectron collision rate ~d;‘ -
ei

Yy = damping rate of ion vave .

'significant growth of the backstattered signal tequites a
: [

large numﬁ%r of e-foldings to be etectable. /In homogeneous

. plasma, the growth rateiyo is approximately given by



[+] Q ¥
o > ¢ 7]
Q ‘ «
° e . '
o, 0 o
v o 3 - .
—l-—o— *H N '
Yo ¥ 77c @7 Yps v ) (6).
G
) o ! 5 ™

In reality, if the intefiction region has limited sizc eitvher

because of finite plnsma column length £ or depth of focus"
) [}
of the 1aser beam, a modified threshold condition co give
Q
detectable stimulated Brillouin backscattering reaul:l." 9
. _ , : '

(a) Weakly damped case ) ' .

Fig. 3 shows the spatial variation of wave intensities

Q

in a finite interaction fegion. 50 is the puﬁpawavé; Eili-

the idn—aCOustic wave growing from thermal noise; and 52 is
Rl o

the béckscgttere% electromagnetic wave growing

.lszlz’ | 2

Interactiqp Region

Fig. 3 Spatiél Variation of Wave Irtensities in a

Finite Interaction R%gion © )
> 0

essentially from‘zero amplitude. The growth of each wave
depends on the amplitude of the other oneowhen it exits from’

the region. Bence in length L..the backscattered EM wave .

W oo e
grovs exponenti%}ly —%— times; the ion-acoustic wave " grovs
. ‘Y0£ ’ ’ . [
exponentially e times, 4in which c And cg are phase velocity
A [§]

8. &

:of_,the respective wave. SinAce’_’ each wave is bootst:aﬁing the., 3

Q

14
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.
Al .

v

.other,(the overall e—folding depends upon the product of;'

~the two giving. o ~f -

o R . A b - "
: L T oy T e L
. e . ¢ = ecc Lo o P
s ke - v
. o %

Q

To achieve Substantial growth " the effolding'hes_@ovbeﬁmueh_

‘15;.

~u\,‘

greater than l CeL . j Lo - ‘vv“ . ’ o
‘ . .. O: ’ o e :
2' 2 0 . ‘ e . Y
Yo L= ’ R R
— > " . . . ' . L S . N
Y = 1 ) o : J . B _\\“ B - L ) (7) .
. 8 - e R ek
Rdlatidn (7) will ‘be. true so loug as the growth rate. is
. greater than. the geometric mean of the damping rates,
i.e LT e T "i@” | ;
e ‘/ . Y0\>> ‘YT = JYle Q‘;._ o ‘ ‘ - L o . ; 9. ,
o R R L
" Pesme et a}1§ showed'ﬁhehu?i,is not sp;il;:(7) is valid
. when B " o . N K u ‘loA | X
s s Fl' rz .
To 27 Ye = HWMTIN, 7 T |
. oo . . DoosTo © ) . P -
or R e T e e R E I .
toe : ip_this,case S e (9).
e_ : ’ ) . e "‘,‘ Q. » ‘
‘whefe’r 'and rz are. 1inear damping rates of the two vaves.
. Thus when YO is bounded by YT<YO<Y no absolute instability
- occurs and there will not be growth vithout limit.i; ;
Af(b)%,Intermediate damping case uﬂ>_ o : e

Forreasonable T /Ti ratios, ion Landau damping is non-
T : S
' negligible. The ion wave will then 1ose energy through

P ' - o,’,’o AR |

a



o - ‘ - N o o ) S ] ) .l‘ 7 . v. . ) - = ‘ .._ 16.'
o - . >' . : - \ . . ; - .
damplng more rapidly than by convectlon out of the growth

' reg1on. With the plasma column L 'the 1on—wave exponentiates
Yol/c tlmes whlle being damped Y L/c tlmes:resulting in

. an exponentlation of YO/YI Meanwhile, the backséaﬁtereu

o oo Y Y , - )
EM wave .e—folds times; and the overa;l e—foldlng is
S 2 e o . :
Yo Yot Yo £ T et
Yi c A CYi..
implying “>> 1 v o o o o - (10)
K 8 ch MDA . N : 7 - . ‘ |

‘is the condltlon for large e—folding.

N

2.2 Random Phase Theo_x

2(1) Brief Description of ﬁaSic Ideas

The ane packet shown in Fig..a represents a set of

superimuosed plane monochromatic waves posse351ng a restricted»

'irange of vavenumbers k and hence,_finlte range . of m(k).
It has a mean value ko, with a spread 8k about this ‘mean

5'56; and similarly a spread 6m where 6k.<<kO and 6w<<w0
v A . .

_ , | | _m_". |

k

. »Fig_s4,fWave,Raeket of Mean ‘Value Wavenumber Ebf

‘&
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\‘The;fiela'of the packet is represented by

£_=;J a, FOUOEHEE g

where é”'is the complex amylitude of the packet with a

k
maximum'at‘k=kd. Hence A'”]Akle ¢k where ¢k is the phase

~of: the Fourier component._ : R %

a o
3

When the phases of the imteracting waves can be considered

*random, either b jcause of a broad frequency spectrum or

llong 1nteraction time such that ¢ Awt>>1 ‘it is essentiaf'to. .

t‘modify the coupled equations governing exchange of energy‘

'between modes. ’In such a case, it is useful to quantize. the

o

fields since only mean-square'amplitudes.are‘important,-i.e;

pump intensityf
' ’ . | : . ‘ R o -t =
'_<Bgz'#.JlAg12d5.-f

N

29

.This theoretical approach has been given by Tsytovich and

using this quantized approach _f.e} ~|El it 1s necessary

that energy and momentum of quanta be'conserved, i.e. "r'°gvu~

° Sy . o

.momentum conservation hEd,= hk. hﬁk c_ R e
energy;consernationy-7hw6: hm1+hm2. : o o

Thus for random phase waves, the finite'bandwidthlpermits

- . b

coupling over a range of wavenumbers and frequencies where R

”ﬁthe intensity per nnit wavenumber is the important driving,

"term. Growth will be greatest for k but possible for slight:

‘mismatch ih frequency and wavenumber.

: 9

PN
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(2);7Growth rate

o

Introducing the pumber“density of photohs.in‘the'wave

packet as/ N Tsytovichao‘giveé aﬁ'expressioh for the rate:

k,
of scatterlng_of photons from wavenumber k' into wavenumber-

E:by‘particle.a as

N d "Mk s - an
k TR : _
dvdk' n(k-k" g S
- ff ok nlekD 8t
- 2m) c o — . ‘ N

-'wﬁere'f- is the veloc1ty dlstributlon function. of particle s

i

W is. the probabillty of transfer of one’ particular mode 

into another'“e

m'Nk.;is the photon number density in k' space.

1

(3) -?resept'cese:'

kS
Y

general is determined by both ions and electrons.» From

Tsytovichsl, the probabilities of - tt scattering by plasma

l
electrons and ions are reSpectiver'

Joo— ey . . . . . . o

- 34 , v 2 € : , _ - '

w © (2")‘8 fft(kykn) ]Irilzé[(w—wf)é(EQk')a ‘

P m zzmm' oK%k B oL ",g‘]'»

W i _ (22).e [1T<Eék ) ]l 'lﬁl(wfw!)‘(ﬁﬁk')flll ©(13)
P .. ' - : . - .

ST m 20w k7K o - . )

Hence‘fromjeqﬁatioﬁf(IZ)r

S 2 R K b
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R '=‘}.dxdh'uﬁcgf5') agd - [Ty

1 e
M S lemble N,

o fd dk' BCk=Kk') 33£S . e, ST
3 +] X _(, = ) D7y esTAw-Ak-¥INgy -
(21t) e = B N

o
°

Tsytovich has also shown induced scattering by ions, if' ) o
al;owed by conservation laws, usually exceeds scattering by
.electrons whenlk—k |A <<l (@8 = Debye 1ength) Also the'

o

small'Aw shows igns contribute most (Equation (1)).'vThere+

fore the growth rate reduces to. LT ',;-' S :iﬁ -0
T dvdk' ne-k') 2l o 1. S e e
¥, = = W T8[Aw-Ak-vIN, . .. (18)
k a R . L — — . .. - -
‘P @m’ P ?¥ : “p ST TR

o

. The analytic and numerical integration of " this equation tor

the present experimental condigions will be . deferred to;

gChapter IV where the results will be discussed both theoret-'
’ically and experimentally. It can be.seen from equation (14)
that Y varies linearly with inoensity of ‘the.. incoming beamf'
and plasma particle density.‘ Integration of (110 gives the

B growth of the backscattered vavep':

. . ) - - LI ‘ ."o R
;yhereftlis_the=iﬁteraction.length.1

s



B &
.t

o . ; . . . ) o

-

2.3 Dispérsibh'Relaﬁfﬁnf:

v Ffbm,fefereﬁgésv(25) and (31), if ﬁhé_elect:bn ygloci£y~

&) ’,

Ve satisfies v_ B >> +—— ~ ¢ ’ o .

s S

then € = g te;-1.

{2
o

B qu>éma11.daﬁpidg;-tgéoﬁéhté'6écﬁr$ vhengl"
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. ‘'where v¢ is the phase . velocity ‘of -the ion-acoustic wave.

o For h>>lﬁfj SR ;“,n

. ,/’ ©

. also whén vi/f‘.i§'smali,*;hevsecond'5r¢hr’approxima;ipn:is

§.

As@fficiéntlx,acéurété‘to calculate the soundKSPQed; equation.

' (15) reduces to

, ) : .

v . L : . [ .

wy 1’_'ki°sff(l+5 ——2) o S (16)
o S :4V¢ . - . .

4y

.aﬁd;&éfié Aete;mined experiﬁenfally-ffqm V¢ 5Twi[ki f‘



| 'CHAPTER III |
"‘\ o N . . .o v . " . : ’ o .
o N\ o ' ’ o ’ . ot
' APPARATUS AND EXPERIMENTAL DETAILS

3.1 "The‘fcw taséf

In most of the recent reports on. 1aser plasma inter—
'action experiments of the same nature, focussed laser inten—

'51ties were greater than lO 0 watts/cmzf fhe laser used in

:this experiment was designed and constructed at the Universityh

. . ] N . N
of Alberta.3{ It is . a high power transversely excited

atmospheric (TEA) CO 1aser and is U. V.-preionized. This’.

;type qf-laser was first reported in 1973.33 : ' o

'x(lj Laser Cav1ty —-Mechanical
. In the 3 meter long laser oscillator cavity thére are
6 discharge modules (Fig..S), each having an identical

___elecLQQAQMConfiguration and.electrical exc1tat10n circuitryr

o -

a,
A c
!

iThe electrodes used in- each module are modified RogOWSki—'
.,profiled graphite anode and aluminum cathode 50 cm long by

3. 7 cm wide. The separation between the electrodes is 3. 7_[

=3

.cm as shown in Fig.v6,n Preionization is prov1ded by a stringA

o

'pfof eight 570 pF capacitors attached w1th stainless steel

o B

'pointed electrodes placed ‘at ‘6 cm intervals along each side

»of‘and‘electrically_connected »parallel with the ‘main -

: electrodes,;VThe'1aser_caqity is quipped with a flat gold

mirrorron one “en'd and a f1l NaC ko

il on on the other.
;;;(255;Laserririggering,and“E‘ﬂ n gircuitrye~“

Y o (see Fig.'s) . s
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“TO.ANOTHER MODULE OF . - o
® \DENTICAL CONFIGURATION

' 24— riceeR |
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Fig. 6 - Lasér Di_s.&ha:»g_e. _M_odqiés 'HCOnf,’:lgufa,t:ion . ‘
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'(3)' Brief Description'ofTOperation
While the physics of the Cozblaser,'with a mixture of

COZ’ He and N2, has. been well established in the past years,

,the use of bright arc discharges ‘as’ preionizers for pulsed

CO2 lasers was first reporﬁed in 1972.35 36, 37_ However,

the first confirmation of the production of volumetric

photo- fonization by the radiation from auxiliary arc dis-

charges. in a CO2 laser dlscharge did not come until 1973. "In

the followxng, the sequence of events leading to photo—"

©

ionization of the gas in the laser cavity in'this system

"will be briefly described. Sequence of .events.38 o
-] . ) . B ) ~»

(i) When a system trigger is applied tovthe‘E.G.&G.'

30 KV pulser, sp&rk gap SGIOis fired: (Fig./S). 1This_per-'

lmits charged capacitors Cl,C2 and CB.to proVide simul—'

t

34

taneous high voltage pulses for triggering the main spark gaps;

»

SG2¢ SG3 and SG4 of the- 1aser discharge system.

(ii) Each” of these spark gaps initiates discharge of two
’modules'connected in parallel.» The storage capacitorsoare

energizeddbv the +60 KV suppIYZ lSGS"is seli—triggered andl

the strings of 570 pF capacitors generate high current arcs'b

ahead of the main discharge due to shorter 1nterelectrode
distance. s T BT ' _ o .7 a7

o . . ot

(iii)High current density arcs are produced by the multiple

L

electrodes. The gas inside ‘the active volume is partially
ionized and the onset of’ this photo ionization propasates

~rap1dly enough that it %gtends across the whole active, e~

gion before the main discharge occurs and- laser action '

o




Tof}i Input Energy:

: MaximumGOutput Energy

- Mekimum Oufput Power -
Con#ersion Efficiency

Laser Current Pulse

o Laser Output Pulse

= 1500 Joules

= 125 Joules

-
<

I3

‘= 1 GW-

r=k206 sec

- 87 | o

Initial Pulsev ~40 n ec, 1 GW peak

'-jDurarion.and Power Tailz C >, =1 uSec, 200»szpeak7
(Fig. .7) Do ' N
‘ prie I. Characreristics_pf the Laeer

. 26.
takes p}ece.
. | - y
o W \
(4) Summarized Characteristics of this Laser
List 7Calch1atedfpr‘Measurediuhbers
Number of Discharge = 6
Modules‘\ '
Active CroSs section— 3.7 cmx3.7 cm = 13.69 cmz
al ABea . S : ‘ ’
|Toral Active Volume | (3.7x3.7x50)x6 = 4.11 litres )
Optical Resonator - ;.11 ,j = 3Amerérs
Length . .
N o _Q
Optlcs (Mirror & . SRR N = 3.5 in;,Die.
Window) o - SN 5
Divergencéf" . = 2 5 milliradians
: Gas Composition at _Cbz o o a 307 ,
‘ Normal Run, ' IR ~ -
: Nz T = 30% :
He . = 40% -
. ' . o . c ) : . _ e
Operating voltage = 50 Kv
Energy Srordge' = 0.1 uF, 20 nH \*\\
Capacitors . - I
. - N ‘.'
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~In the present experiment, 2 52 cm focal length lens was

uasdy which gave poak tooussad intensieiou of = 1011 wltto/cnz.
. . o o '

o

[

\]

S.i 'General Description

(1) Setup : l; R ‘ o ‘ - M i
. A'scbematic diagram.of-theiexperimental arrangomo%t is

<:shown in Fig.'é.' Considerable care fn optical alignment

had - to be exercised due to the complexity of optics involved.

This.alignment was)achieved by;using a_z.mw He-ﬂ@ laser

(not shown inﬂfigure).along:with akchoppedtpH_COé laser ;

(< SWLvto-simulatevthe_pnlsed'laser‘beam. 'In,this way,

the.optfbal*syStem including monochromator; FabryéPerot

-0 4 3
o

interferometer and detectorsccOuld be carefully aligned.
) /

,A‘COZ'spectrum analyser was positioned to monitor the P20

’transition-of the.cw CQZ laser during alignments.

An attenu

o .- . o ER . L «

‘power  to the plasma cell.' The front section to which the - -

52 cm—focal 1ength 1ens was’ attached was evacuated ‘to 1ess
. L v . s
than 100 microns to prevent oas breakdown by the lens re-

flected and back—focussed laser . beam. A 20° angled vindow
was/”/ed to eliminate back reflection of the main beam and
a. beam splitter to facilitate coupling of. backscattered

signal to the monochromator and remaining optical system.

o
-

The purpose and description of various parts pf the

arrangement will be given insthe following sections beforeA

- , “

the plasma diagnostic techniques are described.



\z ‘V

e

r<
T

3.3  Plasma Generation e , R l" ST o

The plasma cell is showngin Pig.'gywith thefsolenoid

a
o

removed. The use of a 4 5 mm diameter iris at the focal
. AR I e
point to permit differential pumping was critical to’ the;.

underdense plasma generation. To understand why, _héf

o o

_following phenomena during gas breakdown will be reviewed.

° . »
- - . :
o a3

(l)ﬁ Background Concept

The occurrence of an, opaque backward going breakdown

gwavefront to amn incident coz laser during laser supported

[

' detonation of underdense hydrogen Was first observed by

Burnett and Offenberger.39 4Q They observe$ thac when a

'laser beam was focussed into gas with ‘a filling pressure

w)low enoagh (< 20 Torr) such that when fully 1onized electron .

o 0

densities were below cutoff "a breakdown heating front pro-d

pagated En both directions from éﬁe focal spot at near

'equal velocities.. However, they found that if the 1aser }k

,intensity at'the backward g01ng front (opposite to incoming

<

laser) decreased to a- value s 168 watts/cmz, it could no

-4vlonger heat the backward wavefront region transparent enough

.ffocal point to permit differential pumping of the gas in

-~ -
: (2)‘vIris Function

N\-

”to deliver energy to the forward going wavefront region to

‘sustain plasma‘generation. To %liminate this backward wave

in the present set—up,'an orifice40 1 was placed at the

o

s

the focal. .cone region and hence reduce 1aser absorption

S v o : - H

R . ) .
|~k . ; K : |

To reduce the backward going wavefront absorption in

e
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: ,region 1 (Fig..9), the gas in this region was pumped into

.o

la-plasma-was created..'" S V;J:"gilt. ."_Q

Aratio across the iris was at least a fa tor of five

the vacuum tank due to the existing preSSure gradient when
. . . - T

the electromagnetic valve was opened.' The valve was pulse‘

BN

.aciivated (Appendix I) and remained open for . approximately-

e

0 4 seconds before the rest of: the syStem ‘was ;riggered.‘

“The iris essentially limited the conductance of gas from

region 2 to region 1 follow1ng valve opening. ”With a Gran-

'ville*Philips capacitance manometer, the measured pressure

42
2o .

dependent on the iris size-(see Figﬁ 10).. With this.

arrangement, bmeakdown initiated at the iris propagated

(forward) into region 2 along the solenoid axis and underdense

a

!
Ao

o

(3) Ovenall OperatiOn Procedures e
. e n

(i) systems and tanks evacuated :

(ii) electromagnetic valve closedai

(iii)system backfilled with gas at low pressure as desired

(iv) syStem giring trigger wbuld trigger a one-shot mono-'

C

stable multivibrator (Appendix I) tooopen the edectromagnetic

LN

' valve, the delayed multivibrator output would trigger the‘

remaining system (see section under‘"Timing Sequence and

Synchronization in this Chapter)

RN ‘The Mag_etic Field

- : T [
L P . . : Lo

2" i

‘(l) Physical Structure (Fig.'lll‘h"‘~ f.e@‘“

o - . < B o
o

The five turn helical so}enoid used had a 4 cm diameter o

e d 0

bore and was 17 cm . long machihed from solid brass. The high

Uw ‘~ SR R r::“ : S e e
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o

L(Z)C Electrical

’spark gap electrodes. _ he maximum energy stored was._'

'(3) B Field Analysis

4..‘

"voltage end of the cOil was triggered by a thyratron pul-.'

’ ser.r The grOund end of the coil was a coaxial can.

© 'O

Parallel—plate transmission 1ines wvere used to connect

°

the capacitor bank. The system was, designed to. minimize

L

iinductance in the configuration apart from the coil itself..

2y oo

Energy stored in the capacitor bank was transformed.
to magnetic energy in the coil whenever the spark gap vas

eriggered.‘ 'The breakdown voltage of the spark gap could

be as high as 20 KV depending on the separation of the main :

L0 T

;kCV-T= %x87x10 x(ZOxlO )

',= 17. 4 K Joules_

e D

(i) Model~ The overall circuit behaviour whs essentially

an L—C R discharge giving a. damped 51nnsoidal current°

: '—Bm‘ - ;'.
T =‘XE————~ sin wg l—Bz-t
-2
. where *f,,;‘ _;A~_ ;
W ==-————l - . zf/’
y : n/Lc _‘;“‘3

and o

E b 'Rﬂ;‘ C
) B2/ -



N

;Provided B is small (L.e. R is very small which was. the

';aase in this dlscharge chcuitry) w Jl B From the;'

wo+
'phbto in Fig.-l B could be found from the envelopa'”1

;—Bmot : : O

'f_e . : of the damped curren:, ylelding B ' 0 067 and wO o

could be fOund from the period of oscillation T?ZB psec,

igiving'wo # 2.3X10§'segf};j

(11) Measuring Method

_‘The field was’ measured using a search c011 of l 85 cmﬂV"q

o

doil indhEedfan e.m. f..given by Faraday s Law, i e,_”g

SR )
eF = 157

. *  _ﬁ.u4:=“BAmdcosmdtﬁ, _. ; ”‘zi : . "ﬂ.f}"yf'
&iw; L .'. L - ‘ _- ‘,-

‘.Due to 509 matching, the amplitude of E. measured sholld in-_ °
' e N '

'l‘clude a factor of. 2, and assuming md~m0f Lt R

1
2w

R AT f.;__g SRR

- ‘zgg" ';4‘Wb/ﬁ¥ o S
2.3x107%2.7X10° . e
;éA_ L L ='2q‘$vaK Gguss.
: s1.2

ﬁhiThg)réénlcs are éumﬁdiizediin.1a51e II;_.

diame:g; havlng a resistance of SOQ.: The flux cutting the,‘ ”

B:‘ zlEl _]:— 1 L - i - } | .. “ u:“: T, . ST



?Tﬁeore;ical"g f - a _~i ;:.iiExperimentel»

O power CO

| Assuming B < 1

5

L= 1&”:}(2'§x;0 ‘); x *}1_6” 1. |E] = BZb-V measured
[ 708 7T G T aant | A

fr?féiB;FF o R S “%%E% K Gauss

R 0 -B8w/2
. . —_e .

ST USSR 1 H o
20%10 *28¥1% — x 0.9 [ = 111 K Gauss
- 2mwx228x10 : o o o

.23368>K:Amp‘:'t T ]
o uouligﬂ ”r“'“»:;\fﬂ | “
along axis 'il>£, 7;le B & .

.éﬁyrxld

 5 : . . i: o | ;?&
*Q.l7 368 Wb/m v , 1.

136 K Gauss’

°

eTeﬁlelIielﬁagnerie:Field"celcdletioné and Measurements

s 3,5' Laser Power Attenuator

An attenuator cell was placed in the optical path

e

- (Fig. ) to vary incident power to the plasma cell.‘ Ihieﬁ-

=)

':type of cell was used by Offenberger et 8143:88 a high

z'laser-energy detectorwr Basically the cell had

7eNaCI windows fitted on’ each end containing a few TOrr of

35,

”}ipropylene (c ) with helium buffer gas at a total-pressure'fr"‘

i

-fof 700 Torr.‘é Laser beam transuission decreases exponen—”

‘ ..»,<7

'”7irtia11y with propylene partial pressure and thus the laser.”

B '
7.



“y

oower could oedconveniently adjusted. .En piactice, the'

'actual trAnsmission was measured using infrared deq;ctors _ d'\
'and calorimeters as conditions WerF varied. Propylene'

partial pressures of O 20 Torr were, used in the.present_

» experiment. - s

3.6 Optics and Red—Shift Measurement

The optics. along the backscattered collection path
"included monochromator, Fabry—Perot 1nterferometer,‘filters :
and detector.' As mentioned ?allgnment of optics in ‘this pafh
. was checked frequently to assure stability of the system in
view of floor vibration due to mechanical pumps and tempera—;d
ture‘dependent behaviour of the Fabry—Perot interferameter,
y Witn.the alignment lasers, the overall optical system gave’
. Qve?Y‘reproducible results.' ; ia-l'! o df'_ .fcmo” s ".?.’
(1)__Monochromator |
| l:”Backscattered light colleetedeﬁrom‘the,beam_splitterdf
was focussed with a 45 7 cm focal 1ength mirror onto the l
-entrance slit of a half meter monochromator for pre—"'
rdispersion.; The output was recollimated vitﬁna NaCl lens
';lfor high resolution spectral analysis in a Fabry Perot
;Hinterferometer and subsequently detected with a variety of.
'%doped Ge detectors. E ’f. _ S . . °

~vMonochromator characteristics are summarized in Table
. . : . B 0 N f

III.



—Iteml .1EL{‘
Grating ° O. Echellf_,f
‘h“Grating Afeaui ' - o ~'”"»t“ 85 mmX76 mm .
Number of ruled lines per mm ﬂf:' ;‘>75 |
ReéolvingtPower in first.order; A f‘“fﬁ&?S = 5700
.Grating-blazed for » ‘!. ,'_“'4 1-8 LN . |
Dispersion of monochromator a;”exit 270 A/mm e
Focal 1en3th '\' éy.”: _ _ i 45.?_cm
J'Tagle'III., ;Monochromator‘Ch;racteristics

&

(2) Faory-Perot Interferometer’id RREE ’-‘,‘ (

While the mo;ochromator had a dispersion of 270 A/mm,"
';the high" finesse piezoelectric scannin° interferometer pro-'
-tvided resolution’of a few angstroms, thu;_enahlingAhighly

_resolved scattered spectra to be measured. -

*“The. interferometer is a two Tirror resonant cavity
'with'one mirror fixed and the othbr one piezoelectrically

‘movedihy ‘an adjustable high voltage which could be scanned

& o

'manually or ramped repetitively. The movable mirror wvas

mounted on a dove-tailed rail. Mi?ror paralleli&m could'
be attained by horizontal and vertical adjustment of tWo |

°

micrometers."; : L

o 5 o

Interferometer characteristics vere markedly influ-
'renced by the ever—changing ambient temperature producingﬂ
'a drifw\en wavelength.' To minimize this change,_the inter—

d;ferometer was placed in a well—insulated styrofoam box.

f:Aliﬁnment was checked frequently and adjusted as necessary

R . .' o
L . . s Loe, O R . . . .
: . . M
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ltsee'step'"d“ in alignment procedure).
(1) Alignment Procedure .
The alignment procedure for the Fabry—Perot interferOv

kmeten is'illustrated in‘Fig. 13.

| ‘a) With switch shbwn in calibrate position, the
"movable germanium mirror was brought to a distance of 1 mm
from the first mirror;-v'h S ‘ - o
o hj ‘Attenuaced chonnedFCW CO2 laser radiation (laser

linewidth ~ 0. 2 A) was let through. Kicrometers were ad-

o

o

justed to dttain the highest resolution (Fig. 14 illustrated
'_a resolution of 4. 5 A)

] °

vc) : Ramp Output‘ horizontal gain and horizontal posi—

tion of oscilloscoge (Tektronix 556) were adjusgé% such that g

.a range of wavelength shifclof ~40 A to +140 A would be
: ° e S
.covered with the reference wavelength to 0 A. - o

‘d) ‘ Frequently, the alignment was checked.»mlf'the'

\

'peak transmitted laser signal reference drifted from the no—-

shift—position (0 A), the magnitude of drift wa%/recorded

¢

“to correct meaSured shift and laser signal was brought back

‘to no—shift position by adJustment of the” horizontal posi—

P

_tiontknob. . . '

o

‘(ii) And&wsis of the Piezoelectric scanning F P. I. .

Knowing the separation of mirrors d - 1 mm and the scan

: - :
«range of ramp AV'=_l,600V, we can calculate the wavelength
. variation with applied voltage.' Now¢theife1nforcement of

-ithe transmitted ray is given by45 ST

e

lchoslS@é‘ml where m = order of interference

39.



or for normal incidence

52d‘iiml

£ a0.

(1)
The free spectral range, i.e. the vavelength interval'in a -
given order when the fringe of the same wavelength in the
next higher order. 18 reached, 1545
M = g - {10-59%10 ) . 560 A
‘ .2x10 S
from (i) :
2(a+hd) = mOrA) B2 - A% . 1)

For this particular piezoelectric stack

the linear exten—~

sion is 4.4 n in 1 600 V, or the sensitivity of the ramp. it-

. o

‘self is

Ad’

Ad 4.4
AV T

1600 V

!
o

o _
27.5 A/V,

/ Nd

Therefore the wavelength sensitivity of the rémp interfero— .

meter is

scan _ Ascan . Aé
. TAV# Ad AV
. a " av
. 7
2"10'5\3x10"’6

L x0T -3

* Consequently,

.

ek

¥

| o -
(27.5) = 0.29 A/V

bne volt increase'inrtheqlineer'ranp corres--

ponds t§’0 29 A change in wavelength.
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ﬁ(3) Red shift Measurements
After aligning the horizontal time base of the oscillo—

Fcope to dover a spectrum oﬁ -40 A to +140 A with no—lhift-

position at 0 A the 1ower limit of the ramp was adjusted to

. select a particular AX shift display before-the laser was
fired. “With_a”digital.voltmeter to monitor the'attenuated
" ramp to the/horizontal inputfof.the oscilloscope'and the

'bbeam spot moved to varying wavelength shift positions,‘the

e

_spectrum could ‘be scanned very accurately. Of course, the
carrection on AA due to temperature%drift of F. P I had‘to
be checked,regularly. Laser backscattered signals were

. .

observed and recorded several times for each AA value.

(&) Filtering and Attenuation

Various narrow band filters were used. to provide wave-7

length discrimination at 10 6 u and also other wavelengths
in a search ‘For Raman scattering. In addition,_series comf
'binations could be used to determine relative amplitudes.
| It was also necessary to employ mylar attenuators to

v
‘reduce'the observed scattered‘signal to levels where the

ldetectors would respond linearly. - These were calibrated

'fusing CG\QQ laser radiation. : S _—_— -

'3,7 DeZectors - -,k

Several cooled.infrared.detectors were used‘in tnis‘
experiment."The folloﬁing table gives a comparison of all
- three which had been used. (Data shown with a 500 termina-

pa

tdion). .. _ o d o N

41.



Photon-sensing | Temparature Sensitivity Response
chip o cooled to . at 10.6u - Time
g ) —— y — ’ , - e :
Ge : Hg: Liqﬁid heli éh ‘ 500 V/watt ~ .100 nsec
[\ N s
Ge : Cu Liquid he%iumv ' 30 y/watt | ~ 2 nsec
Ge : Au Liquid nitrogen | ~ 0.2 V/waeer |° ~ 1 nsec

Table 1V Characteristies of Different Detestors

v ) ) . oo ' N _ - )

The gold-doped detjgﬁot was used”chiefly for pulse
.monicoring‘becauee‘of it ‘high speed, low sensitivify

characteristics. . The higher sensi:ivicy of the mercury-»:'{
doped detector was used forvspectral runs.’ Fjnally, che

‘ o - . ‘ f L
copper-doped detector was used to ﬁ:ovide'bqth adequa;e-'

Q . : e .
speed . and sensitivity ‘for miny medsurements.: Soe
1 ' 4 . many Shaa o T
B : : e T T . _ Yoo o
3.8 H,igh Speed Photography R ‘ s . *
. o

Laser induced gas breakdown hydrodynnmics were Qtudied

P using a TRW image convert;g camera wi%& high speed streak
plug—in units. The plug—in unit used waJ a Model ZB which

has streak writing times of 50, 100, 260 nSee:in a five
§ ° .
-centimeter streak. Again, camera trigger;ng was synchron-

ized to follow the evolution of plasma. Longigudinal scregk

>
‘

.photos were taken to ensur& iris function and to’ determine .
Ll .0 . ' .

. o Beo Lo 2
.plasma column Iengthu T 3 °;
. [ . S
' o

3.9 Firing Sequenee And Sznchronization ";‘

‘The electromagnetic valve' opening with subsequent gag-'
,pumping was activa;ed prior»to'all qther eveﬁtQ, Following

[

.this, synchroni;ed‘firingjyf.tﬁe phlse co, laser, -streak

o',‘ ) ‘.‘o." . . N 0.. 3 . ‘ ,‘ o -
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camerd and-the capacitor ban

'field c011 was initiated.,/The'trigger commander”box'

: (Appendix I), once tri ered, opened the electromagnetic

valve 1ong enough (” 0. 4 sec) for gas to. be evacuated intoneh'

‘the vacuum tank.

After thls delay, a 5 v trigger pulse from

u

dthe box was used to trigger two Tektronlx 556 oscilloscopes.

'The undelayed and delayed gates of the oscilloscopes were'

o \

'.utilized to: trlgger 1aser' magnetic field and streak camera

fcircuxts. The overall firlng sequence and synchronization

are sketched in Fig. 15. Synchronizatioﬁ of laser, streak

o

camera and peak magnetic field were monitofed on’ evety

fshot and showed excellent reproducibility;

°

o

_discharge.through'the maghnetic

bb.

o
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CHAPTER 1V -

Data for the temporal and spectral characteristics of

the backscattered signal will be presented {and: analysedxin.che

‘»

efollowing sections. Comparison with both analytic and numerical“
;integration of the growth rate as theoretically derived by

'Iaytovich_will_bg_made. Good agreement is fOund between theory
'and‘experiment.. e

X T o h, '”‘t:

4.1 Pulse-Shape

.'(l) Lasé? Pulse Shape

f‘ Laser pulse shapes as, obtained with the copper doped

germanium detector cooled to 4 K are as: shown in Fig. 16. ‘
.oc“ . a ‘

fTime bases {or illustrating temporal characteristics are‘f

,100 nsec and 200 nsec. 'The initial pulse has a FWHM of )
. L _.. ;'.*25 . . : AN
40 nsec ﬁith peak power gf 1 Gigawatt,and.the 1ower power.

@

ltail lasts for approximately 1 usec.

R

Fig l6(b) and (d) were taken with gas backfill and

co

',consequently laser induced breakdown creating ‘a plasma column.
.From these photos, laser transmissdon decreases due to absorption
of energy by the plasma created gas breakdown.‘ Breakdown

pwithOut magnetic field occurs at roughly two~thirds o£ the

!

s

b-peak power., Laser plasma interaction begins at this time and;

- ¢A

“stimulated backscattering builds up as a. temporal folding of
0 . -

‘laser intenaity andfp&asma columnzlength. _w" - “'arn

.

a1



4(2) vBackacattered Signal Pulse Shape )
) Backscattered light was collected by the optical system
_outlined in 1ast Chapter, To optimize sensitivity and speed
of. detection of the- backscattergd 1ight, different detectors
iof suitable sensitivity and response vere used. Illustrative
ipulse shap%; obtained with the copper-doped detector and
,displayed on a Tektroﬁix 7904 oscilloscope ‘are as shown in‘
Pig. 17. : | R | o

. The major temporal characteriStics of" these backscattered
'-signals are as follows. i)’ They are prompt signals with
M‘very small delay measured between plasma creation and bétk-~‘
fscattered signal peak and average over a: 1arge number of shots
are around 15 to 25 nanoseconds.s This represents the time
necessary for an'adequate plasma length to be formed to

_generate a sufficient number of nonlinear wave e- foldings.

,(ii)' The three photos shown here are: only a few out og many

,,/'~

hundred shots. They reveal the extreme cases of hou the ' o

e o,
"{backscattered signal shape can vary from shot to shot. :The,Q‘
‘randomness of these pulseshapesis governed by laser output,»

gas—plasma evolution and nonlinear interaction.' Hence the

--risetime and amplitude is hound to change depending on the

,pslight difference in bime history of these factors from shot"

'-_to shot.v Horeover, the appearance and disappearance of back-

Y

scatterois attrihuted to build—up and decay of 10n waves.’
fuovever,.the more usual case was that of single backsﬁattered
lses and the data used for spectral analysis was taken p;f
, :ggom.;hesgqshotsf (iii) Though the pulse shape seldom

\ ' e ( . ’ —‘
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reproduce identically, they show good signal to noise ratio
’which completely dominates stray light. To achieve this

situation it was necessary to enclose the optical path with

Q

black cloth to eliminate stray light. Only at the lowest

leVels of backseattered light in spectral runs was it necessary

i

to subtract out any stray light background. In short, the
stimulated backscattering power considerably exceeded the noise

‘level; a ratio of ~400/1 Was found in practice.:

- : ’
-To prevent saturation of the detector which may obscure

;the time- signal, mylar sheets of calibrated- attenuationr

were used at the entrance to . the monochromator. The combined
vrise time of the Ge Cu detector, preamplifier and oscilloscope
.displays are approximately 2 3 nsec for the 7904 oscilloscope

"and approximately:7'nsec for>the 556 Tektronixr‘.

L
o

b2 - Axial Streak Photos

( The streak photos shown in Fig. 18 were taken using a
200 nsec streak plug in unit with a TRW" streak camera.m

o -

;Fig.’lB(a) illustrates the time and space profile of the 15
‘Torr hydrogen plasma column formation along the optical axis.
»Fig.’ls(b) shows the same. information for the 15 Torr helium-'
-plasma column formation. - |

: With reference to these photos, it can be seen.that.
iinythe first.two,hundred nanoseconds;-due to the.presence_of
gthe 4'5lmm- .ameter aluminum‘iris.placed at the.focus, there.
'exists only one breakdown front travelling in the same direction

'.as the incoming laser (from right to left on paper) : This
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/ :
shows nicely the purpose of the‘iris in fasg”eVacoation-of
gas in. the front end before laser firing ‘so that no absorption
of laser power occurs ‘ahead | of the iris.
Notice that the wavefront of the breakdown travela at

a constant speed during this time and is 2><107 cm/sec fg/

the hydrogen case and 9X106Acm/sec for the heliu% plasma.‘

For 18 Torr hydrogen the breakdown speed 18 2. ZXI07 cm/sec.
'With this information and taking an average time of 20 nsec

.to the peak of the backscattered s(&nal following gas break—'
dowu,vthe plasma 1ength can be determined as 4.4 mm long for

hydrogen at,18.Torr.'

4.3 Red-shift

Spectrally resolved backscattered:poger averaged over'
many shots end further. averaged.over a lOA spectral ‘window
(the resolution of the Eabry—Perot interferometer was 4. SA) l RS
- can be used to calculate the ion wave characteristics. Fig.
19 shows the shift of backscattered signal away from ‘the 1aser
1ine (which is at OA) for no. magnetic field and Fig. 20 shows
the shift for a 100 KGauss axial magnetic field.' Note ‘that
. only positive wavelength shifts were observed Scans to-
‘negative wavelengths with a 100" increased sensitivity showed

o

no backscattered radiation.
‘Analysis
‘Now:the dispersion_relation&for ion.acoustic waves is.

~given,by equation (l6)’inlChapter Ilmas
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where mi=ion ac0ustic freqhsncy, ex!!:imentally meEsured-as

" the shift, ki-iOn wave number=2k0 from equation (2) for back-
Base

. B ) - ) ‘..‘“"’ . A )
‘scatter;‘yiﬂfxTi7mi; v¢éwi/kiéphese velocity of the ion

L /XT 0 ' : oo N ‘ .
wave, C_=V —=& ={fon sound speed. -To lowest order w,=k_ c_
! s m, 4 » I T

which gives”an'estiﬁate for'Te. ‘Then neing ratios for T;/T

taken from'hydrodynaﬁic calculhtibnsas; e'betterwestimate-

for Te~can be obtained from equation-(lﬁ) above.

-

(1) ~Zero'Magnetic'Field‘CaSee
The peak of the red—shift for~hydro§en_occurs at

-

o ° ° ‘ ) . . . o :
AX=65A+5A which corresponds tq 09x101;sec‘1 - Since

eki-11855'cm-l;'the phase velocit '=9X106 cm/sec, from which
the procedure outlined above gives T ”45eV and T ~lleV. QThie

<o

assumes a temperature ratio of 4. e ‘ e

Incidentally, if one takes these values for v¢.and Ti,
the corresponding x velue of Fig. 22 is ¥=1.95 which is'

consistent with the spectral shift being a maximum for x"f

for a temperature_ratio I /Ti-A.

(2) Non—Zero Magnetic Field Case o L o 2
' The peak of the red shift for hydrogen in this case occurs‘
. at AA=72A+5A. Following the same procedure, but now taking
5

a temperature ratio of 8" to be. consistent with hydrodynamic

results the corresponding valuee are v¢=107 chsec,

e °
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Teﬁ74eV and Ti§9BV.

With<reference to Fig. 22, the experimental value x=2.4
'jl ' '

for T, /T -8 agr!@s well with curve "g" for whiéh a ratio
s . .
T /T -7 6 corresponds to a peak at x-2 4, thus again showing

consistency between experiment and theory.

: @ "~ TheSs results ere-summariaed‘ie Table V below: .
\J .
B .| Ax . T T, T, KV B
LB b
0o : 65A g ~45eV ~1llevV .
' 110KG |  72A , 8 ' LRV ~9eV i

Table V. Summarized Redshif%_of“ﬂyarogeq o .

R ' ‘ « o
The one rather surprising feature of the s;:::}ﬁd/;::“l '

!

the magnecized plaema case is the much broader width and lower
amplitude..rThis is: f “139 sin ﬁgr &ﬁgher T, /T ratio
N ﬂ a™
{"%’t% ; ':'Z'g ‘3'3 ;
. &,«%

CREIE

less Landau daqpingﬁ

.

tic frequency degendence on mass, i.e.

¥ S result is not vlotted herevbut shovs' a
» > q T




) ';. . e " e ‘ .
shift AXA found for this case 18 ' 30A+5A. Taking into accoungé

the slightly different T, for helium, this shift shows the

expected reduction, i,e. /mn 7"8 -2, This confirms the 1on
, ‘ ) w ‘ ‘o '

acoustic mode as responsible for tge itimuleted,backecetter.

n
o

4.4 Reflectivity of Pleafc .

D

As mentioned. the backscattered power was detetmined
o

from detector signal emplitudeu. ‘The moenured eignall are a

function of’beam ettenuatié& and rieetime of tvhe detectot
\ »

ayetems. The optical path,

exclusive of Fabry-Perot, nemely'
two beam-splitters, mirrors and monochtomator vwas found in

4

calibration to have a combined transmiasion of IZJ Two
different sensitive detectors were used in the measurements-

andwthe'power reflectivity factors are ¢t

aulated below.

o

2Detector o . | - Niens r. ;
List .9e‘.:ﬂg t’oi " Ge:Cu
ff Response ‘vBlow 100 nsec Fast 2 nsec
Response Compensation ‘ : 20 & ) 1
ensitivity 500 V/watt .30V/watt
A . . W ) - .
Attenuation Added '(20)5_‘ .-(20)5
Amplification oy T '.f .
Pre-amplifier o .32.- .32>_
Path Transmiseipn 1z o 12
Signal detected,'v 3 volts 3'961:s,
S 5 : al 3 - o
Power Reflected. 3x(20) Xio -fl.ZMW ,*2§$2§i_T_ = 1MW
S o j 500x32x100 o 30x32 05
2 :
'Tebie VI Reflectivitj of‘?iasma.ngasnrement'

R
’

36.
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hd : . . - T L /. o o .

///g;nce the maximum of. the backscattering occurs soméwhat after ¥

,vthe peak of the initial laser pulse, we oan asspné‘the‘aVerage
2 - a Ny

.inc1dent power to beQFSOOMW. Therefore the percentage powar

reflectivity of the plasma is approx1mately g%%%%xlooz 0 22

i.e; only 0 2% of . the input'laser power was observed in’ back—"

' scatter.' As we shall see, no. apparent saturation of back—

ll

scatter signal with incident intensities up to lO atts/cm2

was observed. e “-‘ : ‘9 2 }5' e
*7

A.Sn Experimental Backscatmer Growth Rate41

Wlth 18 Torr of hydrogen backfill and ;ncident laeet
"power controlled by a: propylene—helium absorption cell the/ﬁ

'f,measured backscatter power is plotted as. function of incidentﬁ

"!.0

°
=

power 1n Fig.'Zl;o Daqa points, along with error bars areot

'average signals obtained from many shots.i Incident power"'

. 2
N e

'was determined by.measuring cell transmission after propylene-
pressgre changes.~ 2 .

From Fig.AZl,:obviOusly the backscattered power increasee

l'exponentially as incident laser power increases.>‘Th5 sldbe 5

of‘the 1ine 1n Fig. 21 determines the exponential growth rate
‘of- the backscatteredvlight as. a function of incident laser'yp”
lvintensity. From equation (lAa) with e~ foldings defined as
wY:YO ,;it 1eads to;»; o A o T
Y011t - Yo®Xo®

YoIpt.  YgBTgt
Somoer T
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. where %p;is the full laser fntensity and o, B are transmissjion
coeffip&ents of the absorption cell Niuand Nl'éaniﬁe read

‘off from the ordrnates of Fig. 21 Hence;'

I

°

foor
' > ce N' . »..Y I D('O.-‘-.B‘)t o ] '

T N ¢ R . * .
9 . L et . . . - < . )
. o . ) . ) . V e

P bl

adistitutin% two>data ppinte in the above expression,

) . ' L A ° . . S e -?
G T (1‘0 4) N . . ) . . S o
- 7.5 ,"70‘0 —0-Me R |

- 1
S -
o . R ' o N; . . . ' L . Ab‘i‘b, | , -v n 'qﬁ‘ ;,E . -
. 3 ll & - - o . \
.with.lo known to belO ~ tts/cm , the: e~foldings become’
. s e . ’ cv'

o .
: ) . ’ .

5

N

o .

. Yolot'=“857_:7‘. T ; | .
o - Y o o e
s Yolge T %7 AR w b

e . 8.7x3x10® STy
- v q‘o :v‘ P ._Y' "" Yo 0 : »7—9.4{‘ - . . L . .
I R
I ’",ekpertﬁengeifY_?»5,93x10lltse£rl‘ e
’ Equivalently, the scale 1ength for growth of scattering is
0.44 cn =0, 05 cm which i% approximately equal to 50 laser_,

H : :
# * YJ

8.7 - :
: . e o . - . A A . RERCRN -
* ' . " ; u-.'

 wave1engths._‘_‘¢ e R
If on the oﬁher hand, the experimental growth rate were'
R

interpreted dir#ctly in terms‘of fin}te length coherent wave

thheory, then si ce the backscattered wave amplitude grows‘

Mexponentially a YO L]Yic, ‘the power»would vary asj

3 N ST -

’}2701;

A
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U ° * Jh“
where PN is noise/level. wfxf_' ' ;, o f s ' e
Experiment giVes 8.7 e-foldings ‘as . 71_3 5x1010 eec“I L K
. ) ’ ) e ) . , D.‘ . o .o o .
' whereby R :(, T R R ¥
. 10 K . - “.- - » :'3 ‘
- [(8 7)(3 sx10t (3x10 R I IR
oY 2(0. m. R
. l._a ) | ' _ . - u - - . o ) ”
.= 10}1 ise.c 1 ‘e ® » : . o R : .".' \'\u
e ° . T g- . . o fio
'u’ . ‘This, is a factor of 6 lower than the value interpreted
from random phase theory which is somewhat surprising, inas—_“.
;"much as a larger value might intuitively be expectedsi ) ;
’ Q{We now»turn t0'theoretica1 ealculations ofothese'valuEB;v :
Lo b6 Comp;ter Solution to Tsytovich s Prediction of;l : -
X 7We have determined an experimental value for the growth
rate of stimulated Brillouin scattering Y=5. 93><10ll set':-'l E ff o7
which can be compared with the theoretical value. fThis reQuiree_
'integration of Equation (14) after appropriate substituting f
'for the 1aser spectral intenaity in Nk,.‘ ’-”'f‘ f,i' BT
:0 o Now electron and ion\permittivities are’ given by
| ' S - “'w a_; : ‘ - - 0 & 0’ ;
» pe,gi i - a\l v . _ . _ . _
B o -»1 - - - -~ o . ‘ . o
N e, i T 2 meku-, . ‘ -
S : . ki“ . D S e . S
< . :" ‘? ‘-;° L . . 3 ‘
where = ' , R :
é’ . i, - ki - lh—hol o ‘:' T N o . R
& ST T e e e o

'Infthe case where ue?>;t2>4Athe'permittivity_forkelectrone

5

-

3 reduces t6 T R ety |
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-where B = —/%5 T % ;*‘if a2>>1. ' N T .

i C e

This is satisfied for ion—acoustic waves. of Qntﬁxest in the
‘ W T ANy

present.expe:iment,thence. ' - 3 v.'xw”"'“'
2 ) . . i . -~A3§_"’-",. ﬁ.// .
g RS R
leé+51—1| l¥+3'?(¥)|\ :
‘ %usiog'Salpetex’S'notation Aefioing
AT 2 . o
a . . . . e-x- . : L ‘ ) ’ :
P FB(x) g — 3 ; A . ) - (18)
o , - J1+B R (x| % o - L
also from (léj; Yk'cen be.re—etrahgeo_asf
Yo = O ""3 ' [ay-w N,;-.'J-cs—gﬂ-%%"arzsm—zsyx]az

: where Wp, the probability of scattering a transverse wave.

Vinto another transverse wave by plasma ions is given by

(13):

The dot product in Yk ‘show only velocity components alpng
(E-E ) are_involved; therefore if a Maxwellian distribution
v o | : S > ,
~of Jons is asq‘;umed.as && o

1 2
v

.-2x'1‘1
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' where v is along'15—§V| : ' ‘ ”:; o . _-:Q
o - ) ‘ ' _poo m . " :
- of , ‘ S Aw S

. g — |} —— . - ‘. = - — - 3
ey §E av stau-tew) - | xT, “Eo0u” Tarrlee -

i

m

S feld . my AQ YA ) ZXT ([ ‘3
This integracion.yields = = oy Tak] "zaxry ° o

so Y, = 53 ( T N ; noI 23 SR PR X |
Sk emie X X041 Akl < 7 -

Putting W_ in Yk and noting chac;w'ék'c=kdé,»w=kc=koc and

ek o .
1+ ——a = 2 for backscatter, then oo
 kTk" o - S T

. | o | L s m - A
‘ - . o n e w . o x e
. . =R [ i 0 | k' bw e . dk"
Tk T, - 32 ._ x
: " . m k. _ .

‘m R .
’ Y 5 n . "hzxr'(lAkl)'_ L
=2 - - e 0 - J k' e dk' s
mezc? x?i YZﬁXT rzkl k ' |1+3 F(x)l '
.1: - ,‘ . : R f:. e SR 1’9)
Since'F(x)-l=2xe‘ J e —dt+i/§e X 4 is tabulated by -Fried.and
P e "Jo _ ’ S o O :
a7 B

Conte '/, Yk Qan be solved depending ‘on the 1aser Speccrum

Nk..uﬁNk. is the spectral densi;y on the incoming quanta

~hnd solutions are obtained ‘iferent spectral profiles



(L) Gaussiah taser Spectrum_

(i) v evaluation via numerical integration ’
. k g

. 6‘0#

Assumlng a Gaussian spectrum of width A (experiment—

- ally known), then

. L=k (k'—k0>2
N v o (2'"') IL‘ . ) .
k. hmc/—k'
. . . ‘ .
‘ ) .2. micz‘ a n o 2‘ 2. - 2 :
. substituting a~ = ——=— and ry" = ( 2 5) and dk' = k'“aQdk’
08 T sk, w2 _ \
. . e
Yy can then be simplified to -
B , o ~aZ -k -0 Bt =k ?
_ro.nOI(Z‘ﬂ’) A o dk';l&'-ﬂe :
Y T T 7 —3 at 2.2 A
- T(XT )k . |1+8°F| .
s . . .
. m ’
g Lou2 2 i, bw 2
seseing X % Txr, Taxl”
-~ P4¢ (eloky2
. 2*?1 2k
- a2k'-?
and  dx = adk" ‘
shbstituting%in Yg
. -r “n I(2W)" w -x“ c
0 0 : N X e e AR
'Yk = - -3 al' 2 )
v§.~_»v(xTi)k° ‘e }1+B‘F|
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Integration cannot be done'analytically~and resort to.

' I
»numerical methods is necessary. "With an experimental val
. . .
for £'2=452 cm 1 438 and taking "B “T /T " and "a" as’parameters,'

the integration for Yk-ae a function of Akvwas done by

v

conputer.agl The’ integration was performed with x taken from

.

1 to 4 using a ineremental steps Ax=0.l.\ (See Appendix II)

The range of Ak was scanned from Z.S‘Eh‘l tok6;5,cm -1

0.05 cm-l interﬁals to obtain a graph of Yk versue Ak

"B =T, /T “and "a" as parameters.

. (ii) Di3cussion

at.

with

All these graphs turned ouq to have multipeake,’i.e;

the growth rate varied considerably Jker a small rangeﬁ?f'

k. This is not realistic and is 1ikély due to the finite’

'Ax values for F(x), the‘program'had;r al trouble teking_more

t

integration steps. The cdrve'sﬁouldi e'atsmootﬁ.one'(which

'will be seen in the next section using a delta laser spectrum-

numerical integration with -a narrow gaussian should give %

isimilar reSult to analytic integration with a delta function)

However, the wavenumbg@&shiﬁt at which the highest peak

occurs showed good agreement with experimental shift.:

case with B =T /T =4 and T =12ev, i.e. a=0. 528 (these

correspond to the zero magnetic field case of section

gives the highééaqpeak from the numerical integration

Ak=3.65 em L. %mhe equivalent wavelength shift is 65A

) ."‘;‘r: .

in completeaagreement with experiment."

_For tée other case when B =T, /T =8 and T, -10eV

Tﬁe'

<

conditions

4'3)
at

ﬁhich is

1.5.“

a-O 578 (this approximately corresponds . to the magnetic field

. ‘~1\$'@M
o

WV
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ease); the highest peak occurs’at Ak=4.25 cm 1, or Al=76;;,
in good agreement with the experimental value of 72A. |

In view of the numerical uncertainties plus the fact 
lthat the laser spectral width is small’ compared to the{
observed shifts; ‘it is simpler to aSSume a: monochromatic beam
‘which permits Enalytical'integration.
(2) Delta Function LaservSpectfum.

(1) Yy Evaluation via Analytical Method

If one therefore takes the spectrum of the;incident

uaves to he essentially_monochromatic,vin.the>rahdom phase

aﬁproximatgonWthe photon depsity_ean be wfitten as . /

v

o 3. - . / L

LA =' -S_Z_TT—)_——I LI .- N - . //

\.Nk' , nmoc f) (_lS 1(_0) ». - e . ,
in (19).

fwith-this Nk’

|

oo Tng SR -
e . S0 i <3 I Aw
g 27) J
5 Foge TakT

Y = - ; ~
Kk o 2.2 XT, "2mxTy

. e L
N O L Aw ) N

é(hl”ﬁd)- . ZxT |Akl
f X v 2 = ak'
ko | 148 ch)l o

which can be integrated to give

N
RN



_ mi (w‘wo)‘
| g S cw Y. 2XT, T, (2
Y = - ‘el‘ no 1 (2")3 _ mi (w wo) e i l.li l"—o'
k me2¢2 XTy wgye ; 2'nx’ri TE;EOI [1+32F(x)|?
‘.v
2 n .. 3 2 ‘
- o—2Ty2 Toxemd xe ) o
n c? Ak-3 XT /7 |1+8 F(x) | |
e o i \
A e 210 x0,(x) Y.
= -zm? 00 B S A oy

kg XT, /7 A /
2 _ By w-wg 2  . o Lo
where x~ = (Zxri)(1£_£dT)~ gs_befpre and PB ig_giveg.by

eQuacibn (18).

Values of ——ﬁ——~ wvere cal&ulated by .an APL computer

program (Appendix II) wich X ranging from 0 to 3.0 at 0. - 1

e

intervals for varying B- values, Bﬂ/T 7Ti"' Results are Shown

in Fig. 22 As B 1ncreases, linear Landau damping decrgases

and a sharper ion wave resonance results. Evidently damping

o

~is a sensitive function of the ratio T, /T -B

-

(1;)' Discussion

. For B=¢ 7 =2 (corresponding to the zero magnetic

“field case) curve "d" in Fig. 22 shows the resonance occurs
xI_(x)

‘as x=2 where-_—ﬁ:f—:0;2153ﬂ‘ Hence from (20)°
. o . L » " . B
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. (6000) (10J\ 6*1

Y gzm 3 (2% ﬁ?ﬂ&l
k T

y o
. *_. * ;:T > . ? 01 <) ll"‘_‘
| L 7 B wwwr4§ﬂy
- 2.3XO5215x;o . o . ,
. 5x1011‘ sec™t my WL ‘ :
g . 8 1 ' .
for our experimental conditions.;
This calculated value and the experimental one of _ 'lw'
5. 93><1011 sec -1 show good agreement. Moreover. ghe value of f{

g
or equivalently wavelength shift where Y is maximum shows,

o

excellent agréement with experiment as discussed earliern

i Threzvold‘Conditionoand Growth Rate Based on Wave-Concept

4

(1) Threshold Condition

| Before the threshold and growth rate conditions shown 1n

§

section 2. 1(2) c are disCussed with respect to chis experiment,mf

3
1

“the two damping mechanisms which may inhibit backscatter should

be. examined. } , . ..‘:v,
- -
It was mentioned befote that both collisions an&mLandau«.c

. I

damping can prevent stimulated backscattering With pl&Sma”;“f

rdenolty -.48;017cm » T -74ev, LnA=10 the electron ion )

-.collision freqﬁeocy is

] = E ‘/':\o .
tvei/--, e nLnA 8 . ) . . ‘ . ]“#'.
’ 32¢2w,e m (xTq ) R . T
= 1.5x;of6 ——5£§%5‘7
9 -1

= 9.4x107 sec
end:tﬁe‘ion—iog”ccllieiop :requency_ie ' ' L

*

i.

R
i 'ﬂt
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' 4 me - Ta 3/2
- Vi1 TV @, "ei('r )2
i o
- 429*;098ec‘;x/z)- 7x10°sec” 1 .
! . . ", . ) * " ’ . “ . . .
For these expetiuental .conditions with’ffnite Te/Ti Landau
' damping ia not nqgligible. In fact from Fig. 22 :YL‘ia of » /
orde ,% to %-of the frequency shift, which for wy ~1011 -1
' 2100 10 . -1 - -
1mplies Yy =10 to 3»10° sec "~ .depending on Te/Ti' Thus
colLisiOns are not pegligible in comparisoﬂ; though andeu;p'
damping 13 stronger.. The experimental damping rate for no
magnetic field 1s Yi—3 5x10 'c~1.w
Now for 1 = lollﬁa:tshcmz, Ez = 8w1 gives - _ :"fﬁ R
- T T c v .
E = 8l .
: c
\A‘, . s - ‘
- “Also mp158.3X101182c—1,JTe'74eV,‘n-AXfU%7cmf3 whereby for
% . & - ] \
- , , e S L
. _eE oo '
Vo " oo 272VT
. Y
- 8.§X107%m/8ec' o .
’, . X're. . o 8. B .
e - = - 3.§x10_em/sec» 'V
fe . ,
.lv ' N -
the left hand side of Equation (5) (——) -0 057 :
s Ve : -
' o i 3’1 e:L 1.2x162°
- and the right hand side of Equation (5) — = B (5 )c—h—————fz)
: - ” . : v 1.78x%x10
~ - " ) ﬁg .. ) .4- /,i
. .. : ° = 1.3x10 'sec .’
‘e“." 9 -
S _ '.-



‘Hence, the thresho}d-condition (—~)>> '3
t ' ' ; I Ve i\ o

tjis eaeily:eatiefied. . 'rv*°e51?‘

‘.(-) Y predicted by Wave Theory

o From wave theory YO is giveh by Equation (6)
E .r ' ‘_ .;5 . V . ‘ ) /. x . R .

2o ks S =
(wi),w?i R

n‘Q;

a L

SR 7, 14,
1. 6x10 (1 7a><loll)!s(8 3x191 y
3x10 1.2x10 |

’~:§.Alax10 Qsedfl.: I P T R A

; ' o F;. B N : '-! . - Tt : 2T : ) R R B '. 3 Af "'!\‘-;‘;.»
; which is W1thin a factor oT two of the experimé%tal value. o .

©

°It is interesting to note that experimental interpretation o

¥

of growth for a finite 1ength plasma which varies exponentially

R - . 3 . . .

“*3w1th;'rp'f.aiz f‘ bi. fﬁﬂf“.";i~ e S e
-" “:._‘n—_c" . Y«c .‘~ <  B u‘. 3 v " IR - . ‘ ,;._ ) : “ . o N ": .V' v . B ’n’/‘ v ‘.
R Rt ~,“§Qv“'{ B R T

D e
R
o

shows the aame parametric dependence om density, intensity,

3 wavelength end plasma 1ep3th as does the random phase predic— B

-

tion.f Thus experimentaily nnly magnitudes could possibly _ w

be uaed distinguish between these interpretations.,é?or'gyip’

i

Our experimental conditions it would seem that Tsytovich P
. o L

'theory provides closer agreement.

Je Sy N st - L o

‘f(jjf e—foldings 'Zf?';.iral.ﬂa'erﬂf’r, ,fi‘,'»f"ti\;
%f Sinpe the;plasma column is of finite length éﬁug;fq@ }i;

(6) givea ‘5{w,i,;i:'3f?fg3‘xi fi-.t.ffffJf/’/js g“-f;,. R




‘whefebyogroﬁih”

‘Finally =

vif -a sufficiant;number of e-foldings occur, i e.

B
E ) Ta

#, Yot'f-

71;6X1o se¢c ' . L : IR "
‘ “.l. ‘ . T »v . S \‘ : . - . .’%;-“‘

whereby (7) gives -

P T R
/ i ) . ' ‘ 7'2 %

0

£
-
- ’.‘.
¢

10 -1 .

4. 6X1010xo 44‘"f,1i .

/E—c—_ﬁ" wo‘oxlo

Tl s

addition,;

for which Yb<7 :

\
instability can develop but considerable growth can occur

Sy

n-

s

In fsct, using %he exberimegtal values for. Yo‘and Yi,f‘

condition iS~%asily sotisfied.,

‘—(3x10 (§x10 )
N

-

e - : o

',whlch satisfies the finite 1ength growth condition. ;n'

4

Cyp = 1x1ot) 820 B aey

Fan,
figu Xy

2.7%10%ec™

‘exeeeding thgeshold yd?frhis‘scciéfiedci

T ir‘_ff“ T L L
Lot Tl

implies strong damplng whereby no absolutev

\".

v

e

. " R‘»»I P i3 '“". R N
- ] R PO >
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. v . _
4.8 Pressure Dependence

»

Wich laser power unattenuated and hydrogen backfilled

)

from 4. to 20 torr, Qhe backscattered power ‘as a function of

hydrogep pressure was neasuredmand 'is’ shown in Fig. 23. " The

beckscattered power is clearly varying eXponentially, though.

T e @

fthe slope of the line is approximately 20% less than that'

“'in Fig. 21 This is within the uncertainty in - slope deter-

‘mination of‘Fig. 21 (approximately 30%) and so cannot be

“

". considered significant.

- : ) : S0
. 4 .

This result can be interpreted as a° varying interactionm'\
& -t

Vo e
1ength effect.q Since the plasma rapidly expands radially,.t

'the density quickly reaches an asymptotic value at about lO nsec

-

..and for times greater than 20 nsec it can be regarded as

Eal

-

constant. On the other hsnd streak photos obtained for

'different hydrogen pressures show a linear relationship

'betwéen axial break&own velocity and pressure. For pressures .

J

"P-S 10 15, 18 20 Torr, the corresponding breakdown velocities

iare (0 8 1. 4,2. 0 2, 2 2. 4)x107 cm/sec.. Thus, since Z-vt,'

e

for a fixed time LeP and one can conclude the growth in back—

N
R

scattering should show an. exponential variation with pressureh

= , D - : :
as is observed. DR PR e '},



"ratioq linear Landau damping decreases. 'Possibilities for,

>'thermal energy content.; This is only conjecture and the

CHAPTER V
DISCUSSION =~ =

Stimulated Brillouin backscattering has been observed

in both underdense hydrogen and helium plasma. Clearly

-resolved spectral shifts were observed from non—magnetically
'confined plasma and magnetically confined plasma. permitting

backscattering from plasma with different T /T 'ratios.

Self consistent results are found for electron and ion

-,ten“ratures which agree with hydrodynamic predictions .and

the theoretical predictions of f%n—acOustic wave scattering . _34

- from random.phase-waves. Experimentally Yk was found to be"

5 9X10 sec—1§ theor‘i&cally it was calculated éo be
'“‘- | | & RS ...
-5X10 sec 1: The intensity dependence of ‘the- backscattered
power also agreed with random phase predictions. o *\ )
, oy e -} ‘

'0

\'The measuﬂhd redﬂPift fpr B=0Q" wa?q65 A and the spectrum

-had a FWHM of 21 A while for. B-llO K. Gauss, the ion acoustic

‘shift was 72 A and FWHM 35 A , Th%s broader width is an un—‘

Q

fexgedted result. According to th% ig’ory, the Iﬂnewidth ST

¥
narrows as- 8—/T 7. increases, because for a higher T /T

K ,’i%( b?

'increased spectral broadening in the magnetically confined

T
case may be due to . (i) increased turbulence in plasma during

‘laser plasma interaction (ii) nonlinear Landau damping and p

p(iii) reduced ion—acoustic wave amplitude due to higher

: ‘.A.“_rcv . o
true physics to acdount for such broadening requires
' . R ifa * y



further experiment.' Observation of the 1on acoustic shift

and broadening for highe‘?intensity laser tadiation as voll,

-e

ae;aaturation of backscattered power would be useful.
This experiment shows ‘that for the described: laboratory con-
. B L

lditions. only 0 22 of power ‘is backscattered.'

Threshold conditions are found to be easily exceeded 1n

this ex-ﬁ&dm@ Detailed discussion for the magnetic. field
f s d"similer results hold Qﬁﬂ@ for the non- ‘

4 -

'the inverse square moot relationship of‘mass of ion wiqh Nﬁ&b

vavelength shift, thus eonfirming-the presence‘ofriop—

eeoohtlt waves as\responsibie'£o£ gtimolated Brilrooio

.

i baciacattering.’.

. O -

. -," ?:“\ . R e .
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o . "APPENDIX II
COMPYTER PROGRAMS 3 o

The APL (A Programming Language) programs used to

A

evaluate Y, are described below.

(1) Using Gaussian Laser Spectrum

Adm: (1) A function "GRTH" was designed to evaluate num-
enicaliy, for a particu-lar’k = kj-ko,
) L'z[ +Ak]

‘ 4 'xe‘—x e : B
D = . - T o = . dx o
Y- 2

1 .a‘\1+B F(x) l

_ for finit'nd ng?s T . ‘.
¢ F (11) Assuming array Ak w’Ak(l) Ak(Z) .. AK(N)

- : . a:ray‘ D = D(l) D(Z) . D(N)

- Qe
,program plots D Vs Ak .

N Imput: array Y = string of x (0. l 1nterval ‘from 1 to 4),-
. 82, a, 0 (zero)-
arfayvz' Re(z), Im(z) values corresponding to aaéh
x, from "Plasma Dispersion Function

Table. (Ref..47)

Flowchér;é, Function [Y GRTH Z]



Input:

xT (x

(ii) To plot ——E——— Vs x’fvv

@
.] .

E

%, ' 82'
' .
- Generate string of l / .
Ak /
Y !
* | Find N + number of
DNumgrically,incdgra:duzi
SR
Q(L) ‘!l A de~ |
' ’ R I -
|Plot D Vs Ak where A+|1+P F(x)l /]
using Funceion | £ (Eeak)
: T S ‘ X, =X k . . |
.:':‘ . ‘ . B+;e e oo ;
o }r ~ —— ‘
F . ( ." ‘ T a 2
Form a 2 by L [, - i
matrix: N K ST
‘ [Ak(L), g o
D(L) ‘ i \ -
- . ) . \\ ’\‘ e,
‘ - , ‘ . L - \ \  y
Note: .Functi6n "PLOT" can be hauled out from uU. of A APL\ .
Public Library,_see “PROGRAM DOCUMENTATION" section: ’¢”'
(2) Using a Delta Func:ion Laser Spectrum
N e L . -
kim:: (1) A function "FN" was designed to evaluate BN
2 z’ .
B ‘ﬂ ”'*e'-x . --1; -} xrB (‘K)
|‘1+32F<x) |2 w oA ~ e i
v r .-\



Qfollowing pages.

|

N

Flowch;rt:

,“

array Z = Re(z).ﬁlm(:) valuh- corresponding to each

Funct%on [Y FN

W
.- g 'R again !rtm T}ble of Ref &7
W o ’
ray % from Y ] %'
array 8 from Y |-

]

umbet

. in array B

of elements

T

-Array BETAS + Bz I

L

3

<10\

-

"8304

I _ (1s L one )y %2° |

AL «L+1L/

PLOT N curves
of B Vs x for
1. N values of 8

)

stored under “PLOTFOBMAT" bf Library 1 in Univaraity of

Alberta APL Public Library.-

| ey &

‘A f’|1+BETAS(L)¥F(x)|

-X

A

y

Form a 41 byu(L+1)

Matrix using functiOn “AND" -

c ~ [x B(1lY B(2) .

re

B(L)]

Program Documentation{.‘

The function “GRTH"/and "FN" are printed odt in ‘the

\;qumentation by E.G. Armitage,

A
Lo

;eference-manualﬂ

1972.)°

_v.

of ﬁ,

v

uoce that. function,"AND" and "PLOT" are’

N

(See APL Public Library Do-
v

Compncing Setvices:
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