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ABSTRACT
A comprehensive4investigation of the ion'turbuience generated
in a laser/plasma interactlon experiment has been carried out using
the high power laser facility available in the Department of "lectrlcal
Engineering at the University of Alberta. A C02 laser beam with fccused
intensity of 5 x 10'%w/cm? was used to ionize and heat an oxygen gas

"

targeﬁ, thereby producing plasma with an electron temperature, Té;*of

" 100 eV and density n g 10%%nm” . ) ' - Y
Ruby laser Thomson scattering was utilized to study the non-

,equilibrium ion fluctuationngenerated’in the plasma by the presence

of a strong:electromagnetic wave. Considerable enhancement of these

' iom fluctuations over the ihgrmal level was observed for two plasmo

' regimes (short and long density scale length reglmes) In the long

scale length regime the magnitude of density fluctuations along with

temporal and spectral features of the scattered ruby light indicogga///,

that ion turbulence can account for tho anomalous absorption of 002

laser energy observed in earlier experiments, In the long ocale

»

1ongtm regime a general measurement of the ion fluctuation wavenumber
*speéfrum\igggffo in the plane of the CO, laser electric field and
high.speéa streoi;measurememts of the Tmomson soattered light were
perfofmed for the first timo and are oresented in ﬁhis thesis.

ﬁ The source of ion turoulence_in laser produced plasmas is

& :

discussed, placing particular emphasis on ion waves generated by

parametric instabilities. The general plaSma dispersion equation is

]

v

o



~

~

v

£

solved numerically for the ion'reSpoﬂge in the presence of B 3trong

pump to establish instability growth rateé.‘.Such anal&ses indicate

'
¢

that the Brillouin instdbiiity. filamentation and off-resonaﬁce
paraﬁetric decay (PD) and oscillating two stream (OTS) instabilities

can be eagily excited qﬁd are believed to be the hain source for the

_observed enhanced ion fluctuaticns in. our experiment. In par&icy ﬁr@gv

¥
for fluctuations induced parallel to the electric field of the*’}ﬁﬁ!&
incident 002 laser pump wave, PD and OTS are potential sources qf

turbulence leading to anomalous absorption effects observed
; S X gy
experimentally. —~

‘
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CHAPTER 1

v

. INTRODUCTION -

A problem of crucial importance to laser fusion programs 1is how

+a laser light is absorbed by the plasma. It is beliéved that radiation
can be absorbed in laser produced plésmas by different mechanisms
depending on the laser parameters (inteﬁsity, wavelength and pulsd
duration) as well as the target ma£erial and configuratiqn. These
mechanisms may be classified into two types: (a) collisiqnal abséfbtion
or inverse bremsstrahlung, (b)'absérptiqp due to collective effects in
the plasma. In the inverse bremsstragfdﬁé*absorpﬁﬁon (sometimes

called classical absorption) an electron.absorbs a photon as it moves
from one free energy state to .a more energetic state in the field of

an ion, Absorptionlof the laser beam by a.plasma will take place only
iﬂ those regions were the density is lower than the critical density (at
which| the plasmawfrequency and the frequency of the ‘incident radiation
are the same). The absorbed fraction, A, calculated for the case of
no}m 1 incidence of light ‘on a plasma, the density of which varies
linearly betweer n‘z 0 to a critical density n, withinAa distance L, is

given by |1

Ot

4 =1 - exp(-

RL e}
1 Vei) ’

in which trs electron-ion collisional frequency at the critical density

o

may be writtan as

e e 3/2
//_ V.. = 3x ;O zn, 1n A/Te s

er

T



at higher laser intensities greatly reduce its effect [2,3

where In A is the usuél coulomb, logarithm (1n A = 5 - 10), 2z is the -
average ionic charge and Te is the electron temperature in eV. Accord-
ing to the abbve equations classical absorption is more significant for
high values of z, low température plasma and short wavelength lgser

, 2
light (large nc), For long wavelength lasers, such as 002 » and plasmas

)

at temperatures of interest to laser-fusion, inverse bremsstrahlung

mechanism is of less significance. It should also be pointed out that

\,

the absorption due to this mechanism decreases with profile steepening

« In addition, nonlinear

h . . . ’
of- the plasma near the critical Wensity |2

effects and the disturbance in the plasma distribution function jpduced

o

Collective absorption, on the other hand, takes place as a result

of varioué physical processes in the plasma. The most important of
these processes are resonance absorption and parametfic instabilities'
of the plasma. Resonance absorption occurs when the léser light is
obliquely incid;nt.on a nonuniform p}gémaAWith the electric field of

-

the incident wave being polarized in thg‘plahe of incidence

1'"-('P-polarization). In this way'the_electric field perpendicular to the

)
-

A "b1ane of the targét can tunnel through from t». pcint of reflection to

" the critical denéity; thus exciting an electron plasma wave. This

wave, being electrostatic, cannot bropagate outward and the energy is
ultimately dissipated as heat in the piasma. The actual amount of
resonaﬁce absorption of P-polarized light will depend on the angle of
incidence 8 and'the density scal® length. COnﬂigﬁg to inverse
bremsstrahlung, resonance absorption is more Siénificant‘at high

plasma temperatures (high laser intensities), longer lasef wéﬁe;engths\

and shorter plasma scale lengths.
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The second type of collective absorption is thet associated with
parametfic instabilities. The most importanf of these ingtabilities
are: the oscillating two-stream inétability, OTS; the parametric decay
~instability, PD (both occurring near the critical density); and the two-
‘plasmon decay occurring near nc/A. In these instabilities, called
absorptive insﬁabilities (to.be distinguished from the scattering
instabilities like.stimuleted'Brillouin and Raman instabilities), the
pump wave decays into two electrostatic waves. The electron elasma
uave. which is one of the products, continues to grow at the expense of
tﬁe pump wave until it saturates by pump depletion or any ether non- .
linear mechanism. These high frequency oscillations, in turn, accelerate
and heat the electrons. The effective collision frequency v¥* or the so-
called anomalous collisionallty (defined as the rate of transferring wave
energﬁgto Dartlcles) can be estimated quantitatively according to the

followlng energy balance scheme:
Pump wave — Electron plasma waves — Plasma particles ,

At saturation the effective collision frequeney for OTS and PD
instabilities is given by |4
W\ 2
\)*:AY{-Z;&) :[‘Y_n-:[‘y\
0 n »
e
where Y is the growth rate of the instability, w, is the laser light
frequency and wpe and # are the electron plasma frequency and density
respectively. The parametrlc 1nstab111t1es are intrinsically non-
lineay processes and will not be induced below a threshold light
intensity (uallke resonance absorption which may occur at any laser
lizht intensity). The threshold values” depend on density scale lengtn

<

plasma temperature, laser wavelength and substantially increase with the

L3



inhomogeniety in the plasma. Although this mechanism is less. impor-
tant than resonance absorption it can still compete with inverse

bremsstrahlung at higher intensities and longer laser wavelength. One
. & ‘ : ‘ N

*.

of the disadvantages of this mechanism,as well as the resonance absorp-

tion mechanism.ié thé-pronCtiqﬁ of very ene;getic electrons whiéh carry
a portfon of the abéo bed eneréy,resulting in a very weak coupling with

the background thermal plasma and thus an eﬁergy loss., In addition,

these fast electrons may penetrate into and preheat the pellet core in

{

laser-fusion pellets and raise its entropy which makes high compression

di fficult to achieve. For this reason, inverse bremssirahlung is still

\

considered the most favourable absorption mechanism in laser fusion.

It was pointed out by Dawson and Oberman |5| that absorption of
‘ ¥ ;

radiation by a,plasma can be enhanced in the presence of coherent short

[} [l
Ry .
3 s, \

wavefengtn ion fluctuations. Recently |6-8| the interest in this subject

has tremendously increased., Faenl and Kruer 161 defived an expression
relating the dampiﬁg rate of laser energy té the ion fluctuation level
in a plasma (Chapter 2). According to this relation the dapping rate
could be of the same order or even higher than the classical collision

.

frequency, Vo in the presence of high,ievel coherent ion fluctuations.
Manheimer and Colombant |9| continued their»investigatiOhs in an attempt
to correlate experiméntal results on absorption of hiéh intensity laser

1ight by plésma with previous theories., These investigations clsarly
indicated that there is a discrepancy between theory and axperiment,

This led them to believe that ion turbulence is a possible candidgte as

an absorption mechanism that causes such a discrepancy.

.

+—
[6]
w
o
H

The actual source and magnitude of ion fluctuations ir

plasma intsractions remains somewhat hypothetical. IHanhein

<M
8]
B
3
£
o)
e
163}



colleagues |7-10] have péstulated that the'tuybulence is produced by

heat flow driven ion acoustic instabilities. Faehl and Kruer 161 g
: )
i

and Forslund |11] have suggested that &on-ion streaming instabilipieQ

A

could create a high level of ion fluctuations. Moreover, there is‘onif
limited theoretical knowledge of the ion fluctuation spectra which:ﬁ§§.‘

. , R A
' be generated by instabilities other than the current driven ion waygg‘

X , Ag{ »
instability. _ ' f ‘ IR0

On the experimental side, ion turbulence has been

o

2
".f(:\:\@

- directly in several 002 laser plasmé experiments. Gray and“Kilkenny !iZ@Zm
investigated the possible influence of ion turbulence in reducing thermal
conductivity in-a Z-pinch plasma heated by moderate intensity 002 laser
radiation. Walsh and Baldis {13| and Gil;s and Offenberger |14]

studied ion fluctuations associated with Brillouin scattering in high
intensity 002 laser plasma dnteractions. Although substantial énhance-
'menté in the fluctuation level over thermal noise have Been seen in

these experiments no general measu?ement of the fluctuation level and
spectrum has been made for high intensity laser produced plasmas and,

in particular, for wave vector E-parallel to phe direction of the

incident electric field which is of importance for absorption

(Chapter 2).

The pfevious survey clearly indicated that ion turbulence, if
understood may provide an explanation for some of the physical processes
that occur during laser/plasma interactiops. This Being the case, it
appeared éo us that ion turﬁulencé in general, aﬁd its role in absorp-
tion of laser radiation in laser heated plasma experiments in particular,

s .
are two interesting topics for research., The main objective of this

research .is two fold; one is to study the cause as well as tne



characteristics of ion fluctuations in high intensity laser prodigond
plasmas; the other is to confirm the =xistence of inn turbulsence ag
' t
an absorption mechanism using temporal and spectral analysis,
In Chapter 2 a summary of ion wave instabilities, placing

particular emphasis on parametric instabilities i3 first given,

dumerical solutions of the plasma dispersion equatisn in the pregenc.

2
I

i intensity laser bean 15 carried Hut and the resylts are

x

given. Curves illustrating the lependence -f *he growtn rate ~r iar

wave related parametric instabilities on 3ifferen* plasra parameters

1 1

are presented, inally the theory of light absorptian by an ¢on

turbulence mechanism is also nighlighted.

Chapter 3 provides a detailed description :of the laser tlasma

experimental setup and the various diagnostic “ecrnnigues u%ilizad far

studying ion fluctuations.
-

n Chapter 4 tne resul-- of sur experimental Investigations as

|

cpa VY - H 3 7 ~ 3 . - '
@21l 35 Interrretation of these results are given. The measurements

are first prasentai

3

(¢}
t+
@
2]
'J
4]
ot
o
I}
(4]

of the plasma parameters and basic chara

Results of tempoéal and spectral measurements and turbulence levels of

the fon fluctuations (from Thomson scattering measurements) are provided
with an estimation of the laser light being absorbed via ion turbuience,
Measurements of the spectral form factor 5(7) and streax camera meazure-

.

the ion fluctua*ions are also rvresented

(B

Tents o

of tre possibla sourze of ion fluctuations in the present axper

is given.

Sonclusions and suggestions far further investigatiors ars

b
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Fig. 2.1 Electron and ion distribution functions in the presence of
an electron heat flux 3. '



hoat i being ecarried in bhe =X direction by elecbrons wibh iped

i . . e »
‘U v . Inorder to maintain charge neutraliby a return earpont of
@ o .

colder olectrons must flow in a direction opposile Lo the direetion of
. 6. .

the laser light propagation (i.e., ‘A(flirwchinn). Thus bhe olecteron

distribution function fer Ux > 0 is skewed to the right, In addition,

the peak of the olectron distribution funetion occurs at V. o tuorather

L

than at vx = Do The don waves will therofore. be driven unstable ¢
¢
w > e and e > v. (i.e., 27 > T.), where ¢ is the sound speed and v.
3 s z e 7z s : "

. . . ) - . . .

is the lon thermal speed. The wave vector - of the ion acoustin aves
{s antiparallel to the heat flux €. Tt is worth mentioning that the
rluctuation level associated with this mechanism was found to saturate

by ion trapping in the range 0.1 < &n/n < 0.2 within a time of arier
3 Pr 2

<+

A, 103/wpe (v 5 D sec for Ca, laser), where wpe is the electron plasma

frequency l6]. Moreover, these fluctuations seem to be nearly uniformly

distributed within a wide cone of an angle 6~ 50 - 60° around the
direction of the return current. It is therefore expecied that no

significant fluctuations will be generated in the Airections perpen-

dicular to the direction of the laser bean.

Another mechanism that could be responsible for generating ion

turbulence in laser produced plasmas .is the ion-ion streaming instability

croposed by Faehl and Xruer [3|. Such an instability ocecurs when

ferent ion species are available (ions of different massssg ar

)

di

different ionization degrees). The physics of this mechanism is easy

®

to understand. When a plasma is heated a large ambipolar potential

develops to vrevent the hot electrons from leaving the tarszet. TIons
are then accelerated by this potential and also by the large »ornlero-

rative notentials near the critical density. A% ow densi

P
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10

ion-ion collisions are weak, separation of the different ion.species
AN :

takeS‘placé?x”

) " | R A hd .
I#e to the different. expansion velocities). A simple
R ) .

. estimate showe that - this separation‘is obtained when Vig < Ui/L’

- where v. i is the ion- -ion collision frequency, v; is the ion speed

which the 1ons obtaln by falllng through the large potential, and

3

\L is the'distance over which it occurs. Results of a simple 51mulation“

L ‘ v . , ) ‘
che'|3| and others of-a two-dimensional simulation code |14| show v

: ﬁhat a fluctﬁaticn leviel of N 10% could be reached in a plasma‘cf two

ion species such as # and 02 . In real plasmas this instability may be
aeverely restricte , especially in the hot region where almost all the

ions are ionized to the highest possible level and ions of identical
;o FE o

masses.a}eAused, ) | !

' Tﬁe'th%rd possible mechanisn fof geherating ion turbulence in
1ase£iproduced elasmae is”the ion wavevinstabiliﬁy induced by different
Darametric‘processes.w It is well establlshed that 1oﬁ wixes/can'be

ex01ted via stlmulated Brlllquln 1nstab111ty in the unflerdense plasma

and the e-1 decay and 0301llat1ng two stream 1nstab111t1es near tbe

critical density. Because of the small value of k for ion fluctuatlons_

induced by the Brlllou1n instability, the enhancement in cla551ca1 ab-

orptlon is of no 1mportance. Thls will be explalned Ain a later section.

’

On the other hand very 11tt1e attentlon has been paid to other parametrlc

instabilities which can excitp ion waves in underdense plasmas and,
e ‘ b

particularly, for kAD v 0(1) (where‘Ab isrthe Debye length). In the

o : .
next section the importance of parametric instabilities in generating
Vi * . ! o .

ion turbulence will be studied in>more detail.

. i - . -
. : :
- . . " T ' . -
9 3 o . .
o . . .
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2.2 1Ion Waves Induced by Parametric P;oéégg%s

2.2.1 Introduction.
Parametric processes refer to the'non;inear coé@ﬁﬁngs of the
electromagnetic wave with\the natural wave modes én the blasma. These

mbdés subsequéntly grow at the expense of the driying elecﬁromagnetic

- field which is - called the pump. Such'processes cah only occur when the

pump intensity exceeds a threshold value. To simply piblaln how the

parametric instabi}ity takes placg, assun the plasya is driven by a
field (of a fihiﬁe amplitude) which oscillates at a frequency Wy o If
the plasﬁa Has an oscillating méde at a frequency w (the initial
amblitude of whiéh méy be as low as the noise level) which can Eouple

to the pump at wy then these two osc1llatlons will beat together to

~ produce sideband modes at frequencies v, = wo % w. If the dlfference

ra

frequency w_ happens to be another 1 gﬁtly damped mode of the plasma,

it will beat with wy at W= Wy - w_ /and w' o= w, + w . Thus tﬁe mode:
at w is enhanced and w1ll beat more strongly with wq o give ‘a stronger
w_ mode. It. should be born in mlnd that for conservatlon ofuboth energy -
and momentum (assuming the'pump as a quantum belng_converted>1nto gquanta
of other modes) it is required that the following conditions must be

satisfied

Wy =Wt w , ke =k+tk o7 ‘ (2.1)

. In laser plasma interactions the laser light acts as a trans-

’

verse électromagnetic wave pump (t). The excited mode in this case

-

may be another transverse mode (t'), a 1ongitudinal‘Langmuir electron

wave () or an ion sound wave (8). The possible mode couplings are:
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t > t+8 "Pérametric" Instgbility .
t >t +s Stimulated Brillodin Scattering

t > t"+.Q Stimulated Raman Scattering

;\; 2+ 8 Two Plasmoﬁ Instability .

In parametrie and @wo-pléémon insiabiliﬁies laser light energy can be
absorbed efficiently under certain conditions. On the other hand, in

stimulated Raman and Brillouin scattefing part of the laser energy

m

will be lost in the form of sideband electromagnetic waves (¢'). The

loss is more pronounced 1in Brillouin scattering simply because the

jon wave mode involved in this process takes up only a small fraction

of the laser energy. ) : S S
. .

Since we are merely concerned with parametric processes which

ci%;gxcite low fregquency ion modes, it will be assumed that the high

frequency electromagnetic puhp (X, ,wo) decays into a low frequency

I+

ion mode (k,w) and two high frequency waves (?t = k+ky, w, = WoE Wy

The sideband modes (E; ;w;), which are generated through a nonlinear
coupling between the low frequency pérturbation (%,w) and the pump wave,
will interact in turn with the pump wave and therefore .create a pondero-

motive\force'which reacts back with the (E}w) mode. According to Drake,

et al. 15|, the pondéromotive force is given by

2

7 . L _(E .F IF E : >
By * it (EByyE_*E,_ E), = (2.2)

—_

wheref0+ :‘Eo(fwo b2k ) refer to the components of %ii;gggp\iiii7ric

field énd.E+ refer to the sideband waves' electric field.

The derivation of the generalized dispersion relation is based on

the insertion of Eqn.(2,2) into the Maxwell-Vlasov equations of)thev

&



%

plasma |16,17]. This dispersion relation for (wo/wpe) >> 1 and

KXo << 1 is givén by

o2 _ 2
1 ] ’?f— X Uol (/’ . Uo)
X, (%, (kw41 | k2D k22¢
— - 2 - 4
,k+ X ”o, (k s vy)
+ = ’ (2-3)

-2 ;2.2
<D, RIWLES

4
Wwhere Xo and X; are the usual electron and ion susceptibilities

lefined for .a Maxwellian plasma by

= T 1 W w t
X '(krw) =7 1+Z< AL ’
2,7 ) b 1,242 v CARY
e,1 K AD 7 e,1
. dx - 2 . '
. 7 (- L fn__ﬁp_(il - 5
‘-’(d) = -: - ,« (4-4)
E ¥ ’
where p are electron and ion thermal speeds, An is the Debye length,
. t s i R
wzé :
Vo = eFo/ro, , g, =1 - 2< and D, = e?k? + 2 e kge? ¥ Wow - w2,
-— wi . — o .

The % x vy terms in Zgn. (2.3) arise from the electromagnetic, components
of the sideband modes and the Ko * Vg terms fram the electrostatic

components. Inspection of Eqn. (2.3) reveals the following:

]

i) The Eo'.;o terms will be predominant only near the critical plasma

S
R ] ) . . » - .
Vo) which is of no interest in %his

or W =

= 0,the permittivity €, # 0 and the ko * Dy ‘terms (the

electrostatic terms) in the equation are nonresonant and therefore

negligible. In this case, the high frequency sidebands are pre-

’

& :
dominantly electromagnetic and the problem is essentially that of.

13
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stimulated scattering where the pump wave excites an electrostatic wave

and an electromagnetic wave at a shifted frequency. f we limit

~ ourselves to the case where the electrostatic mode is an ion mode

(w <<wy) then w, = wo and k, » £y ~ 0 and Egn. (2.3) can be reduced

[%

to the form ,

122
E(:(,L])D+(k,w)D_(k,-w) = 7 X (7\,J)}1+<L(7/,U)E X
'
D, (k,w) + D_(k,w)| , (2.5)
where € is the plasma dielectric constant (= 1tx,txp)e
Equation (2.5) describes stimulated 3rilleuin scattering
v o . P
{SBS) and filamentation {a purely growing mode, i.e., Real w = J, i

oécurs when D and D_ are: comparable).

2.2.1 ‘Numerical solutions of the Drake dispersion relation.

The numerical technique used for the solution of the Drake disper-

sion relation as given by Eqn. (2.5) is discussed in Appendix A. Results

showing the dependéhce of both the growth rate v.and the real frequency
| o ; ‘

component W (where wy = Wy + 7y) of the ion wave instability in an

oxygen plasma (2 = 6, Ti = Te = 100 eVy) on k/kD', with n/@c and vo/ue

taken as parameters are given in Figs.2.2-2.5(where %

oz l/}D). IAs

shown in the figures results are plotted for three different angles €

where 8 is the angle bétweehAE:and E, (where 8 = 0, 45 and a0° correspond

respectively to Brillouin backscatter{ng, Brillouin side-scattering

and filamentation).

According to Fig. 2.2 (n/nc = 0.5, Vo/V, = 2) for & < 90° there
are narrow regions of k/kD where vy and wy, are approximately of the same

order and within which the maximum growth rates are located. For

Bald
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smaller values of k, le€s, to the left of these maxima v drops to zer-
rapidly while Wp decreases slowly before it approaches a constant value.

To the right of the ﬁaxima Wy drops faster than y and the mode ETCW3 ‘
almost‘purely (wR = 0) fqr certain ranges of k/kD . The gfowth rate
decreases slowly over an order of magnitude range as G‘increases from

oA

Od to 90°. The instability covers a small range of k/?b (v 2 to 0,273

whereas the filamentation alone covers the range 0 ¢ k/?b < 0.0z,

This rangé of k/kD has no significant role in enhancing. absorption,
Figures 2.3 and 2.4 are similar to Fig. 2.2 but with ﬁ/nc = 0.75

and 0.25 respectively, It is clear from these figu?es that the k/kg
range of the ion fluctuations induced by 3BS increaéég with density, whil%
the k/kD.range of the ion fluctuations induced by filamentation stays
constant. In addition, the growth rate of the most highly excited node
of Brillouin scattering remains fairly constant in the range
0.2 < rz/nc < 0.75, while for filamentation:the growth rate increases
‘slowly with density,
Figure 2.5 is simiiar to Fig. 2.2 except u°/ve was reducéd to 1.
This figure shows, in addition to the reduction in the growtn rate,
shorter ranges of k/kD for each individual angle with the most hiéhl;
éxcited modes remaining at the same k/kD . |
It»was also found from the solution of Zgn. (2.5) that both tre
Brillouin scattering and filamentation were insensitive to thne temper-
ature ratio, at least in the range 0.25 < Tﬂ/Té X 4. Furthernore,
these instabilities have Uo/ve thresholds of order 0.1 for the lowest
threshold excited modes for n/nc = 0.5. This threshold value is
quite low and is equivalent to a 002 laser intensity of ~ 2., x

*

1010 /em2.
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As was pointed out’ 2arlisr and no 4ined ir

1bove instabilities (335 and filamentation) -ccur in *ne »)

region which is »f no interest for absorptionm. However, these ingtaa

o]
[
-
bt

iti#»s may be important in explaining the seneral ion f£luctuatine

[ e ™ - o . 5 3 — - . q < 1 PR
Jedew Uffaresonance >scillating tws 3tream and parame ri2 deesgy
ns* . .

Cther parametric instabilities, whi . wvolve Ion modes and may

cceur [n the suberitical density region, v = oscillating *wo s*threan

{2T2) and +he varametric (ele“tron-icn) decay 'P7T) off-resonance instaro

o

ilitiss. In <hese

imilar - the usual 27S ans ©0

[

nstatilities,

pae
[0}

ities, the pump decays in*o ion wave (wi<n W5 = 3 In tne rase

il 3 2 e Tk s AT o [ ,
of 2T8) ani elsctron wave. -rnfortunately, for %the parameters v, <
“‘ ﬁ/e
v “uy
., - \ : , I y ~ " - -~ - L :
Yoy TAn (1} and a cump strength Jo/ae (1), the gzeneral iispersin
Tatian A7 + a7 g : b
relation of 2rake et al, (2.3) i3 not valid, icwever, ancther aprrcach

carried out by Silin [17] and Sarmartin 13|, Althoucgh *he zolution ‘s
-~

trary pump strength and a wids range of #/%~. Trhe gereral iispersisn
pumr g D g , I

unnagnetized plasma, derived from Vlasov-Poisson ecuations izinz

fourier and Laplace transformations, is given oy !18{
r2 .
0|2, T (1.1 -
1+ Xslm™t L 5=+ . =, (2.6)
. [ o) R o ] ’r_‘—’?v
R A J ]
Vnere D& = 1+ (ﬂ (¥ stands for < or e),
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, (2.7)

142 7 o N VN
fgg ( L (BFaO/Au@)dua

L’,z J b)-jwo-zoog
a

where qu iz the zero order velocity distribution function of the particl»

N, u;a = (Awqéna/mu) and q, and "y are the a particle charge and density .

respectively. In Eqn. (2.7) the particle velocity D in the distribu-

tion function has been transformed to u = v + wosa cos Wot with

S qlEo/mlw% . The argument of the Bessel function J in (2.9) is
, ( ( 2

209 . F

k-eﬁ = X cos O where 6 is the angle defined before.
- m w2
e 0

Equation (2.6) was previously analyzed by many authors |17-19]
and its solution for unstable ion modes in the underdense plasm; was
obtained for certain conditions. For a more general case and for
conditions of relevance to our experiment,. Egn. (2.6) has been solved

numerically (Appendix &) for different values of the parameters (k/k

o)
(n/nc), (uo/ue), (Ti/Te) and cos Q.

The solution of Egn. (2.6) as i1lustrated in Figs. 2.6-2.10
indiéates that an unstable ion wave can bg excited for n/nc 2 0.5
and k/kD‘f 0.5. These figures also reveal the existence of two types
~f ion waves, the off-resonance PD and OTS. As can be seen in these
figures,at low densities (0.5 < n/né <‘O.7) only PD off-resonance can
be excited. However;:at n/nc ~n 0.7 the 0TS off-resonance starts to
take place and then dominates at higher deﬁsities (Fig. 2.10). Tne
thresholds of the most easily excited modes of these instabilities vary
between uo/ve ~ 0.02 to n 1.1, depending on the density region
(Fig. 2.11). These thresholds are considered low and could be easily

achieved in our experiment. Figure 2.11 2lso shows that the off-

resonance PD instability has a lower threshold than the 0TS instability.
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The range of k for which these instabilities can. be excited varies with
the pump strength vo/ve as indicated in Fig. 2.12 for n/nc = 0.8.
The growth rates of the PD and OTS off-resonance as well as the fre-

quency, of the ion acoustic mode (in the PD) as a function of the angle
e . .

i d .
foa

8 aré&shown in Fig. 2.13. Similar dependence is expected with respect
to vo/ve‘since both cos 6 and vo/ve enter fgn. (2.6) through the
argument of the Bessel function only. The angular frequency of the ion
waves generaped’from the PD instability varies quite significahtly with
.%VkD (Fig. R.14). The peak oﬁ the frequency occurs very close to.the
most unstable,k mode. -

It is clear from Figs. 2.6 to 2.10 that the growth rates of the
'PD and 0TS bff-resonanqe instabilities are quite high‘for vo/ve v o0(1),
particularly for densities ;lose to n, o which makes one wonder about
the possible mechapigps for saturating these instabilities. However,
before discussing ?ossible‘saturation mechanisms, it snould be
emphasized here that the above discussién is only valid for homo-

geneous plasmas. Inhomogeneity of the plasma could severely increass

the thresholds and reduce the growth rates.

2.2,3 Saturation of ion waves.
Numerical simulations and theory indicate that tne ion wave
instability may be stabilized by ion trapping |20-22|. According “o
. B
this nonlinear mechanism an jion will be trapped in the electrostatic
potential & of the ion wave as the wave grows and stadilization
only occurs when a large number of ions are trapped. The lon *rapring

velocity v

[¢2)

i is given (assuming a waterbag distribution function for tn

ions) by |23]

28
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v, = Up - /?vi , (2.8)

where vp is the phase velocity of the wave and Ui is the ion thermal >"
velocity. The energy that the wave loses to the trapped particle is

then given by

! - Ak Mm2 - % f 2
ed = 4 il = évap -/3v. | (2.9)
y
Substituting for v_ (using the ion disperéion relation), V. and
ed(= I n/in) Eqn. (2.9) takes the following form
n 2+ /T, % | 3 i
b - (37/7,) . (2.10)
1+ k2N ~

Zguation (2.10) sets the upper limit for the density fluctuation when

saturation occurs, For T, =T , kXD = 0.5 and 2 = 6 (for oxygen
- ~ 1 4

plasma), Sn/n v 0.2.

Humerical simulaticns !21,22‘ show that saturation tax

D

s place

v

in a very short time (wne > 2200) while ion heating is still sceourrine,

- q e - . 19, =3y 4, . .
For a plasma witn # = 2.5 (where n_ = 10 ®ecn”’) the saturation tine

164 16

’

Zlectron heating could be another mecharnism for saturating “he

PD and OTS off-resonance instabilities. Although the temperature ratio

T;/Te hat a very limited effect on the growth rates of these insta-
: g2

bilities as illustrated in Fig. 2.15, neating of slectrons to nigh *emp-
g 2 = T

sratures, on tne oither hand, will decrease ﬁo/vo » pOsSsibly below

the instability threshold. - - -

m
L

ne PD off-resonance may also be stabilized oy narmonic

generation where couvnling of the form

1

ot

~
N

H
Py
I

1
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nas been confirmed theoretically and by simulation [24!

34

- ' —~ - Ay
may take place (where 1 and 2 refer to two- unstable ion modes and 3 to
a new ion wave), Saturation occurs in this process when the new wave
is heavily damped. It should be pointed out that the general dispersion
relation of Sanmartin predicts the existence of stable ion modes with a2
wide range of k and w (Fig, 2.14). These stable modes could be a product
of wave couplings described above. Recently, the importance of narmonic

Zeneration as a, saturation mechanism for PD »ff-resonance instacilify

A

2.3 Apsorption Due to Ion Turbulence

~

Jentral to the problem of heating plasmas to temperatures of

interest for fusion by means of lasers is “he absorption of radiation.

T tor 1) = + ~ ¥ 14 1 S spgla 0 i
nacter 1. Tor tne case o5f a linear density urofile o scale lanzin
i - < +~n ~ rred frgeti £ Pkt 3 >Svre e RN
- an — L - e 3080orled Traction ol Li1gaght 153 given o [
| 32 1
A9 ! Je HC r/ W fa e
A = L = eXpl~ T=(v_. o/e)y NP
! LH e ‘
s
- 3 -~ o .y e - ~ -
wrere L. 1z the slsciron-icn collision freguenty 2t critical Zensity, ,
=L
- 2 { > 1Y 2 = - PR ~ + - -
Zguation (2,10, indicates tnat in crder to nave strong absorriion, 4 snort
2 ’ ie Y
= -~ " -~ A o3 2 ~ = N RO - < -
wave,engin laser 15 prefsrred simply Pecauss w_ox 1 100 ani: Tne
- - = o -
-
~a3ma 2onditions 7usT o osuocn thavt botn oo oand v 2re 3ulficien=l




In addition to inverse bremsstrahlung abgsorption, 1light can
also be absorbed via wave-particle interactions. Such a process may
occur when high intensity radiation excites plasma waves, which, in

turn, transfer their energy to the particles by damping., Trn +his cage
: f
) e ‘ .
Eqn. (2.11) will be approximately valid but with Vo Teplaced by the

=ffective damping rate of the effective collision frequency Voaa e oan
. “.;_/_

=xample of this process, which is of relevence *- 45 and will be
liscussed nere, is the absorption due to ion turbulence,

The effect of ion turbulence on absorption was Tirs® iiscusssi

by Dawson and Oberman [26] and subse uently by Faenl 4ni Kryer |37,
J q J OB
It is necessary, in order to understand absorption via fon turbtulence,

%o briefly review the theory that was given by

)

A sinmple interpretation can be obtained oy cenzider

. o et -
fumr leld of the form Tp cos wet propagating in a plasma wnose

~ S+ < o
Itnsity o is
= 2 s T .= f~
n=ng+ I S, cos T.ex . .
. % -
il
22'_} K¢ '):
R bl 4+ -~ 2" i “+ —_ ————————. oy 2
AS tha 2l=2ctrons oscilliate Wltn veloeity 0 o= - ~ o rertwasn ey
<9
fod -~ - o o + al -~ . _ e, Palet
and nigh-density regions a source “orm o34 SoRensizy Tlie-
;
+ = 4
“uations 7 _(x,¢) is produced
2 !
— _— - B .
i - ¥e. \ 2 = 3 " - N
n (x,%; = (xtry) - () = Py TN C.
o
houd . +
2&0 Co3 Wyt
- 1A PR 5 A
s ——— NNE. - o ST~ A 1l
Wasrs ry, + <08 sSeil-consistent fial3 TesuLting Irom o tiis
32
SeUree Serm 13 ziven by Polssons! eguation wrosa Touriser fransfors ii
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] P
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The epergy transferved to the plasma via this field is

Wo= - fI-E'dtdSE , (2.15)
J

~

in which the current density J is given by the continuity equation

7ed - edn (T,5)/3t = 0. By takingthe Fourier transform of Eqn. (2.15)
2 )

and substituting Eqn. (2.14) for E(k,w) we obtain

/22 — N 1 _ 2 )
Voo —te— ," al'dvi In —= l n(‘(k,w)) , (2..¢)
(am)® 4 2 ey T

wner2 the imaginary term is used for a real energy. The time averaged

sower per unit volume transferred to the plasma can be obtained by

1)

ubstituting 7 (%,w) (by Fourier transforming Zqun. (2.13)) into
p .
Zqn. [2.16), tnen integrating with respect to % and taxing the deriva-

“ive with respect to w. This gives

,
Wo _‘;B _ ](671:}1:)2 1 \

P== gz - N In — cos“2, , (2.17)
DR o) e (% ,w) 7

-

is the angle betwesn X. and

Gy
o

whare o is +he critical density and ei

2

2

3

ne affective collision frequency is then calculated from the

. . -2 4 as
znarzy calance equation P o= u  (E,/87), yielding
- ‘ ef]
- 2
Yo Mg 1
gV e = T T { } I’n( } cos®5. . (2.18)
. S e & (k,w)) -
T we 25sume an ian turbulence wnich is troad in angle and extends
yor
aver a.regzisn of avenuncevs, then the average =ffecti#? collision
freguancy can be writfsn in the form
70 lz
W
NAR 1
J aa T T T! < Inm — y (2.19)
e, ~ (T, 0w
e, AL, ,Wy
Nners U oi3 the mean dersity Sfluctua*ion and tne trackets denotz an



average over bhe range of wavenumbers. In order to estimate Voo b

. 1 . N .
function - [ raveraged over a uniform spectrum of fon luctna-

e(k.,w

( 7/’ O)

tions between k/kD = 0,1 and k/*u = 1 was plotted and 15 shown in

Fig. 2.16 as a function of density for a Maxwellian oxygen plasma. Ac

1

shown in Fig., 2,16, the function « Im ————0 - i3 significant near
) sl

&(7\2 7(*)0)
n/nc = 0.8. At this density and for plasma conditions Tc = 100 =Y,

z = 6 and An/nc = 0.1, the effective collision frequency Voo 3V,
(&2

o J

(where ch is the classical inverse bremsstrahlung collision frequency).

For higher temperatures and low 2z,

Bse of the fluctuations. As
we nave discussed earlier ion fluctuations can be generated by
varametric processes in the presence of a strong electromagnetic punp.
The presence of such 4 pump could by itself modify the plasma dis-
persion function and thus the,COllisiqn fréquency. The offect of a
high frequency electromagnetic field on electron collisionality was
considered recently by Rozmus et al. |27| for a stable plasma. 4n

approximate expression for Ve{f is given by
‘ v J

1 7 _ _ F.(u.)
% x?/wo = _[_g)8nze { d: (k+E,) ( du. L .
eJ \ﬂc) EZ ) (2?)3 J 7 !F(:\_',Z‘Z—{”) '2
* ST g X;J(zzzla%)
I > 2.2
;J_ B e g S s S (2.20)
JJ D (k,keu.)D (k,keu.)

where F(k,k-a;) is the general dispersion function given by Zgn, (

i}
o

and the remaining terms are as defined previously.
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atoms in these regions were ionized to the degree z = & then tuis wil

¥

The hydrodynamic calculations »f Giles |2] showed that at . mm above

the nozzle (where the laser beam was focused) the jet consisted !

high density region (v 1.5x10!8 molecule/eom3) located betwaen an i

low density region (v 2.2x10'7 molecule/em’®) and an outer low lenct

£~

region (v 6.5 x10'7 molecule/em®). If it is assumed that all +“he nxyren

[ N ) .
lead to the formation of a nonuniform eleciron iensity fistricution

(between 1.75 n, and D.QO'HC). This nonunifornity, nowaver, 1z verys

transient because of heating and subsequent
. ]
Many unique features of the zas targe

solid target.
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of these types of Jetectors are the Rofindphoton drapy model 7400

(v 1 ns risetime and responsivity of 0.9 pvw inbo 50 @ resisbor)
or its duplicate homemade detector. For weaker signals such an bhe
2w and 3/2wy harmonics and stimulated Bruillouin scatboring (ﬁHS),
A liquid nitrogen cooled, gold doped germanium (Ge:Au) photo-
deﬁec£or (v 1 ng risetime and responsivity of/h 0.2 V/ W into

500 at A v 10 1) was used. In both cases the output was amp-

1ified by Avantek preamplifiers (1.7 ns risetime and 30-40 4B
gain). For even faster response cetection a pyroelectric detector

(v 100 ps risetime and responsivity of v 5 W/ W into 50 20) directly
Y

)

coupled to a Tektonix 7104 #scilloscope (1 GHz) was used.

The laser output energy was measured with a pyroelectric thermal

letector (Gen-Tec TD-200) which has a time response of 5 ms and a known

. . ~ .« . ' - .2 -
responsivity of 5 volts per joule into a 1 megohm resistance. The

rower was then determined from [P(#£)d¢ = E, where P(£) is the instant-
’ ‘ "
s
neous powsr and & is the total energy. This&gllowed many vower d=tectors
U‘ ”m
to ove calibrated by simultaneously monitoring *he cower and energy

-

ng 4aCl etalons of known reflectivity and Mylar of different think-

~ness for attenuation.

As was.mentioned before, an NaCl window was mounted ta +he
chamber in such a way that normal incidence of the laser beam was

avoided. This arrangement nct only prevented damaging the laser optics

cut it also made the simultaneous measurements of both the S38 back-
scatiering and the incident radiation possible (Fig. 3.3).
The 325, transmitted and incident radiation signals were ;

1

ely synchronizsd by carefully measuring the notical patns and

adiusting the cable lengths so that any of these signals could bte us=d
25 2 reference for timing other signals.



3.3.2 Electron temperature'(Te).

The electron temperature wag measured using the x-ray fcil =2

sorption method. b?o apply.this technique *he x:réy spectrur was assumel
to be dominated by free—ffeg brémsstrahlung radiatior & 1m i
aﬁd‘line radiation must be very small). ‘TL%s is true for a single
species plasna with ne ippuritiss presenT anl ITT TEMDETATUTS i\ TR
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scattering ‘regime, 2 >> 4, VU can oe relatec to. the pnase

—
in freguency ty W where -
DoE Wy - W = e
9 a N .
an_d - & L T
- — -
o= - L.
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. L , *
ror small freguency shifts, »go = «_ and tne wave numi oer “
: T s
- / j
approxizated Ty .
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. / sz g osig t o
» 3 B L
i s R -
ience, 2.13/ 7an te rewritien as
2
- sW= oV -51in 5 ,

: W Vesin T . '
{ Y &} <
1 s
. L% » x
wrnere ), is.7he wavelength of %he incidenl wave, '
’ PR AR T ‘ : A
In the individual ccatiering reg me,. 4 << L, v rep
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ty
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the electrqgns and.these fluctualions move with(the charactsristic #on
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was made in two- different ways: =either by scanning the Parkih-Flner
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monoehomator at v 10 A intervals, or by using a C.25 n Jarrel-Ash

morochronator with a 1180 lines/mm grating to give a full spectral

« - B g - v

A 0 . 0 , * . “,r ;
scan of v 1500 A on the OMA (v 3 A per channel). It is 5% this
latter case tha£ a Kerr shutter was used. v L .
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intersection 1imensions of the focused ruby laser, the 70, laser, ani
. the collecting optics - the latter being limited by ° iris

gsize ‘in front of the photomultiplier; ‘the ruby. 1ight intensity’ was
I S ¥ , ¥
\ o

determined by measuring the ruby laser power, énergy and spatial

<

distribution with a- pinhole and long focal length lens; the solid

angle was determined from the f number of the gollecting lens; the
/.! I3 »&‘ R - )
electfen plasma density was measured with Fresnel's bimirror

-
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OUAPTER :
SEPURIMENTAL RESULTS AND pIoCUSSION
wel Intreoduction
v
Inohnis ennpter tie regulos of various lager mlgama intoara

1rtion experiments are presented., Plasna parameters

Tennerature and density as well as the

clasma interaction are first discussed. In laber secbions the

»f the Thomson scattering experiment are given.

i

Temporal characterigtics of rlasma formation are shown

s

zeneral Dehaviour nf +ra Jaoer

SUCn agn e lectren

fide wese rlvure f.la shows the 00, laser power “ransmitted (as
2ollected with an £/2 lens and detected by photon dragzg) I+ c
p 3 1 1 e o E fotsvecte 'Y a pnroTor 1 '1::4, . LT can e
. .
seen from the figure that cas breakdown occurs aporoximat ly 1n-1% ns
velorns tne peax of incident €O laser beam is reached. In the preak-

aporoaches a noise levyel

As can be seen in

.
3

tne transiont phase of stimulated . Brillouin backscattering takes

laser plidha intgradtion. This"

i

6]

regardless of the fluctuation in

The measursed 223 level was a roximabelis

overating laser intensity of 5 x 10'2W/em?. In a

followed by target burn through and refraction domina®ion (nct seen
. .

¢ T

in the f%gure because 1%t takes place ocutside the > of the

79
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General behaviout of the COé laser plasmd interaction;b
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¢) Thomson scattering signal.
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. .
' forward transmission). ,Throughout these egperiments the 3BS signal ‘o

. . . P
B .o B - . .
. " ‘ i3 N . ! )
. A ' 1.

was used as a eference for timing ourooses simply because: of being N

jstrong, fast and well characterized (details of the SBS instablllty

-

~

generated in tbe oresent exoerlmenu can be found in ‘i‘ and Iil).

Finally, Fig. 4 1c shows a tyolcal ThOMSon sc?tterlng 51gna1 f”or ion L
fluctugtions (recosQed by a photomultipller), the characteristics of

wnich will be discussé@ later in this chapter. ‘ ) .-
, ) : A

sults from x-ray measurenents ﬂndlcate a single ELPCt”OF
. \

\

témperature of 100 * 20 eV (Fig. 3.2())aét.focusea":"31 ;ase“'lntensi V.
This is quite differen£’from those rgport;d in‘¥1{ where two
Maxwellian electron_ temperatures we;e &dentified at Vv 160 eV and.
A keV,' The absénce of the hot; electron component in the present

Pt

experinent may bé due to the nany vnanges in 1aser plasra interaction

ébnditions such asjlower/electron plasma density and reduced laser

— ;

intensity level comoared to ‘the earllpr work, *hough the vrecise - '

-
r

reasons are not undGRStOOd- The absence of the critical den51gy
layer {as will be seen jater) eliminated the role of many mgchanisns

resvonsible for producing-engrgetic elsctrons such as two stream
, ) ’ . . : N ' )
instability and e-i decay instability at critical and resonance

absorption.’ !
\ ‘ L.

Since the x-ray detection risetime was .3 ns, tempdral evolu-

_ticn of the x-ray, emission could not be exanmined in detail./ However

'

a pulse duration of < 20 ns was observed in all the x-ray méasurements.
. . 1 ) ) 3 . 5 ‘ T~
This was Qucn‘less than the CO laser pulse duration and could ce

related to the lo q(ien31uy Dlasna that results at a later time due to
/ . .
plasma’ expansion.. ’ ' l
: .

K
£
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Direct measurement of ion temperature in this experiment was

o . .
not possible. This is because Faraday cups and electrostatic ion
‘ | . © N ‘
-l :
environment (< 10 ’torr) and there-

analyzers require a low EreSSUre
. - g

fore could not be used in our experiment since we were operating with.,
a 10 torr helium background (neéessary to stabilize the oxygen Jet).

Optical spectroscoéy also was not possible since, for a high degree

'

of ionization, most of the oxygen lines are in the x-ray region.

on the other hand, would poténtially bteran’

- -

Thomson scattering,

" excellent technique for measuring the ion temperature if scattering

from thermal plasma’flectuations could be observed. But because the

~

measured Thomson scattering spectra were dominated by enhanced scat-

’

“tering from nonthermal ien fluctations, isolation of the thermal

component from the nonthermal one was again impossible. However, the

-

ion temverature was roughly estimated from enhanced Thomson scat-

tering of the nonthermal ion fluctuations as will be discussed later.

g i I
’

"The other very important parameter to be determined acédiatély

is the plasma electron density. Unfortunately, due to a number of

changes in the operating conditions of the CO
\\? N

action, varticularly focused laser condgtions,(a new focusing mirror
- ) ] S

> laser plasma inter-

- . ,
£ . K
with larger aberrations waj) used), different regimes were observed

#os
.. {

and therefore must be dealt with separately. Thus, according teo the

density regime prevailing during different periods in the thesis

research, two cases will be considered for analysis (Case I and

~

Case II). :
In discussing the vlasma density taroughout these analyses, we

.
.

“will refer to Fig. 4.2 where a schematic diagram of the sxperiment is

stown. In this fizure it is assumed that the CO2 laser light is



Fig. 4.2 Schematlc diagram of the Thomson scatterlng experiment; 1

¥

wy ‘ o a) Wave vectors at the incident, scattered and ion waves,
‘z{ b) Intersection of the CO, laser beam, erv laser beam and
& : the collected light. , o

>



g
oropagating in the
dlilptlon. Béoause
den31ty was assumed
The Abel transform
féfograms in order
at dlfferent axial
highest density for

gﬁ?o,,a period of " 8
exfansion. |
J N
' Figures A 3-
density in Case I.
gran of the plasma’
radius of the .plasm
The radius then inc
rplatlon R = 100 +
be seen in the fi
then d/gays sharpl
.Flgure Led sQus th
axial distance Z.
linear and the plas

equal to 9.8 e I

clasma was found to

. A >

X-direction and the 05 gas is flowing in the Y-

a symmetric 002 laser beam was used, the plasma

cyllndraoally symmetric (i e., in the X- Y plane).
could thereglre be uaed to 1nvert plasma 1nter-\
to obtaln the radlal electron density profxles
positions in the plasna. Following SBS, the

both cases (I and II) is reached‘and maintained

ns. The density then decays due to Pydrodynamlc

»

i

be5 illustrate/fﬁe benavlour of the electron

Flg&;@i& 3 shows a typlqal\ngfolded 1nterfero—
density v 3 ns after the start)of SBS. The
a spot size at the leadlng edge is v 100 um.
reases almost llnearly with 2 according to the
0.57 where both R and 2 are in um . ' As can
re, the plasma density is maximum at r = 0 and

towards zero at the. plasra edge (r = R).

e variation of the peak density (r = 0) with the

According to the figure, this variation is almosﬂ'

ma density at the focal point is approximately
n this early stage of the plasma formation, the

extend ~ 0.3 nm in the axial direction with a

dz o . o
scale length L = o m of 200 * 30 um at tne'fooal point. At a later

time (t > 8 ns) the

‘volume (Fige 4.5) W

plasra density decreased and occupied a larger

ith L 2 800 um and n = 0.25:m, at thé focal point.

/
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0.0
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Radlus(/im) |

Fig- [&03

Unfolded 1nterferogram of the plasma dens1ty of Case I’ at
v 3 ns. after the start of SBS
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Fib. 4.4 Variation of the peak density (r=0) with the axial distance

Z at 3 nS\afigz\EEi\ftart of SBS for Case I.
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Fig. 4.5

| Wi L L L S
0O 100 200 300 400
' Radius(km)

Unfolded ihterferogram of the plasma' density of Case I
at v 10 ns after the start of SBS,

. 87




Figures (.0 and 4.7 show the measufad plasma ddnsity profiles

for Case II at a time 2 - 8 nsg after the atart of 5B3. In comparisnsn

with the previoug figﬁres, it can be seen that the dengity is general;y

lover than in Case I (v 0.7 n, at the‘focusf with larger axial
extension (0.8 - 1 mm with [ = 450 ¢ 50 um). Similar benaviour %o
~that shown iﬁ Flg. 4.5 (for Case I) was observed at a later tine,

t > 2 ne for Case II.

It should be mentioned that although the change in the focused
laser conditions affected the plasma density, no significant crange
was seen in the electron plasma temperature (tazing into accoﬁnt the
207 error assoéiated,with the x-ray results). The temvoral evolution
of the electron temperature might not have been identical for Case I n
and Case II, however, the time intégrated X-ray measurements did not
show any difference. : _ \

Thomson scattering results and iqn turbulence measurenents
obtained in Case I;yill‘be presented in Section 4.2, while those

results obtained in Case II will be discussed later in Section 4.3,

4.2 TIon Turbulence and Absofption

4.2.1 Laser light absorption in 002 laser plasma interaction.

Q&t has beeﬁ shown in an experiment very similar to the'present
_one |1,3] that inverse premsstréhlung aEsorptiog cénnoﬁ fully account
for the nominal 100% absorption observed. With a scale length as
small as lOO un and with the ex1stence of a c*‘ltlca1 den51ty layer tre
fractlon of light which should be absoroed is only 40% (gs calculated

+

from Zgn. {2.10)), assuming a linear density profile.’ Similarly, we

88
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| Radius(um)

Fig. 4.6 Unfolded interferogram of the plasma density of Case II
at v 3 ns after the start of SBS.
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9]
can oeatimate *he frastion of tne incident light Feing atsorbel by
e ipverse tremastraliung mechaniam in the preéent axperiment,  Sinece
“ar. C.17Y is only valil foroa linear ie’*nfx’" profiin reaching

¢ritical density, it cannot be used to estimate the fraction of the

a.goroed 1ight in the hresent experiment (1 <n ). However, tne

O
vy
\
.
.
a
2,

Tormula of Cawson, et al, {4 can still be applied: .

v

—f‘m

/ \
Sopm = N s . Lweas) |

“

e e ; e P
vousing whe measured 1lensity profile

.
b - . . KR - —~ 1A - - / -
rlasma ~emperature over %ne antire region (with c, = 1uU =71, Zarn., (L.1)

R R 2 i
. \ . . ~ Y y ;80 4 1 oo
2an Then be integrated numerically to givé an absorted fraciion 4 < 0. .
N » . [
.. a o . . :
s . . : . o : ~yeld o
£T 3nfuLL e nolad, acwaver, that in calculating the collision fres
.
. ~ - - - + . 7. P 3 3
3iendy - ., ne narge state was taxen to e I = o which 13 “he max-
27 :
S ey - = a2 - e K 2 r 3 S|
Im va.ue 23%imated Uy compAring the neutral oxygen density and the

[ R S A ad by { - " Mhia 4. (R .. y
maximun plasza density (n Z e nn). .nls is consistent witn tne

2 .
2 i + 3 ~ + - B . fasd - s
i-nization sta*te calculated Ssr T = 100 2V '8!, Thus, *he ateove

hi .
LW
.
- ;\ 7 A 1 » 3 - -
3T Iftr - < T Tne absorgiicn is even lower., Therefore, at least 0T 4P

pos

tne Inciden* Ligrht nas to be absorbed Dy a mechanist or nmechanisms

+ 5. +, : 3 + ’
2Lnerl Tnan 1nverse oremssir nlung.

Tor

ot

ne 41

-
(0]
ot
[
12
3

A variety of processes nay account

[47]
¢
o}
D
'3
[\
o}
(¢}
e

tne observed and classical calculated atsorction. Parametric processes



4 hreshold among the possible parametric buatablilitlon,  Coweyer, bi.
OBS seattered power was not more than 10% of the ineidont power,

Ll £
Moreover, the nmomalous absorption and SBS occurred ab i ffarent,
times during the i[]?,t't‘ﬂ(‘,‘t‘i(‘)n (i.e., absorption follows ORA) . Thusg,
while SBS can influence subsequent events by enhancing fluctugtion:,
it cannot account directly for absorption. .

The absence of the critieal density and hiﬂhlﬂnprry elactrong
aliminate resonance absqrption and absorption due to 078 and o<1 decay
instabilities (at critical density) as candidates for the observed
1bsorption, FEqually, the Raman instability cannot crntribute to
1bsorption in the present experiment because of itg higﬁ threshold
"2 1Q13W/Cm2). Moreover, it was sought for but was not detected exper-
imentally. ‘ .

Othér parametric instabiiities such as two-plasmon decay and off-
resonance 0TS and PD may contribute to absorption directly but in a very
‘imited way because of relatively high thresholds (compared“to SEI.

.2.). However, the OTS and PD off-resonance may contribute to absorp-

x

Tion indirectly by generating ion turbulence which, in turn, can enhance

&%)

the absorption s explained in Chapter 2. This mechanism will ‘be dis-

cussed here in light of the experimental data.

L.2.2 Scattering parameters,
To study ion turbulence and its effect in laser light abscrption,
both spectral and temporal behaviour along with the turbulence level of

the ion fluctuations were measured using ruby laser Thomson scattering

techniques (described previously in Chapter 3). The scattered light
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X*prlaﬁe)vor in a plane defined by the ruby laser and'doz“laser,prOpa—
gation directions (E;z in the Y-% plane). This probed the ion fluc-

tﬁation wave vector X perpendicular to £he 002 lasdr light wave vecﬁor

(parallel to the unpolarized electqjc"fiéldﬁof’the CO., laser radiation,

2
i.e., in the X-Y piane) éndmz}'in the Y-Z plane at an ahg;é 90° + 6,/2

with the electric vector Qi’the C0, laser light, Both X and &, are

related to the incident ruby laéer‘wave vector K, throughlthe equation

ki, = kélﬂé - k and the wave numbers are given by
’ ) i .

' ’ . ‘ . . . 1 ] PO . ’
. - . - 5 -
Koo, = 2k, sin 8, ,/2 =1.81 x 10°sin 91,2/2 cm” (4.2)

» ’

\

We will refer to these two casés;(scattefihg'ig the X-Y amnd Y-Z planes)
‘és”Case a and Case b respectively. | -
If we fealize that the plasma qénéityrvaries:fgom 0 -'0;9 n, the
. range of‘kAD will be &ér&_wide (kAD Z 0.224 férle.:fégqi'e.g.).
Howevgr, tpe'scatteripg yolgmé was defined b§'the intérseétioq of the
focused Eﬁby>laéer;‘the.cdz 1asér, and the c011§ctihg :;tics (Eiqu4.2b)
and was approximately‘i50.x 150 x 100 m* a?dund the‘laservfocal point.
’Thefefore, by referring t; Figs.4.3 to:4.5,fth; densityi5f the probed
plasma roughiy rang§d b§tweéh 044 and O.Q.nc. . The cérrespoﬁd;ng
k), and « (for 8 =-60°) Weré‘O.ZZL g‘kkpkf 0.336 ;na B.ng Q 5'4fé.
n'The‘scatteredvlight wap‘detectéd’simultaneously with a photo-
multipli;f fop‘temporal'bghaviouf énd an optical multichannel anélyzer-

monochrémator system for (time integrated) spectral meésurements.

«
4o2.3 Temporal measﬁrements éf ion flucﬁuationsf

| ”Tﬂe power of the scattering signal (récdrded by the phoﬁof
mulfiplier) was- many orders of_maénitude greater than that which would

arigs‘from'scattering from thermal fluctuatidns. A;simpie calculation
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'
o

) . { . i .
shows that refraction of a ruby laser beam caused by electrcn density

gradients cannot account for the enhanced scattering at the observed

angles, This is because_thé defiection angle is small compared to the

,
&~
¥

scattering angles used (220-900). The deflectigg.angle is given by

L ' ‘
Ay = fo t%) §u>§dZ . :~‘ (4.3)

» ' . : .
- where the refractive index p = 1 - Znnez/mwg and-wW, is the ruby laser

7
L

light frequency. By approximating the density n by 0.9 n (1 -0,3),
Lo ‘ Y2

e
where 7 is in mm, Eqn. (4.3) giVés Ao ~ 1077 rad (= 0.057°). This
indicates that simple refréctibn:is'not expected to be important and
that'the observed scattering is due ‘to eﬁhanced'fluctua£ions."In

3

aadition, the féct that no electron features were observed (at large

~, »w shifts such as the scattering'theory predicts for a> 1) deronstrates .

that the enhancement is most likely due to ion fluctuations, Thig
C : /

will be discussed in more detail when spectral resulis are anal&zed.

/
/

ns Lo - /. .
Temporal characteristics of the enhanced Thomson scattering in

relation to the transmitted CO2 laser radiation and strong,étimplated

. /

. _ ; _
: Brillouin backscattering are Shown in Fig. 4.le.  This t%me behaviocur
(although limited by ‘the 3 ns phoﬁomultiplier.risetime) is important in

identifying (a) that the ion turbulence follows rather than occurs

simultaneously with strong parametric interaction such as S3S,
(5) that thq\?uration.of énhanced ion fluctuations (< 10 ns) is
congistent with the observed period of anomalous absorption. The

first‘Observation clearly shows that while subsequent mode coupling

or other plasma transport mechanisms may be' responsibtle for ion

+ ~—turbulence, the fluctuations associated with the prompt SBS could not

‘be directly responsible. Likewjse, two-plasmén decay is coincident

4
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with SBS., PRuby laser scattering from.ion fluctuations induced by SES,

\ R . . & . -~ . ‘ . .
however, did not' show any time delay between the SBS signal and the
\ . :

\

R \
-Thomson scattering\fignal. These observations, together witn the

.
'

density measurements discussed before, indicate that -enhanced ian

fluctuations were generated in a relatively high aensity plasma. This

B - 44)
is supoor*ed by the fact that, on average, the strongest scat te“l

“s

'.J
'Y'l

31vna¢ was obse*ved only when the peak of the incident ruty laser tcox’

_place within 10 ns of the start of SES. 2

Scatterlng in the X-Y plane (Case a) and in,the I-< pladé“

&

(Case o) showed similar behaviour for a 60 scattering angle
same characteridtics were also observed for other anglés,';

X ' 0 i A . , : s
in Case a and 90  in Case Db. Detalls of the temporal sk

i

ion muc*uatlons could not be obtained because of % e L

\

- -
t on o” the photonult 1olwe Be**er 1nformau10n of the

of the ion tu”oulence was obtalned Ty emplov1q5 a st"eax

esults will be discussed in Section Lede:

o+
[P

L
H

..2.." Spectral measurements.

The main goal of thke spectra> measurements was 1o identi

source of the enhanced scattering. In the case of thermal pla
A it

spectra (theoretical) of the scattered light S(k,w) for § = 607 are

shown in Figs. 4.8 and 4.0 forn = 2,8 n_and® = 0.7 respeciively
. e c ) .
»
(for 7. = Te = 100 eV). As can te seen, the central re gion of each

Vspectrum consists pf an ion.feature (s01id) and an erectron feature
(dashed); the intensity of tﬁe ion component Leing amoroxﬂ“a tely an
order of magnitude higher than Tha~ 0of the electron. In addition,
 the electron component hag iwo sidg components located a7 wavelengths

i), where AX is given ©Ty-

95




N

Intensity(arbitrary)

\_AF A —t e i A A

Fig. 4.8

3 + 445 450
Wavelength Shlft(Z\) :

/

Calculated ruby Thomson scattéring spectrum for a thermal
oxygen plasma with\Ti = Te = 100'eV, n = 0.8 N, 2 = é and

= 60° showing the ion component (solid) and the electron

_component (dashed).
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fig. 4.9 Calculated ruby Thomson scattering spectrum for a thermal_

oxygen plasma with Ti = Te = 100 eV, n = 0.4 My 2 = 6

and 6 = 60° showing the ion component (solid) and the
electron component (dashed). ‘
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AN = Xo + — A, ' ’ (4od)

in which X and wWg are the ruby laser wavelength and frequency
respectively and Aw is the frequency of the electron plasma waves

determined approximately from the Bohm-Gross dispersibn relation

sz :,;w2

21312 .
pe(1+3k xD> . (4.5)

Experimentally, only the central parts of the scattered Spectra.
ware observed. Attempts were made to observe any electron plasma wave

0 ‘
components by scanning over t600 A around Ao -(corresponding to .

—

n < 1.5 nc) but were not successful. This indicated tha£‘zﬁére was no

\

significant erihgncement in the.electron feature and that the observed

scattering was mainly due to strong ion fluctuations. For nearly
YR g

thermal plasma the electron wave feature, of course, is very weak for
~ the values of kAD experimentally prdbed and will therefore be buried
in the. bremsstrahlung radiation.

‘Comparison of Figs. 4.8 and 4.9 shows that due to the relatively

small change in the plasmajdensity, only the side components of the

o

electron feature change materially (location and shape). The shape of
the ioq’component, on t%e pther hand, varies s;gnifiqantly with ion
temperatur? and degree of ionization 2 as shown in Fig. 4.10 (for
n=0.8n, and T =100 V oxygen plasma).

Since the measured spectra correspond tb time-integrated
s ttering, precise st uéture is lacking because of‘frequency smearing
2ffects associated with time varying plasma conditions. Nevertheless,

consid;rable informakion can be obtained from these spectra. Spectral

measurements of the scattered ruby light are summarized in Fig. 4.11
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Fig. 4.10 Variation of the ion component (of the ruby Thomson

scattering spectrum) with ion temperature and degree of
ionization for a thergal oxygen plasma with Té,= 100 eV,
n = 0.8 n, and 8 =60". -
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lnténsity (arbitrary)

Fig. 4.11

‘Spectra of scattered bey laser light for 6 = 60° showing
a) and b) unshifted typical spectra (for scattering in the
X-Y plane), c) shifted spectrum for scattering in the z-Y
plane. - '
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for 8 = 60°., The upper two spectra (Case a) show a symmetric behav-
jour with respect to Aq , i.e., 1O discernable Doppler shift due to

a superimposed plasma drift. This is most likely expected for ion
waves (E?,w) propagating perpendicular to the CO2 laser beam. More-
over, the lower spectrum (Casg b) shows a distinct red shift for the
case of f} lying.in the plane containing the ipcident 002 and the ruby
laser beams (Fig. 4.2a). The magnitude and direction of this shift
AN g = -w/we = -(%,,u)/w, implies a motion % in the direction of

propagation of the incident CO2 laser beam of magnitude u = 5 % 10%em/

¢

sec. It should be - p01nted out that Flg. a.llc shows an extrene case

for the maximum shift observed. Qesults such as those seen in Flg.

L.1la and 4.11lb were observed frequently for Case b as well as Case a.

The detailed behaviour depended on the statisticel variation of the
’ L4

plasma conditions and on the timing between the 002 and ruby laser

Ay

"beams.

If we assume that the peak of the enhanced ion spectrum is

m

unchanged from that of a thermal plasma, then we may calculate T. fronm

the following equation ‘71.

2 .
T, = {77 63(——9—%—] - zTe}/B . ‘ (4.6)

gin 8/2

In this case, the peak of thne scattered spectrum for
0 . . . . K7
AN = 1.7 A corresponds to an ion temperature 7. = 100 2V (for T,

g

100 eV, 9 = 6£0° and 2z = 6). Similar results were obtained for other

0
angles, €.8+, 9 = 529 and are shown in Fig. 4.12 (inwhich dA = c.7 A).

1]
-
O
(@]
IR

The average temperature obtained from different spectra was I,

-

53 ey, This temperature, as indicated before, has Deen inferred for

ions that are a small percentage of the total ions; i.e., those which
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Fig. 4.12 Spectrum of the scattered ruby laser light for 6 = 22
in the X-Y plane. '
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cause the enhanced scattering. It should be notgd, nowever, that it
is reasonable to assume that the background (bulk) ions have N 100 =Y
‘ temperﬂturé‘as well for two reasons: 1) Even without taking into
consiieration the heating effect due to parametric instabilyties, nydrn-

dynamic calculations of the laser heated gas target experiment give an

average ion temperature of not less tnan 50% of electron temperature

3l (7. 2 57 aV in this experiment) and 2) The time required for tre
inns (nonthermal) to relax to a faxwellian distritution of thermal
; ; . . s P T
~tamperature T. = 13C eV using the formula given in i-; 15 v -.. 08

~

which is very snort compared to the total ennanced fluctuation time
~bserved, at least in this part of the experiment {Case 1J.
The stner information which can be deduced from the sniit -

wavelength of the ion feature is the ion wave frequency. -Simple cal-

&3]

sulations from Figs. 4.11b ani L.12 give w = 5.6 x 1

LAl -1 - s . . - .
12 sec for © = 607 and 227 respectively., Tress same caloulations,

<
WK .
pr D -
‘J = ‘8 -~ .
4 . 2282
(1 +72%2)

: - - - . e aAl2 =1
give w = 5.3 x 10'! and 2.1 x 10'! sec’  (where w_. ™ 2.3 101% zec
Sy A = 2.8 7). These values agree well with the experimental

o - N i
calculations.

, - L . < aps N S

§ In addi-ion, from the spectral widtn (1A = 1.2 A) °F Figw,
..1la ani Z.llc one can estimate an ion wave darping rate oI ° B

IS U ‘ | e I N ) .
12 "sec” wiich implies a mode Iifetine of vz ops.  LumErica. Sinuoge
tions of curreant driven ion “urtulence 13- ion

¢

fluctuations rapidly tuili up and -decay, accompanied ty slsoiron

neating, ion *ail Tormation, ani Landau damping S8 tre insmarility.




Thus, if quasilinear effects (rather than nonlinear =ffects) are
§

important in stabilizing the ion instability (regardless of tow tine
instability ib produced) in this experiment, many periods of growth
\‘ .

and decay of ion fluctuations are occurring, 2s 1z indeed infarred

from the short mode lifetime.

o fluctuation level.

Paiy
.
.
.

b

The study of ion fluctuations produced by 1 laser beam is impor-
tant because such fluctuations can affect energy absorption (discussed

in Chapter 3) and transport processes [11,12] in the plasma. Th
I pors I !

.

presence of large amplitude ion fluctuations near critical density has
nften been invoked as a source of anomalous resistivity in order to

explain the strongly reduced thermal conductivity seen in laser heated

ma experiments [13l. Therefore, many experiments have been made

[&]
bt
V]
W

N

to measure the ion fluctuation levels. The first Thomson scatterin
¥

an
7

measurements of ion *urbulence in a high intgmsity laser neated
4+

target were reported by Offenberger ef 1l. il urere

. o~ N . . . A I
ennancement of Vv 107 over the thermal level was observed for ~Ai. = C.2.

-

Zimilar measurements have been carried out on oxygen |2| and carbton
|15] plasmas in the presence of a critical density layer. In botn

2xperiments substantial enhancement.over the thermal level was
In “he presen® experiment-the main goal was to study tre =2ff2ct
of ion turbulence on absorption of laser radiation in underdense plasma

(n <”é)- 3ecause it nas already been es*ablished that the otserved

ennanced scattering is due tc enhanced Zon fluctuaticns, the turbuience
lz2vel nas *o te Jdetermined in order Yo =2stimate the amount of absorr-

: b J
~ion “hat enhanced Ion fljétuatlons can corntribute,



The density fluctuat

weasurements of S(77) which

Tre a

through Eqn. (3-25).

N
il

calibrating the photomultip

ment blackbody source posit
AN

!
105

[
angolut.e

ion level was determined from the
is related to the %eattered power, P,
A ,
beolute value of P " was obtained by
" (®)

S

lier ‘detection system with a tunssten fila-

ioned at the point where the 002 laser bean

focused. Light from the filament was collected through the same

is
' 1 A
sptics used f£ar collectineg the scattered light from the plasma. Jne
: . et
placiondy lignt power P reaching the prhotomultipliser is given by Jlo|
p . 2 ed A (4.8)
= ~77 m LALS: adh
5 exp(ne/kTA)-1
where A ig =he emitting area, £ i1s the emissivity nf tne filament
. . ' f'\,, N s
(= 7.43 for tungstern at 5243 X and N 17007 X)), d0 is the collection
52111 angle and dA is *he detection bandwidth (defined by the tand-
wiith a2 <he intsrference filter in Sront oS the vhotomultiplier ). The
arsolute value of botn P_ and S(¥) were determined by zomparing the
g =
zecavtered zimal with the signal zensrated by tne tungsten filament.

3

1
~
H

ne err-r assoclated with

3

ar

ameters relating P_ to
o
(uncertainty in Ig, #, v a

The scattering form

laser intemsity I~ 5 x 10
no= 0.8 , (taxing Z"é isn
iensity), is shown in Tig.

and 307, The scattesring a
cotn the ¥-Y and the I-Y v
cor 2= 407 150 6.3 x 102
“nermal scattering form fa
= = 227 ani 2 = 307 ywere n

+

|9

o the uncertainty in determinirg

5(%), as discussed in Chapter 3, was v 267

AD

-

nd were Vely).
1

5%, 15%, 5% and 1% respecti

factor 5(k) calculated for a measured CO,
“

12W/en? and assumed T, = 100 eV and
sity at the focal pcint as the average
)7 o + 3 o . p o~ ~A~0 "Q
4.13 as a function of « for = = 227, ol

A L a0 . - .
t 3 = 607 shows almost equal 3(%) values for
lanes (Case a and Case o). The 5(k) value

which is aporoximately 103 fimes the
ctor 5. {¥)., Tre 5(¥) measurements for

o “ '

ade in the Z-Y and Y=Y 'planes respectively

.
’

»
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tor convenience, Tt shonld be pointed out. bt fhe obuerved L)

E .
spectrum is not a Kadomtsev 1like speetrun (Shown dashed fa Fige 00

, G b el -0 o
o normalized to S(k) at 0 = 60 ) which i theoretically wvodiotod

"for current driwen ion ‘t,‘l.ymlcnca [17
The corresponding average spatial ion fluctuation level wag cal-
culated from a numerical integration of fiqn. (3.25) over * space

using a second degree polynomial of the form

lnd (kX)) = 10.89 - 22.14(kAy) + 15.9(kA,)

to represent the Si(ﬂ) spectrum given in Fig. 4.13. The resul® of
this integration gave a value of (%?) * 0.036. Although this fluctun-

tion level is lower than the one reported previously in a similar

experiment [3] it is still very high. This nay be due to the changes
in focused laser conditions and plasma paranmeters such as Te’ n (lower
in this experiment), [ and/or the absence of the critical density

layer. If the reduction in (8n/n) is due to a change in plasma density

gener-

a%

then this would indicate that the instability (responsible for
ating the ion turbulence) favours high plasma densities. This is
expected for the off-resonance OTS and PD instabilities discussed in
‘Chapter 3. ' .
N ’
To calculate the effective collision frequency vpfj.reqtired to

determine the enhanced absorption, we assume a broad ;sotrapic turb-

ulence spectrum (as indicated ex erimentally). The calculation then
1Y B

6n/.] n
gives ,Z [ LS4 0.05 where from Eqn. (2.19) we @et ’
f<7/ k nc J . ‘ //.
Wo §n, .y 2
< 1 . k -
\)e f - 4 Img(k,w) Z’zé [ nc } ’ (4- )
12 -1

8. 2.16 for the valuse e
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Fig. 4.13  Ton turbulence spectrum S(k) as a function of'kAD assuming
‘ " an average density n = 0.8 n, and T = 100 eV (Case I).

The Kadoﬁtsev‘type_specprum’is also shown (dashed).
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<ImETZ—57>. In comparison, this frequency is approximately 3.€ times
T ) it '
the classical collision frequéncy and it is more than enough to account
for the.remaining 30% absorption factor.
In summary, the ruby laser Thomson s%gtﬁering measuremnents

~ . '
which probed directly the ion fluctuatié;s for kAD = 0.091, 0.238 and

0.336, corresponding tooscattering angles © = 22°, 60° and 90° '
respectively:@ssﬁming n = OJS ncx confirmed three important turb-
ulence felated poinﬁs; (a)tspectrally fesolVed,measurements showed
the enhanced ion feature, (b) - porally (esolved neagsurements showed
enhanoed‘fluctuations for ¢ 5k10'ns gonsistent w;ﬁh the pefioi o
’strong absdfption, and (c)'measgfements of the scattering form.factor
" Stk) s@owedvthat the enhancement in ion density'flﬁétﬁaﬁions could
account for the anomalous absorpﬁion observéd. In addition, it was
éhown thét.the ﬁﬁrbﬁlence lggels fgr kAD = 0,238 (é=6o°) in ant out

‘ Qf>the plane of the targeyf;re almosf equal, indicating an isofropic

turbulence. » k‘ : %

Discussion of the socurceé of the ion.turbulence is delayed tq the

next section where further experimental information will be prowvided.

4.3 Results of Case II

4.3.1 introductory femarks{

The results presented $ére bélong ﬁo the second regime of {ha
experiment -in which the plasma density is 1oyer and the density scale
length (v.450 + 50 um at the focal’point) is laréer than that observed
in Case I. Spectral’analySié of the tuby iaser Thomson’sCa;teriﬁ;$

measurements shoved uneguivocal enhanced ion features. Some of the

characteristics of the plasma in Case I were also seen here,
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particularlyn%hose‘shown ih Fig. 4.1. The fraction of light which
should‘be absorbéd} as given by Eqn. (A.l),:;s %‘85% assuping the den-
sity profile of Fig. 4.7. Thus, ion turbulence need-only to contri-:

-buté 15% of the total‘to account for full laser absorption in this case.

More importantly, ion turbulence generated in laser plasma

experiménts has not been systematically investigated. It

4

therefore, tne aim of <this experiment:to study comprenensively the

v

characteristics of the ion fluctuations, particularly those propagatin

(4191

in the direction of the electric field of the 002 laser radiation {in

the X-Y plane). These fluctuations are potentially important for lése:

-

- light absorption by plasmas (cos 8 = 1 in Zgn. (2.17)). Sectidﬁ“d,j.2
will present the results of the S(%) measurenmernts. Sectioﬁ L.3.3 wiil
iiscuss the results of the streak camera measurements. Finally, the
possible mechanism or mechanismé'for genérating,ign £urbulence in
this experiment will be=discussed in Section;A.B.L.
It should be noticed that the average plasma density fhroughou:
this part of the experimgnt will be taken as being‘equal to the densizy
at the point where the CO2 beam is focused, which prevails for

t ~ 2 - 8 nsafter the start of the SBS (i.e., # = 0.7 ﬂc). The

. 7
electron temperature and the ionization state will be taken as 10C =V -

and 6 respectively. ‘ ‘ .

.
-

‘4,

, -]

4.3.2 S(k) measurements.

The princip%l experimental result in this section is the deter-

mination of the S(k) spectrum. The time integrated S(%) was nmea

urec

6]

"oy a pndtomultiplier for six scattering angles (2 = 127,
‘ Oy . . . . R
60° and 90 ) in the X-Y plane (Fig. 4.2). Thus, the wave number of

(ST

the scanned ion fluctuations was in the ‘Lange 1.6 x
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5 £0.36 (2.8 < a < 22.2) assuming n = 0.7 1 .

10%en™ or 0.045 < kA
Figure 4.14 shows the experinentally derived S(k) as a function

of XX, for ion flucfuations in the X-Y plane. As will be seen

in the following section, there is considerable modulation‘in the

str - of the scattered ligﬁt; consequently, peak fluctuation levels

can be substantially higher than the averaée valﬁes showq. In the

region %), < 0.2, S(%) is strongly dependent on X (élmostvexponentigily);

nowever, for larger values of kKD it varies more slowly. Over the :

experimentdl range of kXD , the time-integrated turbulence level varies

‘from as little as 2 tol: 10* times the thermal fluctuation level. It
should be pointed out that, ;h géﬁéfal, this level is almost an order
of magnitude below the previously reported value (Case I), probably due

Yo a number of changes in the operating conditions of the 002 laser

plasme interaction, particularly, focused laser conditions and tne
resultant change in the plasma density. This again i}lustratés the

nlasma density dependence of the ion wave instability generating the

A
H

ion turbulence. It is apparent that no cutoff in the small RXD

-

region - such as that predicted for current driven ion instability

and seen experimentally |18| - is found (at least for 0.045 < kKD _<

0.36).

X e o . o]
“e were unable to measure S({ ;1n the X~7 plane for 9 > 90

o]

.

m

because of geometri

» Q

al limitations that resulted in overlappin
the focusing‘a@g coilecting optics. However, no ennhanced scdattering
over that eﬁpeqﬁed\from thermal fluctuationé Was seen;for 6 = 120°

: : .

(X5 20.44) in the ¥Y-7Z olane. TFurthermore, no change in the turbulence

YD, 3

<O

!

2]

vel was observed as we changed the direction of observation from.the

; s A o) . ..
-Y vlane to the Y-Z plane for 2 = 45° and 60°. This suggest

o
4]
)

approximately isotropic spectrum. Moreover, we probed t# 5(%) of the
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Ion turbulence spectrum S(k) as a function of kXD assuming

~ an average density n = 0.7 n, at T, = 100 eV (Case II). .

The error bars indicate the standard deviations for thlrty
shots at average focused CO laser intensity of

5 x 10'2W/em2?,
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ion fluctuations induced by stimulated Brillouin backscattering
(Fig. 4.15) and‘the result, shown as a circle in Fig.4.14, fits well
on the curve.‘ It is significant that, although the SBS induced ion
fluctuations (along the Z axis) and/ the ion turbulence in the X-Y plane
are undoubtedly generated by different igstability mechanisms, they
are of comparable 1e9éls.

In order to eétimate the absorptionlfraétion_due to ion tur-

bulence in this experiment the S(k) spectrum of Fig. 4.1/ was

approximated by a polynomial of the form
InS(kXy) = 12.25 - 69.03(kAp) + 1.07.89(kA)® . - " (4.10)

Integrating Eqn. (3.25) numerically (using Eqn. (4.10)) leads to a

: S ’ . Gn.z
fluctuation level (Sn/n) ~ 0.008 which, in turn, gives Zf nkz) ~* 0.013.

kil Tall

“and Vg e - 0.9 Vaze This value is 1/4 of the V. pp calculated in
Case I. The lower value may be related to the longer"deﬁSify‘sqale—
length.and greater classical absorption prior to focus. Fowever, it
is still adeqﬁate to accouﬁt for the remgining 15% absorption; It
ghould Be pointed éut that thé.density fluctuation lévels, observed
in Cases I and II, are much iower than the maximum level predictéd by

the ion trapping saturation mechanism discussed in Chapter 2.

L.3.3 Streak measurements.

In orderlto follow the rapid temporal variations of the eﬁhanced,
ion fluctuations, a streak cameré was employed to record the Thomson
scattered ruby laser light., "While the timing between SBS and_tne Thomson’
scattering signal was the same as in Case i (Fig. A;l), the duration of
ﬁhe Thomson séattering signal for this interaction regine (Case II),.

when recorded by a photomultiplier,was found to be shorter than that

-~
3
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Fig. 4.15 Schematic diagram of the Thomson scattering experiment .to
, probe ion fluctuations induced by stimulated Brillouin

backscattering.

113



7= 0.7 n

114

observed in Case I (v 6 ns FWHM). But, since this‘was approachlng the

limit of the detector resolution, it is possible that the pulse dura-
tion could be much shorter than the observed one:,

This was confirmed when a high speed streak camera was used.
The results are summarized in Fig. 4. 16 for vay;lng observations with
three dlfferent streak speeds. In general, the duration of the ion
turbulence varied from appfoximately 3 ns (Fig. 4.16a) to as short as
250 ps (?ig. 4.16b), The risetime also varied from N_i ns %o 50 ps.
Highly modulated pulse structures (v 50 ps durafion) were observed in
50% of the shots using the very high speed mode (Fig. 4.16c). This
fine structure in the scattered light could‘noﬁ be fully accounted for
by the fine structure of the incideﬁt ruby laser (monitored simultan-
eously‘with the scattered light end shown at the top of Figs. 4.16),
nor to the modulations of the incident CO2 laser beam which has a
structure of 2 3 ns duration. ~Similar behaviour was observed iﬁ the -
scattered light of the ion fluctuatlons driven by SBS. In addition,
changing the scatterlng dlvectlon forn the X=X plane to the Y—Z plane
showed no systematic changes in the temporal behaviour of the scattered
light, Indeed, the observed temporal‘chanées were meyely statistical
and net related to the probing of 002 lasers. 'if the pafametric ’
instabilities discussed in Chapter 2 were respon51ble for generating
the ion turbulence,.then the observed varlatlon in risetinme could be
explaine® by the wide range of the growth rate (y > 1 ps) predictea

for these instabilities when the density values accessible and the ¢

variation in vo/ve,are taken into account. The ion trapping mechanism

hy

also predicts that i;turation takes place in as short as 15 p® for
3




Intensity(drbitmrx)

0 03. 05 ns
. ——Time )

Temporal behaviour of.the;Thomson scattered light (bottom)
and the incident ruby light (top) in each plate ‘showing
different features; a) long lived fluctuations (v 3 ns),

~b) short lived fluctuations (250 ps) with no structure,

¢) v 0.7 ns long fluctudtions with fine structure.
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3

The nanosecond duration of the enhanced fluctuations is signif-
icantly shorter than the value reported in Case I (FWHM < 10 ns). The
very real difference is not attributabie’to the difference between the
temporal resolution of the camera and the photomultipliér. For the
photomultiplier (risetime = 3 ns), the true duration At' the measured
one, A,, and the instrumentai_width AS'(= 3 ns) are governed by the
relation Ai = q;'- A; . This gives, for A =8 -10ns, a true‘ - N

3

duration of at least 7.4 —915 ns.

“ Thus, the difference between turbulence duration of Case I

and Case II is obvious. This again %s probably due to change; in the
laser plasma interaction conditions (including n and L) which n'cht
affect the growth rate and damplng of the ion wave ’nStaOllltJ respon-
sible for the observed ion fluctuations.

The streak camera also proved to be a useful tool fér measure-
ing the size of the turbulence region and for following the temporal
evolution of the ion fluctuation spatial distribution. This was
realized by relaylnv the scattering reglon onto the 3 mm wide slit of

the camera, The measurements were done with an

ffective spatial
resoiution of as high as 33 um (depending on the magnification of the

relay lens). Figure 4.17 shows a st?eak photograph of a 1.2 ns dura-

tion enhanced sgattering event fron ion turtulence. The observed

turbulence region is dnly 170 um in size. The variation in the

spatial extent of the measured ion turbulence was found to lie

betwéen 100 to 250 um.  The 250 um length plasma near the 002 beaﬁ

focus corresponds to a density which .varies, for early time near

breakdown, between O~ 43 hc and 0,8 n, (Fig. 4.7 ). This indicates .

that the instability respousible for generating ion turbulence taves

2



B
a1
fro




relatively high density regions. This is consistent with the
N g J z

region required td induce off-resonance 0TS and PD (n 2 0.9 nﬂ).

The time evolution of the spatial distribution of turbulence is
shoun (for 8 = 16" in the X-Y plane) for 3 ns durﬁtion (Fig. 4.18) and
0.8 ns duration (Fié. 4.19) cases. Both figures show a build-up of
ﬁprbulence in ﬁwo regions. This could be due to spatial inhomogeneity

f

A b
DL Lne 01

*1

i2inal incident 20, or ruby laser beans or due to filaments
~
cceurring in the nlasma that pale the C02 laser beam intensity distri-

oution irregular. Such filaments have been observed previously in a
. 1

Figure 4,20 shows, for *he same

~
<

20, laser heated hydrogen rplasna
scattering angle, a rare case of turbulence in which ﬁhe peak fluctua-
tion region moves with a speed of v 2 x 107cn/sec in the direction ~rf
propagation of the 002 laser beam. This behaviogr is similar to that

otserved snectrally in Case I although the speed here is 4 tires Qigher,

T

Tne measured speed is very high comparsi to

£+

the ion thermal sreed

) .
(v 2.4 x 10%:am/sec assuming Ti =¢100 eV) and ion acoustic speed ("~ 7.3 x

10-cn/sec for T, = 7. =100 eV and 2 = 6) and could be due to cases
when higher intensity CO2 radiation ionizes the 3z2s anead and tren

propagates towards the focus. This is characteristic of ionization

(propagation) speeds observed in laser induced breaxdown experiments

Le3e4 . Sources of ion turbulence.

Three mechanisms for generating ion turbulence in lasgr produced
plasma experiments were suggested in Chapter 2. These mechanisms are
reat flow driven icn acoustic instability, ion-ion streaming instacility
and ion waves induced by parametric 1nsuab111t1es.. The first instab-

ility is exnected to take place when zTe > T, and u > ¢ where u is the
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Intensity (arbitrary)

3.6NnsS g ’

/:—_J- . A . A A
0 200
| Z(um)

»

Fig. 4.18 Time evolution of the spatigl distribution of turbulence
for a 3 nsMuration (§ = 16" in the X-Y plane).
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0.2ns
- COp

0.4 NS

Intensity (arbitrary)

0 ' 200
Z{um)

Fig. 4.19  Time evolution of vhe spatialodistribution of turtulence
for a 0.8 ns duration (6 = 16° in the X~V plane),

-
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Intensity (arbitra ry)

1 X — 4

Fig. 4.20

Z(um)

Time evolution of the spatial distribution of turbulence
showing a motion of the fluctuation region in the
direction of the propagation of the 002 laser beam

(8 = 16° in the X-Y plare).



v

electron drift speed and ¢, is the ion acoustic speed. In the current® 122.v-

e,

egperimenﬁ the first condition was satisfiéd,.while the second one

was not always fuifilled. The spéctral measurements of Case I,'for‘ !
example, occasionally showed a drift speed of < 5 x 10°cm/sec which is
close to the ion acoustic speed (& 7.3 xiloecm/sec for Ti =T, =

100 eV'and z = 6).,. On other occasions no drift was observed_aithough

enhanced scéﬁtering'was substantial.

Now, even if the above conditions were satféfied, %hq current
driven ion instability is not likely to be the source of the observ%é)
ion fluctuations for three reasons: (a) the observed S(k) spectrum,

- = 5

pafﬁicularly that shown in Fig. 4.14, is notda Kadomtsev typé specﬁrum
|l7’ nor is it similar toany of the modified spectra thaﬁ the current
driven iﬁstability suggests |2l\; (b) no hot electrons wereyobéerved
in the‘preséﬁt experiment which could provide a return current source
for a cﬁrrent drivén instability; (c¢) the ion fluctuations driven by
this instability are mainly distributed within a cone (of angle

8 50 - 60°) around the direction of the-return current (002 laser

; therefore the observed fluctuations in the X-Y plane

beam) |22

cannot be explained by. this instability.

The second- possible < =, the ion-ion streaming instapility,

suggested by Faehl and Kruer |

are available (different masses or z). Tor species o

different masses

Ty

ne

‘only halium ions are potentially available in the background. However,
. . N @3. .
in the oxygen target where the interactions take place, their number is
insignificant. It may be pessible to have oxygen ions with different z

'but again, near the focus of the (0. laser beam (< 252 um diarmeter

sohnere) mos® of the oxygen atoms will be ionized



where species of different masses and 2z are negli

123
the condition v . < vi/L’ required for ﬁhis instability (Chapter 2),
must bé satisfied, If we ;ssume in the best conditions ﬁhat Te =
Ti ~ 100 eV, Z ~ 100 um and Ui is equal to the.thérmal ionvspeed, a

. . ‘9 - : !
value of vi/L > 2.4 x 10 sec % will be obtained. Fotr the sSame plasma

parameters, one can also calculate that

Thus, the above instability condition is not satisfied and it will be’

even worse if I% <T,. In addition, it should be pointedijout that
level ion turbulence wds also observed in a . pure nydroge

ole

- sion, it is unlikely that the ion-ion streaming instability is 2 sigmif-

icant mechanism for generating the observed enhanced Zon fluctuations n
this experiment. o °

Zefore discussing the last suggested mechanism . {isn wavés

oroduced by parametric instabilities)7ﬁe ‘snould first rention trha<

under the conditions of the present experinment, particularly witn
vo/ve < 1.4 (corresponding to S0, laser intensity I 5 2 x 10120/ ot

and Te = 100 eV), many nonlinear processes are esxpecied o

Indeed, among the processes that have been dotected treviously are
- . B
8
stimulated Erillouin and Co"pto%%sfatter;ng,’?;-amen'a:;cn, Two-tlizsmon
. 18
decay, and harmonic generation 1X.4. ¥
Although much émprasis ras been given ¢y zmany Investiizalcors o g
4 :
4
5 3 1 tmm AL e mmt g Al ~
ion waves produced Ty parazetric instatilitiss ol Imgirhan?s 1o
iy
scattering (stimulated Brillcouin) or Zirect abscrriion {27 ani 0782
near critical densiiy) processes, nct much attanticn has Tesn ziven o
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~

an important role in underdense plasmas. ‘Our analysis in Chapter 2

showed clearly that PD and OTS off-resonance and filamentation can,

easily be excited for our experimental conditions (Figs. 2.2 -2.11).

The %orfelations between experimen%ai?}esults and the theory of
ion waves generated by parametric instabilities (discussed in Chapter 2)

can be summarized as follows: (a) The off-resonance PD and 0TS and

e

filamentation have higher growtn rates for higher densities that may
’

.}

b

¥plain the existence of ion turbulence in the nigh density region and
he reduction in tb ,turbulénce level when moving from a high density
regime te a low density one; (b) The wave numbter of the observed tur-
tulence could be expliained by PD and 0TS off-resonanpe.in'the high kkD
. range and by filamehtation and mode coupling in the low kXD range; |

4 - ] - ~ . . N ‘ -
{2) 2o%n PD and 0TS off-resonance and filamentation can produce ion

wavas in the direction of the electric field of the incident COz laser

(o7

vean (indeed, the growth rate v is maximum in thi rection) which are
e S

o e A 4, T .
~f interest for absorption; (d) Jalcujated values of vy for these
.v‘) - b .

i

1

I

rstarilities agree qualitatively with the observed. risetime range of

e izn turbtulence ihen the density values accessible and the variaticns
in UG/U ,adug tc temporal mddulation in CO2 laser power, ére taken into
; (e) The narrow spectral features of ion turbulence, observed

‘r some shots, could also be explained by the purely growing modes cf
these <nstabilities (i.e., Wy = O). .

!

» addition, recent theoretical studies of PD and OTS off-

v 3 1, : . .
resonance |25| have shown that S(¥) can be enhanced in the presence
3% g strong pump, even for stationary stable plasmas. The results are
ig. 4.21 for oxygen plasma with z = 6, Ti =7= 100 eV

n

anin = C.6 n, and C.8n, for (a) and (b) respec

t

ively., The values of
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vo/ue were taken just below the threshold values of PD and 0TS off-

resonance. Considerable enhancement over thermal fluctuation levels
(shb&n dashed) can be seen. Moreover, these calculations set a lower
bound for enhancement.’ With higher values of Uo/ve (above threshold)
~ the enhancement is naturally expected to be subst;ntially higﬁér
(ultimately limited by some nbniinear saturation processes),

Before coming to any final conclusions, three observational
facts must be recalled: first, the shape of S(k) observed in Case I
and Case II; second; the isotropy of the ion turbulence; third, the
absence of electron features in Thomson §§attering when electron waves
_ can be génerated By PD and 0TS off-resonance. Regardiﬁg ﬁhe first
point, although no theoretical knowleage is available concerning S(k)
for ;on turbuience generaﬁed by off-resonance PD and CTS and filamenta-
tion above the instability threshold, if ‘the observed'S(k) spectrum
- 1is related to the‘above instabilities, tﬁen it should_be a function
of density and pump strength. This méy be the reason for obsérving
different S(k) spectra-in Case I and Case II. In addition, because of
the considerable variation in plasma density available in the scatter-
ing volume, the observed spectrum is an integratioﬁ of the form factor
over that density range.

With respect to the second point, the low kAD p;rt of the N
spectrum éan be explained by filamentation and mode coupling (Brillouin)
instébilities, which cofer a wide angle E between the electric field
of the CO# laser beam and the k vector of the)ion waves (Fig., 2.2 -2.5).

-For the other instabilities (off;resonance PD and OTS), although they
are functions &i”a, the reduction in the growth rate at -8 = 60o.compared to

5= 0,is ~ 60-70% (Fig. 2.13). This reduction is even lower if we taxe

o @' . !
W )

\
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into account the angle subtended by the 002 laser beam (~ 290) when

focused by an f£/2 mirror. Finally, the eléétrdn,waves generated by

off-resonance instability are‘heavily.damped.' A simple calculation

for Te = 100 eV, kAD =0,3 and n = 0.7 n,» shows that Landau damping
is v 8 x 102 sec™. This is somewhat greater than the growth rate

of the instabilities mentioned above. Therefore, the 1nstab111uj is
a heavily damped driven mode.

In conclusion, itvappears more la%ely that our obServations may
be related to strong pump induced ion instabilities generated by off-
resonance PD and 0TS, fllamentatlon and mode coupllng processes. How-
ever, in order to conv1nclngly demonstrate this, 00n81aerable additional
experlnental and theoretlcal.study is required. This will be discussed
in the next chapﬁer.

Importantly, the experimental work presentéﬁ’here is a beginning
towards understandino complicated non- equilibrium.phenomena whi ch can
be 1nduced in plasma under the influence of a strong external electro-

i

nagnetic wave,



CHAPTER 5
SUMMARY AND CONCLUSION

A suZEessful attempt has been made to study ioﬁ turbulence in
high”intensity 002 laser produced plasmas both theoretically and
experiméntally. In the theoretipai aspect of the study, emphasis
ﬁavaeen given to ion waves generated by parametric’instabilities
in an underdense plasmé (n<<nc)..' The Drake dispersion equation for
kAD <<'1 and the Silin dispersioﬂ equation'fof kAD = 0(1) have been
solved numerically for a homogeneous oxygen plasma in the preseﬁcé of

a
é-high intensity COZ’laser beam. The results have shown that ion waves
can be easily induced by stimulated Brillouin scattering, filamentgtibn
hmg off-resonance electron-ion decay and dscillating fyo'stream
instabiliﬁies. The latter instabilities are believed to be possible
~ candidates for gene;éting the enhanced ion fluctuations assoéiated
with the anomalous absorption reported previously.

On the expefimentai side the Tthson scatteringlﬁechnique was
applied to study ion turbulence in the 002 lase;'héated oxygen éas
target.plasma. Measurements were made for two density regimes,.short
scale length and long scale length. Both regimes showed stroﬁg ehha;;e-

~ment of the ion fluctuations over thermal 1ls-sls, The turbulence
level along with temporal and spectrai analysis of the ipn fluctuations
indicates that the measured ion turbulence céuld accountifor’the

anomalous absorption observed in this experiment.

128
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In the long scalé length regime the S(k) spectrum was measured

“for ion turbulence in and out of the plane of the target. The approx-

imately 1sotrgﬁig spectrum that was observed suggests that “the enhance-

i

ment in the plane of the target could be ‘as strong ‘as that induced by
AN

T

/ low threshold parametric instabilities such as SBS (for the same wave

/ number). High speed streak camera measﬁrements of‘the‘scattéred light
~show éhopﬁ lived and fast riéing ion fluctuations. These measurements
also indicate that ion turbulence is generated in a high density region
in the vicinity of the focal point of the laser beam. This is éon-
sistent with the density regime at which OTS and PD off-fesonance can
be excited.

The possible mechanisms for generating ion fluctuations were
discussed in the light of the experimental results. It is believed
that the observ;d ion fluctuations are likely related to strong pump
induced parametrip instabilities (particularly off-reéonance PD and
OTS instabilities and filaméntation) rather than the current driven
ion instability or ion-iog streaming instaﬂfiity.

Slnce the analyses performed in thls thesis wére carried out
only for thermal homogeneous plasma; the effect of the inhomogeneiﬁy
in a plasma on off-resonance PD and OTS instébilities, togethef with
the aifferent S(k) spectra“pfoduced by these instabilities in a non-
tbermal plasma, are worth further analysis.

~Zxperimental verification of the existénce of toth PD and 0TS
off—resonance instabiiities is needed. This could be acthieved by two’
different methods, f;rét by varying the 1nten51tj of the 1nc1d°nt

laser beam in order to deterﬂlne the thresholds of these instabilities,

and second by the proper selection of a plasma density region, it might

-
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be possible to simultaneously observe features of both electrons and

iond in a Thomson scattering experiment. \

The effect of ion fluctuations on energy transport in laser/
plasma interactions is another interesting topic for investigation.
A possible way of doing it is through the measurement of the particle

«

eneégy distribution and determining the corresponding energy flux limit.

P
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oh

A1 c ..tt.“‘....t‘.tl“.‘.tt“tt-.tt“.l't“..t..'.ttt.-.ta.t
2 C * PROGRAM DISP{1 FOR SOLVING THE GENERAL DISPERSION EQUA -+
3 c * TION OF SILIN & SANMARTIN. THE FIRST INPUT TO THIS .
4 c * PROGRAM CONTAINS TE & T1 (ELECT. & ION TEMP ., MI (ION °*
5 c * MASS NUMBER) 8 ZI (IONIZATION DEGREE). THE sscouo .
6 c * INPUT CONTAINS K (IN UNITS OF KD). N (IN UNITS Of NC) *
7 o * VE (IN UNITS OF VO) & CTH (COS OF THE ANGLE BETWEEN E +
a8 c * 8 K. THE PROGRAM REQUIRES ONE SUBROUTINE (BESU) & TWo ¢
9 c * EXTERNAL FUNCTIONS (F & 2P1). . .
10 C l.“.‘...‘t.‘..‘..‘-“‘....tt‘t.tt..‘t.t‘..ttt,“.‘-..t-.t
11 COMPLEX Z,20.21,22.F,S(200) .
12 REAL K,N,MI
13 ODIMENSION Y(200).51(200),Y1{25).v2{25),v3(2%).v4(25).52(200)
1a COMMON K, A,Z21I,T,0M, BU(20)
) . 15 READ(S,1)TE,.TI Ml 21 \
16 1 FORMAT(4F6.2) : '
17 T=TI/TE
18 WRITE(3,20)TE, T MI,2I
19 READ(5,2)K N,V ,CTH
20 2  FORMAT(4F6.3) ’
21 WRITE(3,21)K.N.V.CTH
22 OM=0.7071/(K*SQRT(N)) : H&
23 ) ALPHA=K*V*CTH*SQRT(N)
24 C CALCULATION OF 20 TERMS OF BESSLE FUNCTION
25 00 3 1=1,20
26, J=l-t
IEahir S . CALL BESJU(ALPHA, J.H,IRE) . g
g 28 BU(1)=H*H . (.
: 29 3 CONTINUE ® '
3 30 A=T/(1836. z-nx)
Y3t A=SQRT(A)
32 C THIS INPUT DETERMINES THE RANGE OF THE NORMALIZED REAL (x)
ﬂ a3 Ko 8 THE IMAGINARY (Y) PARTS OF THE FREQUENCY. N1 & N2 ARE
~34 ¢ THE NUMBER OF STEPS IN X & Y, DX & DY ARE STEPS AND DXO &
38 "~ ¢ DYO ARE THE STARTING POINTS.
36 READ(S,22)N1,N2.DX,DY,DX0O,DYO >
37 =7 K=K *K
3s e SEARCHING FOR POSSIBLE ROOTS OF THE REAL 8 IMAG. PARTS OF
. 39 c THE. DISPERSION EQUATION.
40 " DO 16 I=1 N9 .
41 X=DX*1+DX0
. 42 WRITE(3,23)X
43 00 4 J=1 N2 .
a4 Y(J)=DY*J+DYO N
45 . Z=CMPLX(X,Y(J)) ’
46 S(J)=F(2) "o
47 S1(J)=REAL(S(uU))
48 4 S2(J)=AIMAG(S(U)) -
49 - IR=Q
) 50 . ‘ I1=0
Y 51 00 6 U=2,N2
§N° 52 F1=S1(J)/S1(J~1)
K . 53 IF(F1.GT.0.0)G0 T0 5
: : 54 : IR=IR+1 . b
55 , Y1(IR) =Y (Jy-1)
56 : Y2(IR)=Y(u)
57 5 F2=52(J)/S2(J-~1)
58 . IF(F2.6T.0.0)G0 TC &
59 II=11+1
60 YA(IT)=Y(U-1)
61 Y4a(L1)=vY(J)
62 6 CONTINUE .
63 © ¢ USING BISECTION MET- © CETERMINE THE REAL ROOTS OF THE
64 ©C OISPERSION EQUATION
65 IF(IR.EQ.Q)GO TO 11
66 DO 10 Ki=1,IR -~ R
67 T Y11aY (K1) . ' —_— s
68 Y22=Y2(K1) .
69 Z1=CMPLX(X,Y11)
70 . Z2=CMPLX(X,Y22)
71 * Fi=REAL(F(Z1))



114
115
116
1"7
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
13%
136
137
138
139
140
141
142
143

\

O0O00O000

12
13
14
1%
16
20

21

F2=REAL(F(Z2))

00 8 KO=1,20
YO=(Y22+Y11)/2.00
20=CMPLX (X, YO)

FO=REAL Z0))

rr-ro/rg\‘ﬁt :
IF(FF.GT.0.0)G0 TO 7

F2=FO p ,
Y22=Y0

GO TO 8

FisFO

Y1tsY0

CONTINUE -~ ' //'
WRITE(3,9)Y0.FO

/

FORMAT(1OX, " Y=' E12.5.8X, ‘RE(D)=".€12.5) ~ / -

CONTINUE

USING BISECTION METHOD TO DETERMINE THE [MAG ROOTS
IF(II 'EQ.0)GO TO 16 ’
DO 18 Ki={ IT

¥Y3J=Y3(K1)

Ya4=Y4 (K1) .

Z1=CMPLX (X, ¥33) ¢
22=CMPLX(X Y44)
Fi=aIMAG(F(21))
F2=AIMAG(F(22))

DO 13 XO0=1,20
YO=(Y44+4Y33)/2 .00
20=CMPLX (X, YO)
FO=AIMAG(F(20))

FF=FO/F1

IF(FF.GT.0.0)G0 TO 12

F2=FO

Y44=YQ

"GO TO 13

F1=FQ
Y33*Y0

CONT INUE

WRITE(3.14)Y0.FO :
FORMAT (JOX. '¥Y» ' E12 5,5X, IM(D)=" E12.5)
CONTINUE ' :

CONT INUE

FOQ&‘T(5X_'TE-‘,FG.1.5X,’TI/TE=’.FG 3.5, 'MI=" FS 2 5Xx,
; .

1'Z=" ,F%.2) .

FORMAT (55X, ‘K/KD=* F5.3,5X, 'N/NC=‘ FS 3 5X,6 'VO/VT="
tF8.2.5X,"COS( )= . F6.2)

FORMAT (213 ,4F6.3) ‘

FORMAT (185X, " **eXx’ F7 4, 6 '*sw’)

STOP

END

‘
MR AL A AL L R AL R A R R B I R

* FUNCTION F IS THE GENERAL DISPERSION EQUATION THE
¢ COMPLEX ARGUMENT 7 IS DETERMINED FROM X & Y IN THE
* MAIN PROGRAM.

MR EA A A A AR AL LR AR R R AL R E R A N R Rl N

COMPLEX FUNCTION F(Z)

COMPLEX Z,21,2P1,.X0.00.G.01,02.0P .ON.G1

'REAL X

"COMMON K, A,ZI,T,.0M,Bu(20) § i
Z1=A*2 ) :
XO=Z1*(1.0+2*2P1(2)})/(K"T)
DO=1.04(1.0+4Z1*ZP1(Z1)) /K

G=CMPLX(0.0,0.0)

DO 10 122,20 . o
Jel-1 ! Aib?
O1=y*OM+Z1

02=-y*OM+Z 1

DP=1t . O+(1.0%0122P1(01)) /K
ON=1.0+(1.0+02*ZP1(02)) /K
Gt=G+8uU(1)*(1.0/DP+1.0/DN)

IF(REAL(GY) EQ.0.0.AND.AIMAG(G!) EQ.0.0)GO 10O 20
X1=(REAL(G1)-REAL(G))/REAL(G1)
X2=(AIMAG(G1)-AIMAG(G))/AIMAG(G1)
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s Re e Ke]

31
32

34

36
Jja

120
130

140
150

160

IF(ABS(X1) GT 0.001 OR ABS(x2) GT 0 CO01)GO TQ 5
GO 10 20 :

G=G1

CONTINUE .

F'1.0¢XO'(BJ(1)/DO*61)

RETURN -

* SUBROUTINE BESy IS REQUIRED IN PROGRAM DISPi TO DETER-»
* MINE THE BESSLE FUNETION TERMS By .
..-l...tl.“t."......‘....t..'t..".....'..l...tt.l.‘.t.
SUBROUT INE BESJ(X,N,BuU, IER)

IER=Q ’

Bu=0,

IF(N)10.20.25%

[ER=1

RETURN

IF(Xx)30.21,31

Bu=1

RETURN :

IF(x)30.27. 31 ' . °
8U=0.

RETURN :

YER=2

RETURN

IF(X-1% )32,.32.34

NTEST=20.410 *x-x*<2/3

GO ‘TO 36

NTEST=90 +x/2 ‘
IF(N-NTEST)40.38. 38

IER=4

RETURN

TER=Q .
Ni=N+1{
BPREV=O .

COMPUTE STARTING VALUE OF M

IF(X-5.)%0.60.60
MA=X+6 ’

GO TO0 70

MA=1 4*x+60 /X
MB=N+IFIX(X)/4+2
MZERO*MAXO(MA  M8)

SET UPPER LIMIT QF M

MMAX =NTEST
DO 190 M=MZERO, MMAX , 3

SET F(M) F(M-1)

FMi=1 OE-28

FM=Q .

ALPHA=0 O

IF(N-(N/2)'2)120.110,12O

JT=-1 ¢
GO TO 130

JT=1

M2aM-2

DO 160 K=1 M2

M =M - K
BNK'2.'FLOAT(“K)'FM'/X—FN
FM=FM1 ’
FM 1 =BMK
IF(MK-N-1)15O.140.'50
BJU=8MK

JT=-yT

S=1+yT
ALPHA=ALPHA+BMK*S
BMK=2 *FM1/X~FM
IF(N) 180, 170, 180
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170

180

190

e e NeNsNeNeNeNeNe)

Ed

BU=BMK
ALPHA = ALPHA +BMK

BU=BU/ALPHA

IF (ABS (BU-BPREV) -ABS (0.0001*8J))200. 200.

BPREV=8U

1ER=3

RETURN

END ‘
".-....‘..“‘....“..'““.“'..‘..".‘i‘i...t‘-.“"t‘.
* FILAM IS A PROGRAM TO SOLVE DRAKE DISPERSION EQUATION *
* FOR BRILOUIN & FILAMENTATION. IT USES TWO EXTERNAL .
FUNCTIONS ZP1 & F. THE INPUTS TO THIS PROGRAM ARE THE *
SAME AS IN DISP1. THE SAME BISECTION METHOD IS ALSO +
USED HERE. NO BESSLE FUNCTION IS USED & THE FUNCTION F*
HERE IS NOT THE SAME F BEEN USED [N DISP1 BUT ‘ZP1 IS =
* THE SAME. .
..‘..O.‘...‘.‘.‘.‘.‘.t.."...‘..t....‘t-“'ittt-‘tt"t.‘t'
COMPLEX Z,20,21,22,F.S$(200)

REAL K,N,MI KD, KO, KN

* * & <

OIMENSION V(200) $1(200),v1(25),v2(25).Y3(25).v4(25), S2(200)

COMMON K,R.A,Q1,Q2,03,04.05.0P.QM
READ(S, 1)75 TI, MI,Z1
FORMAT (4F6 .2)

T=TI/TE

R=Z1/T

WRITE(3,19)TE, T MI 21
READ(S,2)K N,V CTH
FORMAT (4F6  4)
A=T/(1836.2+M1)
A=SQRT(A)

VT=4. 191E7*SQRT(TE)
vVC=3 . OE10/VT

KD=4 . 256E6*SQRT(N/TE)
KO=1 . 0-N B
KO=*S 942653'SORT(K0)/KD
KN=K/(2.0*x0)
WRITE(3,20)N.CTH.K

WRITE(3;21)V.VC.KN

VC=VC*VC 0

Vayey

Q272 . O*K*KO*VC*CTH

Q3+2.82843*K/SORT(N)

K=K *K

R=R/X

Q1=K *VC

Q420 .5+Kk*V

Q5#2 .0°K

QP=Q1+Q2

QM=Q1-Q2
READ(5,22)N1.N2.DX.DY .DXO.0Y0Q

DO 16 I=1 N1

X20X*1+0X0

WRITE(3,23)x

DO 4 U=1 N2 “
Y(J)=0Y=*yspDYO
Z=CMPLX(X,Y(J))
S(J)=F(2)
S1(JU)=REAL(S(uU))
S2(J)=AIMAG(S(U))

IR=0

I1=0

DO 6 U=2,N2
F1=sS1(J)/S1(u-1)
IF(F1.GT . 0.0)GO TO s
IR+*IR+ 1

v1(1n)-v(u—1) .
Y2(IR)=Y(J)
F2xS2(J)/S2(u-1)
IF(F2.G7.0.0)G0O 10 6
II=11+1

Y3(II)=Y(u-1)
Ya(Il)=Y(J)
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110

112,
113
114
119
116
117

118 -

t19
120
121
122
123
124
125
126
127
128
129
130
134
132
133
134
13%
136

6

7
8
9

10
11

12

13

14
15
16
19

20
21

22
23

nonno

;

CONTINUE
IF(IR.EQ.Q0)GO TO t1,
DO 10 Ki=1 IR
Yit=yYi(K1)
Y22=Y2(K1)
ZA=CMPLX(X , Y11)
Z2=CMPLX{X,K¥22)
F1=REAL(F(Z21))
F2=REAL(F(2Z2))

D0 8 KO=1,20
YO»(Y22+4Y11)/2.DO
20=CMPLX(X ,Y0)
FO=REAL(F(Z0))
FF=FO/F
IF(FF.GT.0.0)G0 TO 7
F2=FO

¥Y22%Y0

GO TO 8

Fi1=sFQ *
Y1iayYQ

CONT INUE
WRITE(3,9)Y0,FO
FORMAT( 10X, 'Y=’ E12 5.5X, 'RE(D)='  E12 §)
CONT INUE

IF(II EQ.0)GO TO 16

DO 15 Ki=1 II
Y3I=YI(K1)
Y44=vY4(K1)
Z1=CMPLX(X.Y33)
Z2=CMPLX(X K Y44)
F1sAIMAG(F(21))
F2=AIMAG(F(22))

D0 13 KO=1,20
YO=(Y44+4Y33)/2 0O
ZO=CMPLX(X . YD)
FOSAIMAG(F(20))
FF=FO/F 1

IF(FF GT O 0)GO TQ 12
F2:FO

Y44=2YQ

GO TO 13

Fi1=FO

Y33=Y0

CONT INUE
WRITE(3,14)Y0,FO
FORMAT( 10X . 'Y= E12 5. SX, IM(D)= ,E12 5)

CONT INUE -

CONT INUE . v
FORMAT(SX, ‘TE~' F6 1 ,5X. TI TE= F6 3 . SXx, MI= _FS5 2 Sx_
177" FS.2)

FORMAT(SX, 'N/NC=' . FS 3 ,5X, COS{ )= F6 2.5X. K, KD= _F5 3}
FORMAT(SX, 'VO/VT=" F5 2 8X, C/VT=" E12 § S§x. K/2KO= E*2 5)
FORMAT(213.4F6.3)

FORMAT( 15X, "s=exa’ F7 4, e’}

sSTOP ’ ’

END

COMPLEX FUNCTION F(Z)
...‘.'..‘..'.....“..-...-........‘...'-.."‘-...'-...IQ-"
* THIS FUNCTION 1S REQUIRED BY FILAM PROGRAM TO UETER- *
* MINE THE DRAKE DISPERSION FUNCTION FOR A GIVEN COMPLEX®

* VARIABLE 7. ‘ *
.....t...l..-.-.Q.‘--.‘.!--Qt--.-.....--..-0.-..-..--n-'.
COMPLEX Z,21.2P1.X1.XE. 2S.DP.0OM

REAL K

COMMON K . R.A,Q01,02.03,04.05.QP . QM

Zi=A*Z -

XE=(1.0+21°ZP1(Z21)) /K

XI=R*( Vv 0+Z*2P1(2))

ZS»*Z1°21°QS

DP=QP-Q3*21-2S

OM=QM+Q321-25

Fa(1 O+XE+XI)*OP*OM-Q4*XE*( 1 O+X[)*(Q1-25)
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anoda

20

25

30

RE TURN
END

IR R R R L Y EE T NS R N R IR N I NN NI NI NN RN RN R NI RN NN
* THIS FUNCTION IS REQUIRED BY DISP!1 & FILAM TO EVALUATE®
* THE PLASMA DISPERSION INTEGRAL USING POLYNOMIAL EXPAN-*
* SLON METHOD. .
..l.'t.........“‘.O.t.t.t-.."'itttt..t..-‘t..-ct‘.l.-.--
COMPLEX FUNCTION ZPI(Y)

COMPLEX*16 U,Z,U2 AZP AZPOLD USQM,ZP

COMPLEX Y

Usy

NA=10

IF(CDABS(U) GE 4 DO)GO TO 3

USQM=-y**2

IF(DREAL (USQM) GT 150 DOJUSQM=DCMPLX( 150 DO,0 0O)
ZP=sDCMPLX(0.00.1.D0O)*1 7724538509055 16°COEXP(USQOM)

U2=-2 DQeU**2 » ]
AZP=-2 DO*U !
DO 2 N=1 100 -
ZP=ZP+AZP ’

AZP=AZP*U2/(2 DO*N+1 DO)

2P =2P+AZP

GO 70 30

2=1.00/U

I[F(DIMAG(U) LE O DOIGO TO 10

ZP=0 DO

GO TO 20

CONT INUE

USOM=-* =2 {
IF(DREAL(USOM) GT 150 DO)USOM=DCMPLX( 15C 20) :
ZP=DCMPLX(0O DO.1 DO)*1 772453850905516° 7 +  “IM) o
IF(DIMAG(U) LT O DO)ZP=2 .DO*ZP '
AZP=2Z . .

U2=0 SDO*Z**2

DO 25 N=1 NA

ZP=2P-A2P

AZPOLD=AZP

AZPa2(2 DO*N-1 DO)*aZP-U2

IF(COABS(AZP) GE CDABS(AZPOLD))GO TO 30

CONTY INUE

ZP=ZP-AZP

TONT INUE

2P 1x2pP

RETURN

END
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addition, helium helps to eliminate arcs tetween “he elescirodes 3o

that efficient pumping can ke

as well as ths time delay between the elsctrical discharge and *tne

of %he laser
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NQ=M2+wW1

REM SETTHE NI IAL
DV=6E-09 :
D2=2€-08

Kz5 JE-13
K1=11290C

K 2=3138000C
K3=2164000

S=7 SE-26

[E 157

C=3E+10

w = 63000000
D=1E-1"

M=C 4

M=

M2:0

M3 =0

Q0:C

T=0

NC=5 Q1E+18

NN=2 15E+18

N=M

NizM1

N2=M2

NJIzM3

0=00
NO=NC-M1-M2-M3
NG=NN-M

IF T<500 GOTO 310
NE =0

GOTO 32C
NE=3E+13*SINIG 2832E-03%7)

REM EVALUATE U v wei x« v
F1z=D1*NE (NO-FsNTIoK (N NO-N "NG) -« tyt-7"

ONE T

TN

F2=D'2*NE*{NG-F*N)-K*(N"NO-N1*NG ]

F3=G*C*D*(N1-N2);K2N2
FAzMOND -KI*NI+K 1Nt
FS=S*C*Q (N1-N2)-weQ+D*4"
U1=2E-Q9*F ¢ "
V1=2€-09°F2

W1=2E-09+F3

X1=2€-09°F4

Y1=2E-09°FS

N1=MYsys .2

N=M+V 1,2

IS DY

N3=M3+x 1,
Q=00+Y1/2
IF T<500 GC"D 10

NE =0

GOTO 520 .
NE=3E+13°SINI6E 2B22€-23%")
NO=NC-N1-N2 N3

NG=NN-N ~

REM EVALUATE U2 VI wl 17

F =D 1oNE*{NG-ETN I oK 1N S0 -4

FzD2*NE*ING-F =N} K INND -
FA=SeCeQo{N1-N2)-K2*N2
FasM2 N2 KI*NI4K1=N1

FE=zGeC O (N1-NZI-woQ+D %"
U2:2E-09°F 1

V2=2E-09°F2

W2:2E-C9*F3

¥2=2E-09*F4 -

v2=2E-09°F%

NizM1eUD D

CNTMeyv2 2

N2=M2+w2 _
N3=M3+x2

2=0QQev2 T
O

N

%

-
w

T
S



300
TR
710
720
730
740
© 750
760
770
780
790
800
810
820
830
840
850
860
870
880
' 890

910
920
930

940 -

950
960
970
380
930
1000
1010

1020,

1030
1040
1050
1060

1070

1080
1090
1100
1110
1120
1130
1140
1190
1160

NO=NC-N1 N2 -N7

NG=NN-N

REM  T=T+1 NANOSECOND wiLL BE USED

T=Te

REM EVALUATE U3 v3,.w3 x3 ¢33
FA2D1*NE*(NO-F NI I+K*(N*NO-NI1*NG)-K 111
F2=D2*NE*{NG-F*N)-K*(N*NO-N1°NG)
F3=S*C*Q*(N1-N2)-K2*N2
FA=K2*N2-KI*N3+K 1N

FS=S*C*Q (N1-N2}-wens+sD N1

U3=2E -09°F 1
V3=2€-09°F2
W3=2€-09°F3
X3=2€-09*Fu
Y3:=2€6-089°F5
Nt=M1+{3
N=M+Vv 3
N2=M2+w3
N3I=M3+x3
Q=Q0+Y3

IF T<S00 GOTO 920"

NE =0
GOTO 330

NE=3E+13*SIN(6 2B32€-03°T)
NO=NC-N1-N1-N3

NG=NN-N

REM EVALUATE U4, Vd . wd._xa.va
FIZD1*NE*(NO-F*N1)+K={N*NO-N1*NG)-K1*N1-
F2=D2*NE*(NG-F*N)-K*(N*NO-N1*NG)
F3=S*C*Q*(N1-N2)-K2*N2
FI2K2*N2-KI*NI+K 1°N 1
FS=S*C*Q*(N1-N2)-Ww=Q+D*N!

Ud=2E-09=F 1
V4a=2E-09+F2
Wd:=2E-09*F3
X4=2€-09°F4
Y4=2E-09*F5

3

€

TTDCUINTYSNT)

REM CALCULATE THE VARIABLE AT T=T+2 o -

M1zM1+(Ut+2*U2+42=U3+Ud)/6
M=M+(V1+2+Vy2+2+vI3+Vva) /6
M2=M2+(W1+2*W2+2*W3+wd) /g
M3=M34(X1+2°X2+42*Xx3+Xxa)/6
QO=QO+ (v 1+2*v2+2+v3+v4)/6
REM CALCULATE THE POWER
P=1 3186€-12+Q0

PRINT T . p

[f T<1000 GOTO

END

10

P

$

fr 3
ﬁ&
Tk
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APPENDIX C
ABEL INVERSION

*

In cylindrically symmetric plasma one can jetermine the piacma .

density from the phase shift measured by an interferometer.

represents a cross sectional view of the plasma, The plasma denzity

o]

is assumed to be symmetric in any azimuthally Symmetric circls »of

radius r. The change in fringes that an observer sees due to “he ari-

ation in density élong the path.AA' is given by Zgn. (3.7)

W

Yo o ‘
1= 26 n(r)dy , S o {C.1)
~ 0 ) .
. 2% X,
- . ~ A
where § = T - Zouation (C.1) can be written in a more convenier-
. i
Py O A fime the aiihats . ( 2 2\ -
:orn al<er ma<ing the substitution, v = (r¢ -2¢)
T, r)rdr ’
(w2 =26 | - 2.2
Jx (r? - x2)°
abel inversion oF Zgn, (C.2) sieldsy
a
S T
1 [V d A
nipY = o =
A - -G } > ? .
Yy (22 Lp2)F ‘
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at a radius of (%-1) x is

wvhere

A, = AC .
RN 21 - 1

3]
3
jsv)
}-
el
O
b
o
o+
w
3
£
A7)
i

dere 7 and n represent the respective radial and lat

tne interval widtn, and . is the number of points

D]

‘zconsideration, Ax 1

. . . N .
nversion, Thne orogran aigitizes the fringe vattern freom an anlargesd
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t00
110
120
130
140
150
160
170
180
190

200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360

.370

380
390

400 -

410
120
430
440
450
460
170
480
490
500
510
320
530
540
550
560
570
580
530
600
610
620
530
5410
550
515384
570
80
690
10C

o
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PLOTTER 1S 709

OPTION BASE '

DIM A(6).B(6), x( +D0) ., Y{ 100)

DIM F{100)

DISP "“CALCULATE THE BASE LINE™ :

DISP “DIGITIZE 3 POINTS EACH SIDE OF THE LINFE”
BEEP .

FOR I=1 10 6 : -

DIGITIZE B(I).a(!)

NEXT 1 -

DISP “GIVE THE RESOLUTION IN MICRON,/FRINGE "
BEEP

INPUT R

C1=C22C3=Ca=0

FOR I=1 TO 6

Ct=Ct1+8(1)rA(])

C2=C2+A(1])

C3=C3+8(1)

Ca=Ca+a(l)a(l)

NEXT |

A2=(6¢C1-C2°C3)/(6°C4-C2°C2)

A1=(C3-A2*C2)/6 .

DISP “DETERMINE THE CENTRE OF, THE PROFILE"
BEEP ,

DISP *DIGITIZE TwO POINTS AT THE EDGFS 0OF THF
PROFILE STARTING FROM THE BOTTOM"

DIGITIZE x1t !

DIGITIZE x2.¢2

YO=(Y1+Y2)/2

D=(Y2-Y1})/2

XO=(x2+%x1)/2

MOVE XO.7Y0

DISP “SPECIFY THE » OF DATA INPUT®

BEEP !

INPUT N

BISP “WRITE 1t FOR MOVING UP OR 2 FOR MOVIHG QOWNT
BEEP

INPUT L

IF L=t THEN 410

D=-D/(N-1)

GOTO 420

D=D/(N-1)

x{1)=x0 . - ~
BEEP ’

DISP “START DIGITIZING”

FOR 1=1 TO N

Y(1)=Y0+(1-1)"D

MOVE: x(I).v(I)

OIGITIZE x(I), (1)

X{I+1)=x(1)}

NEXT 1

DISP "CALCULATE THE DATL IN UNITS OF FRINGE SH[FT”
,DISP “DIGITIZE TwO POINTS ON TwO STRAIGHT LINES”
BEEP

DIGITIZE xt. v

DIGITIZE x2.+2

DISP "WRITE » OF FRINGES SETWEEN THESE LIMNES®
INPUT M :

Z=ABS{X2-x1).M

FOR [=1 TO N

X(DY=(xtI)-Aat-a2v(1})). 2
¢(1)=ABS{YII1}-+O)*'R/Z

((1)=ABS( V(1))

DISP «(1) (1)

NEXT I

D=0 Q001 ABSIDY-R 7

FOR 1=K 10 N-1

FIK) =0

FOR M=K TQO -1

1= (K-1) (K-t

x2=(M-1) (M- 1)

XJ=(M-2)°(M-T T

>

- ,

.



120y 1F Mak THEN /'

TJO A1=0SYRIM M ) - SOREC2 1)y ([ 2emM 1)
740 A2:=2{SQR(XZ-C!) SQOR(XI-0 1) 1 2*M-1)
150 BaA2-ad

760 GOTO 780

770 B=-1/SQR(2°K-1)

780 F(K)2F(K)ex(M)*g

790 " NEXT M

BOQ FI(K)=F(K)*2 Q479€17,D
810 PRINT v(K) FiK)

820 NEXT K

830 FOR I=t TO N-1

8B40 FlI)=F(1),;1 €18

85O Y(l)=v(1}. 100

860 NEXT |

. B70  YT7:=CEILtYIN-1Y)

880 Y6:Y7/8

830 PLOTTER 1S !

900 PEN ' e GCLEAR

910 SCALE -v6 . ¥7 2 1D

920 XAXIS t 1, Q.7 .
930 . YAXIS Q.1,1 10

940 tOIR O

9%0 FOR X7=Q TO 10O

960 MOVE x7 .0

370 LABEL VALS$(X7)

980 NEXT x7

99C FOR YS=1 TO 1O

1000 MOVE -v6.Y5S

1010 LABEL VALS(r5) -
1020 NEXT v5

1030 PENUP

1040 FOR I=t TQO N-1

1090 PLOT y(I),F(1)

1060 NEXT | }‘

1070 END -

wn
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* D IN ANGSTROMS) .

PROGRAM SCATT CALCULATES THOMSON SCATTERING SPECTRUM,
S(K,W) FOR A GIVEN TEMPERATURES (TE & TI IN eV},
PLASMA DENSITY (N IN CM-3), ANGLE (THETA IN DEGREES) ,
ION MASS (A IN ATOMIC UNITS) AND IONIZATION DEGREE (2Z)*
IN A WAVELENGTH RANGE (RANGE IN ANGSTROMS) WITH A SEFP'

.

.

-ttttt-t-t‘ttt.-.t.t-t‘t‘-tt'l.-t‘tttt‘-‘..tt---.-“c-:-.

v

REAL N.K
COMPLEX GE,GIl,GEE,GII,E

READ(S,1)TE,TI N, THETA A RANGE .D,2Z

FORMAT(2F5.1,E7.2,5F7.2)
TR=TE/TI
K=1.8099E5*SIN(Q.Q087I*THET
ALPHA=SQRT(N/TE) /(743 . 4*K)
WRITE(6.,5)

FORMAT( 1)

A)

WRITING THE PLASMA & SCATTERING PARAMETERS

WRITE(6, 10)TE,TI A, Z.N
FORMAT(1X, TE=" F6.1,5X,'TI
1'N=’ E7 2)
WRITE(6.16)TR THETA ALPHA
FORMAT(1X, RATIO=',FS.2,5X,
WRITE(6,17)

WRITE(6,20)

FORMAT(////)

=’ F6.1,5X,

‘A=’ F5.1,5X,

‘2=

LFa

VANGLE=' FS 1.5X.'ALPHA=’ ET 2)

1

.5X,

FORMAT("HLENGTH’,SX,’ION COMP* .9X. ELECTRON COMP’ 4X, 'S(w K)")

WRITE(6,21)
FORMAT(1X, ‘===m===  ====

CALCULATE THE COMPLEX FUNCT
R=A/T1

A12=9. 5126E-9/SQRT(TE)
A2=-2.8428E-16/TE

B124 . Q76E-T*SQRT(R)
B82=-5.2197E-13*R

WE 25 '931ET*K*SQRT(TE)
Wl=1. 3B4E6*K/SQRT(R)
ALP=ALPHA*ALPHA

D 1=-RANGE

D1=01+0D
IF(DY1.GT.0.Q0)GD TO 150
‘=3 9103E11*ABS(D1)
VE=(W/K)**2

X=W/WE

Y=w/wl

GIL1=1-F(Y)

GE1=1-F(X)

X22X*X

Y2=Y*Y

IF(Y2 GT.30.0XGO TO 30
GI2%1.7725=Y*EXP(-Y2)
GO TO 40 ’

GI12=0.0

IF(X2 GT.30.0)GO TO SO
GE2=1 . 7725*X*EXP(-X2)
GO TO 60

GE2=0.0
GE=CMPLX(GE1,GE2)
GI=CMPLX(GI1,GI12)

GEx-ALP*GE

GI=-Z*TR*ALP*GI

E=1-GI-GE

GEE=(1-GIl)/E

GII=GE/E

CtaVE*A2

IF(C1.LT.-50.0)G0 7O 70
FEzA1*EXP(C1)*CABS(GEE)**2
GO TO 80 :
FE=0.0"

C2=VE*B2

IONS GE & GI
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IF(C2.LT.-50.0)GO TO 90 !

FI1=Z*B1%EXP(C2) *CABS(GIT)*+ = !
GO TO 9%.7%7 ’

FI120.0 ", - .

FEI=FE+FI .

WRITE(6,100)D1,FI,FE, FEI
FORMAT(1X,F7.2,5X,3(E12.5,5X))

GO TO 25

TOP ;

. END

LA AR A R AL R ERE R E R R AR R ERE S EERE R N BN R R R I R N I Qg e G

* FUNCTION F IS USED TO EVALUATE THE INTEGRAL PART IN *
* S({K.W) USING THE METHOD DESCRIBED IN THIS APPEND X . -
ttttytttttttt't#tt‘ttttttttt‘ttttttttttttt‘t‘ttttit‘t’t-.
FUNCTION F(X)

REAL*8 S(101),Y,Y1, T, T1,D,F1,F2,FN
IF(X.EQ.0.0)G0O TO 100

Y=DBLE(X)

Yixy*y

T=0.0

F1=0.0 ’
F2=0.0

IF(Y.LT.5.0)G0 TO 10

T=DSQRT(Y1-16.0)

D=(Y-T)/100.0

00 20 I=1,10t

Ti1=T+(I-1)*0D

S(I)=DEXP(T1*T1-Y1)

DO SO I=2,100,2

F1=F1+S(1)

00 60 I=3,100,2

F2=F2+S(I) )
?N-z.o-(A.o'F1+2.o-F2+s(1)+s(101))-D'v/3.o

#=xSNGL (FN)

GO0 YO 200
. F=0.0

RETURN

END -

3
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! ot.t-..oac.-oo--o‘nctn.-oau-.-tn-'cn.o.-...o-..-ou-oo.--c-

1 c
2 c . PROGRAM DEC FOR DECONVOLVING EXPERIMENTAL DATA USING °
"3 o e TRUNCATED GAUSSIAN SLIT FUNCTION AND PLOTING THE .
4 c + QESULTS ON THE PRINTER THE INPUTS TO THIS PROGRAM ARC®
5 c o £ . THE FwHm OF THE SLIT FUNCTION [N CHANNELS: N. THE °
6 c « NO OF DATA TO BE DECONVOLVED : A(N) . THE MEASURED .
7 C * DATA. ° : .
8 C ....‘...l"..'...-l."l.-.'..l...."-.I.“‘.....t‘.-'.t!Q
9 . DIMENSION A(SOO).B{SOO).C(SOO).S(SOO).A!(SOO),DELYA(‘6)
10 DIMENSION AA(BO).LL(500) ° : ‘
11 ) "DATA x1.x2/°% . 7 )
12 READ(S, 1)FW N’ ‘
L 1 FORMAT(F4 1.13)
14 - . DETERMINING THE S FUNCTION ! o
15 S(1)a0 921944/FW . ‘
! DO 5 [=2.N (A
o7 ' x=l-1 *
18 . . ve2 7726°(X/FW)""2
] IF(Y GT 100 0)GO 70 2 ; -
20 SLI)-S(H‘EXP(—V)«, @
o 29 . © GO 0.5 ' . ’
22 2 .S(1)%0 0 . :
23; 5 " CONT INUE . .
24 - nege(2;1orwatx>.1-«.~) ,
25 - «#10 FORMAT(1OFS 2} .
26 ¢ L wWRLTE 6.20)(ALI) 1=t.N)
. 27 20 rakﬁié(s;'x.s1o 3 ,
28 . DO 2% M1, 16 S .
.29 25 DELTA(L)¥ O . . 5 S
30 c . ITERATiO:iSfART TG CALCULATE THE DECONVOLUTION MATRIX .
13 R £ A . ' o :
32 . CALL SMOOTH(N.&) . £
33 . WRITEAS.20) (A1), T=1 N} A {
34 ' CALLOMATM(N. A, 8.5S) : . ; ‘
35 . € CalL matio(N.a.B.C.0) 4 R et
36 - " CALL SMOOTH(N.C) ~ d - L G ;
371 DO 30 I=4.N. ,@%:
38 ’ DELTA(IT)=DELTA(IT)+C(T)-ALD) . LA
39 30 A1(1)=C(I) . % . i . o
40 .. DELTA{IT)=DELTA(IT)/N
a L 35 CALL MATM(N.A1.B.S) . .
- 42 . CALL RATIO(N.A1.B.BpA)
43 po 40 1=1.N . . N
a4 40 QELTA(IT+1)=DELTACIT+1)+C(1)-a1(1) ' R
as ELTA(1T+1) =DELTA(IT#1)/N ;  ° t o .
> 46 \n WRITEY6E, 42)DELTACIT) . = | e - .
a7 42 FORMAT(SX,E12.5) * ' , e o
48 DEL-(UELTA(IT*%)-DELTA(II))/DELTA(lT) ‘ » .
49  IF(ABS(DEL) .LT 0.05)GO TO 60 ) -
; 50 IF(1T.£0.15)G0 TO 50 , ‘ ' .
51 . IT=IT+1 i
) 52 CALL SMOOTH(N.C) -
" 53 © DO as 1=1.N
54 - -+ 45  A1(1)=C(I)
55 . s GO TO 35 : . ’
56 " WRITE(6,55) , ‘ .
57 FORMAT (10X, * ** *CONVERGENCE COULD NOT BE REACHED*** ")
58 ‘WRITE(6,65)17 ‘ , .
59 FORMAT (15X, *I1T=’,12) _ ' 3
¢ 60  \ .WRITE(6,20)(C(1),I=1:N) :
/ -3 CALL MATM(N,C,B,S) ‘ E 3 '
- 82 WRITE(6,20)(B(1).1=1.N) : . '
63 xx=C (1) S . 7 '+
64 48070 'I=2,N : : , ' o g
65 : Gl (c(x).GTﬂxx)xx=c(I) ; »
-66 70  CONTINUE . - / . .
67 Do 75 I=1,N _ , RN .
' 68 - LL(I)=80.0%C(I)/XX . .. . o
69 R CONTINUE . i L.
70 DO 100 I=1,N . : ; . R
71 . » -DO 85 J=1,B80 ' : , . e

72 1F(J.EQ.LL(I1))GO TO 80 e

-



: ‘ . : ' 168
. ﬁ‘r."
’ : TAA(U)ax »
: GO TO 85 }
80 ‘AA(J)=x2 : ’
85  CONTINUE
" WRITE(6,90)1,(AA(K!1) . Ki=1. 80)
90 FORMAT( 1X.13,°1 BOA*t) .
100 CONTINUE ’ : A
STOP . . . : .
END S
C LR X ] .‘-......‘......'.‘..‘.-...-....I.'..‘.-.‘...'....Ol
c * SUBROUTINE SMOOTH IS USED TO SMOOTH THE INPUT DATA-AND*
c * THE DECONVOLVED DATA AFTER EACH ITERATION AS WELL. .
c *"USING FIVE-POINT SMOOTHING TECHNIOQUE - .
C .‘."..“....I...“......‘.....,tl..%n' .O'.\.t.-..‘t....-
SUBROUTINE SMOOTH(N.A) S
DIMENSION A(500) . F(500)
MiN-2 - .
D05 [*3. M ' 2 ' .
. FOI)={17 *A(1)+12 i (1-2)+A(1+42)))/35 O
¥ 5 <CONTINUE N N
iR 00 10 1=3.M :
- 10 .
Vol A1) 2. ¢a(2)-F *a(3 .
A(2) +12.*(A(1)+a(3))-3 'A(4))/35 o}
- A(N- BEN-1)+12 *(A(N-2)+A(N))-3.*A(N-3)0/35 0 ’
A(N)NK B+12 *A(N-1)-3 *a(N- 2))/35 0 .
; 7,
'C dtott.--to.t-un.-.-to-'a'--oo-.-a..--g:n----o-
c MATH PERFGRMS THE MULTIPLICATION OF THE SLIT-® e
c THE DATA MATRIX  * .« .
C LA E BB X R "..tl“....".tl‘.“....".'l.t...-..'-'tl’....

-~ SUBROUTINE'MATM(N.A.B.S)
DIMENSION, A(500).8(500) . 5(500)
00 10 I=1,N
B(1)=0.0
DO 5 y=1,

; BII)*B(I)*S(I-Js1)oalasr i B .
5 CONTINUE oL " P : } o .
IF(I EQ.N)GD Ta 1o WN=-- " ' ) :

JRaN-T+1 W . B ~ B N ’

B

. DG 10 y=2.J2 o ‘ .
T OBEI)=B(I)+S(U}sA(y+I-1) . .
10 CONTINUE N ‘
RETURN . g { |
END . i;>
c t..‘..-‘.t“..tt.‘t.t..tt.-.ttt.‘.‘tt.tt-t‘-ta-.-n--tt-.t ¥
c * SUBROUTINE RATIO CALCULATES THE NEW DECONVOLVED .
c * MATRIX C FROM A AND B. .
C -&t...‘..l!.“‘.. 't....t'.‘.‘ll-..‘...i.tt.tt'ltttt-‘tt. )
SUBROUTINE* nATxo(N AT.B,C.A) , o *
©  DIMENSION A1(%500). a(soo) C(500).A(500) s
D0 10 I=9y,N a - v
IF(8(1).€Q.0.0)G0 T0 5 oy -
C(I)=AV(1)*A(1)/B(1) : z
, ¥ GO 10 10 ° M . L
- 8 5 . C(1)=0.0 : : N - - L
'"130 .10 NTINUE w A o s ——
£ - 131‘ ﬁggrunN ’ o ‘ . o ) z¢¢’fof“~
bt : © END S - L T
P | . . ; ‘ , -
' : o o > o
- . 4 s




